Air Force Institute of Technology

AFIT Scholar

Theses and Dissertations Student Graduate Works

6-2005

High-Temperature Ferromagnetism in Transition Metal Implanted
Wide-Bandgap Semiconductors

Jeremy A. Raley

Follow this and additional works at: https://scholar.afit.edu/etd

6‘ Part of the Electronic Devices and Semiconductor Manufacturing Commons

Recommended Citation

Raley, Jeremy A., "High-Temperature Ferromagnetism in Transition Metal Implanted Wide-Bandgap
Semiconductors" (2005). Theses and Dissertations. 3640.

https://scholar.afit.edu/etd/3640

This Dissertation is brought to you for free and open access by the Student Graduate Works at AFIT Scholar. It has
been accepted for inclusion in Theses and Dissertations by an authorized administrator of AFIT Scholar. For more
information, please contact AFITENWL.Repository@us.af.mil.


https://scholar.afit.edu/
https://scholar.afit.edu/etd
https://scholar.afit.edu/graduate_works
https://scholar.afit.edu/etd?utm_source=scholar.afit.edu%2Fetd%2F3640&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/272?utm_source=scholar.afit.edu%2Fetd%2F3640&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholar.afit.edu/etd/3640?utm_source=scholar.afit.edu%2Fetd%2F3640&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:AFIT.ENWL.Repository@us.af.mil

HIGH-TEMPERATURE FERROMAGNETISM IN
TRANSITION METAL IMPLANTED WIDE-BANDGAP
SEMICONDUCTORS

DISSERTATION

Jeremy A. Raley, Captain, USAF
AFIT/DS/ENP/05-04

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED



The views expressed in this dissertation are those of the author and do not reflect the
official policy or position of the United States Air Force, Department of Defense, or
the United States Government.



AFIT/DS/ENP /05-04

HIGH-TEMPERATURE FERROMAGNETISM IN
TRANSITION METAL IMPLANTED WIDE-BANDGAP
SEMICONDUCTORS

DISSERTATION

Presented to the Faculty
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
in Partial Fulfillment of the Requirements for the

Degree of Doctor of Philosophy

Jeremy A. Raley, B.S.E.E., M.S.E.E.
Captain, USAF

July 2005

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED



AFIT/DS/ENP/05-04

HIGH-TEMPERATURE FERROMAGNETISM IN
TRANSITION METAL IMPLANTED WIDE-BANDGAP
SEMICONDUCTORS

Jeremy A. Raley, BS.E.E.,, M.S.E.E.
Captain, USAF

Approved:
Date
'\ \ e - g ~ ; 1
Yung Kee Yeo (Chalrma,n)
fx":' f{/{* ‘7‘> (¢ y < :j:.:.zm (js_
William P. Baker (Dean s Representative)
It 0
I Fen 05
GTen 0G
M1chael A. \/Iarolnlak (Member)
(2] A €
iﬂ‘ g’q} \, /g_.ir,"’\._ﬂ‘ /] “f LR -
Todd D. Steiner (Member)
Accepted:
Robert A. Calico, Jr. Date

Dean, Graduate School of Engineering and Management



AFIT/DS/ENP /05-04

Abstract

The field of spin transport electronics (spintronics), where carrier spin is used in
addition to charge to convey information, is becoming a viable candidate for advanc-
ing computing and communication technologies. Material with both semiconductor
and magnetic properties, which is commonly called a dilute magnetic semiconductor
(DMS) is proving most useful in the fabrication of spintronic devices.  In order
to produce a dilute ferromagnetic wide-bandgap semiconductor at above room tem-
perature, a transition metal (TM) such as Mn, Cr, Ni, or Fe is implanted into host
semiconductors of p-GaN, Alg35Gag g N, or ZnO. Through magnetic hysteresis mea-
surements using superconducting quantum interference device (SQUID) magnetome-
try, it is found that some of the material combinations clearly show strong ferromag-
netism above room temperature, others show marginal evidence of ferromagnetism,
and several do not demonstrate ferromagnetism, rather they are superparamagnetic
or diamagnetic. Among the various measured samples, the most promising materi-
als for creating spintronic devices using ion implantation are Mn-implanted p-GaN,

Cr-implanted Aly 35GagesN, and Fe-implanted ZnO nanotips grown on sapphire.

In p-GaN implanted with Mn at 200 keV with a dose of 5x 106 2228 and annealed
at 725 °C for 5 minutes, ferromagnetism persists to room temperature with a coercive
field (H.) value of 186 Oe and a remanent field (Bg) value of 11% of the saturation
magnetization (Mg) of 3.2 x 107 emu. The Curie temperature (T¢) is estimated to

be above 350 K.

In Cr-implanted Alg35GaggsN, a room-temperature coercive field of 249 Oe is
obtained for a sample implanted with 5 x 1016 ;"ﬁ at 200 keV and annealed at 775 °C.
The remanent field also remains greater than 20% of the 6 x 1075 emu Mg observed

at 300 K in this sample. T¢ for this sample is estimated to be around 350 K.

v



Fe-implanted ZnO nanotips grown on c¢-Al,O3 show a coercive field width of
209 Oe at 300 K for the sample implanted at 200 keV to a dose of 5 x 10'¢ % and

annealed at 700 °C for 20 minutes. A Bp of 12% of Mg (2.3 X 107° emu) is also

present at room temperature. T in this material appears to be well above 350 K.

In each of these samples, the ferromagnetic dilute magnetic semiconductor be-
havior is confirmed by temperature-dependent field-cooled and zero-field-cooled mag-
netization measurements. The optimum anneal temperatures found in these samples

are also confirmed by photoluminescence or cathodoluminescence measurements.

As progress is made toward realizing practical spintronic devices, the work re-
ported here will be useful for determining material combinations and implantation

conditions to yield the needed DMS materials.
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HIGH-TEMPERATURE FERROMAGNETISM IN
TRANSITION METAL IMPLANTED WIDE-BANDGAP
SEMICONDUCTORS

1. Introduction

1.1  Motivation

The future miniaturization of electronic devices will require the electronics in-
dustry to cease relying solely on the charge of a carrier to store and convey informa-
tion, and to look also at the spin degree of freedom [137]. The term “spintronics” (spin
transport electronics) has come to encompass all electronics in which exploitation of
electron spin is important to device operation [87]. Important new spintronic applica-
tions may include quantum computation [22] with rapidly reprogrammable logic [92]
and quantum communication [18]. The realization of room-temperature spintronics
will also improve the existing state of data storage by increasing processing speed,
increasing integration density, decreasing power consumption, and eliminating mem-
ory volatility [86-88,137|. Practical spintronics will also allow the fabrication of spin
transistors and optical emitters with controlled polarization [87,88] as well as next
generation sensors [24,28,86]. Of particular interest to the Department of Defense

(DoD) is the fact that spintronic devices also show resistance to radiation effects [138].

Clearly, the advent of the devices described above will contribute to the Air
Force’s and DoD’s core competency of information superiority. Information superior-
ity is enhanced by any technology that improves our ability to collect, process, and
disseminate information without interruption [129,130]. The capabilities mentioned
above will enhance the speed and efficiency of both ground- and space-based infor-
mation systems as well as increasing reliability through non-volatility and radiation

hardness [138].
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Before spintronic devices can begin to improve our defensive posture in reliable
and meaningful ways, however, the properties of the materials most likely to be used
in their manufacture must be understood. Currently, some of the most promising
materials for use in spintronic applications are gallium nitride (GaN) and zinc oxide
(ZnO) semiconductors doped with transition metals (TMs) [27-30, 32, 37,59, 87, 88,
94,100, 102,103,117,123,128, 133,134, 147].

1.2 Brief Background
1.2.1 Challenges

The viability of spintronic devices depends on technology that will allow efficient
spin injection, spin-dependent and spin-independent transport, manipulation of spin
and detection of spin states, and spin-polarized currents [22,48,87,88,133,137]. Each
of these needs has solutions in the exploitation of materials that exhibit magnetic

semiconductor properties.

The aforementioned progress and innovation requires materials that exhibit the
familiar semiconductor properties as well as magnetic properties that will interact
with electron spin [32]. As a class, materials that meet the criteria of having both
semiconductor and magnetic properties are referred to as diluted magnetic semicon-
ductors (DMS). DMS materials such as (Ga,Mn)As have been available for some
time [78], but practical spintronics will require operation outside of the cryogenic

regime (120 K is the theoretical limit GaAs-based DMSs [28,30]).

1.2.2  Current State of Research

The pursuit of a room-temperature magnetic semiconductor has already led re-
searchers to dope ZnO and GaN with several different transition metals using various
doping methods. The previous experiments are discussed more fully in section A.2.
There have been many findings of magnetic hysteresis persisting well above room

temperature, but it has recently become apparent that these findings may not hold
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relevance for fabricating practical spintronic devices. The factors necessary for suc-

cessful spintronic device fabrication are discussed more fully in section 2.2.5.

1.8 Problem Statement

Despite encouraging results, implanting ZnO or GaN with transition metals to
produce magnetic semiconductors is far from being characterized to an extent that
will allow engineering of magnetic properties. There is a marked lack of theoretical
knowledge and several competing models attempting to explain DMS phenomena.
Further work must be undertaken to refine theories of ferromagnetism in semicon-
ductors by doping materials with a variety of transition metals. The effects of ion
implantation for DMS fabrication also require further characterization, including in-
vestigation of annealing conditions subsequent to implantation. The variation of
annealing conditions must be observed for a variety of implanted species in order to
make meaningful comparisons of the magnetic properties of each DMS as well as to
determine optimal annealing conditions for each dopant/material combination. Fi-
nally, the true presence of ferromagnetism and the interaction of charge carriers with
the implanted magnetic species must be verified in order to mount an effective inves-
tigation. A study which addresses these questions is essential to the advancement of
the material science upon which spintronics is based. Such a study is undertaken in
the work presented here. The study encompasses several transition metals, using ion
implantation exclusively and a thorough search of viable annealing temperatures for
activating transition metals without causing clustering. The purpose of this search
is not to determine which materials and processing methods will be useable in the
manufacture of spintronic systems based on DMS material, rather the purpose is to
determine whether ferromagnetism can be induced in wide-bandgap semiconductors
in a way that will allow for their use in making and characterizing novel spintronic
devices. With this goal in mind, the wisest use of time and resources is to perform
preliminary testing, without multiple repetitions, on a variety of materials and pro-

cessing methods to see which show the most promise. This lays the groundwork for
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those that wish to fabricate devices or further test DMS materials, so that they know

where their efforts are most likely to be rewarded.

1.4  Results of This Research

Magnetic hysteresis and the absence of spin-glass phases have been achieved
by implanting transition metal ions into wide-bandgap semiconductors. In many
of the materials tested, these magnetic effects persist to room temperature. This
offers proof that ion-implanted wide bandgap semiconductors are a viable method for
implementing practical spintronics. Among the most promising materials for creating
spintronic devices using ion implantation are p-GaN:Mn, Alj35Gag¢;N:Cr, epitaxial
Zn0O implanted with Mn, and Fe-implanted ZnO nanotips grown on sapphire. Some
of the other samples, even though they are not mentioned as the most promising,
show clear signatures of ferromagnetism. The work reported in subsequent chapters
shows that there is a variety of options available for implantation-based fabrication
of DMS material with ferromagnetism persisting to room temperature. As progress
is made toward realizing practical spintronic devices, the work reported here will be
useful for determining material combinations and implantation conditions that will

yield the needed materials.
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II. Background
2.1  Terminology

The following terms are used commonly in discussions of magnetism and mag-
netic materials. Their use varies in different contexts, so it is important to define the

way in which they will be used in this document.

Diamagnetism: The tendency for an object to respond to a magnetic field by produc-

ing its own weak magnetic field antiparallel to the applied magnetic field. This
phenomenon arises from a change in the electrons’ orbital angular momentum

in response to an applied magnetic field [55,80].

Paramagnetism: A reaction to an applied magnetic field in which matter subjected

to the field produces a field parallel to the applied magnetic field. Pauli param-
agnetism (also called free-electron paramagnetism) occurs because of an energy
difference between spin states of free electrons in a system, and is indepen-
dent of temperature [17]. Curie (also known as bound-electron) paramagnetism
arises in solids due to the intrinsic dipole moment of atoms with incomplete
electron subshells (e.g., the transition metals) and is a strong function of tem-

perature [127].

Superparamagnetism: A phenomenon that occurs when tiny particles of a ferromag-

netic material are present in a host material. In the presence of an external mag-
netic field, the particles behave like a paramagnetic ion but, due to interactions
and a partially-filled d-shell, have an unusually large magnetic moment [106]. In
field-dependent measurements of superparamagnetic systems, saturation and a
large magnetic response are still observed, but hysteresis is not present because
of the coherent rotation of the magnetic domains [12]. This type of response is

illustrated in figure 2.1.

Ferromagnetism: The state of ordered alignment of magnetic moments in a material

that gives it a net magnetization. This is illustrated in part (a) of figure 2.2 [80].
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Figure 2.1  Illustration of the magnetic response of a superparamagnetic material

while the applied magnetic field is varied. This is a theoretical illustration modelled
after Bean [12].

Antiferromagnetism: The state of ordered alignment of magnetic moments in a mate-

rial where adjacent domains are oriented antiparallel to one another resulting in

zero net magnetization. This type of ordering is illustrated in figure 2.2(b) [80].

Ferrimagnetism: The state of ordered alignment of magnetic moments in a material

where adjacent domains are oriented antiparallel but do not have the same
magnitude, hence there is a net magnetization present. This type of ordering

is illustrated in figure 2.2(c) [80].

(@) (b) (c)

e

Figure 2.2 Local ordering of magnetic moments in (a) a ferromagnet, (b) an anti-
ferromagnet, and (c) a ferrimagnet. After O'Reilly [80].
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Curie Temperature (T¢): The temperature below which a material exhibits spon-

taneous magnetic ordering (Ferromagnetic, Antiferromagnetic or Ferrimagnetic
properties) [55]. Above T, thermal effects cause the loss of magnetic ordering

and materials revert to a paramagnetic state [127].

spin glass (SG): A material that draws its magnetic properties from the frustration

of antiferromagnetic ordering. Simplistically, it is a case where three spins are
present and the lowest energy ordering is antiferromagnetic—two of the spins can
align antiparallel to one another, but the third cannot align itself antiparallel
to either of the other two without aligning itself parallel (in a higher energy
state) to one of the first two spins [81]. The presence of a spin-glass state is
evident in magnetization-versus-temperature graphs where the zero-field-cooled
(ZFC) trace diverges from the field-cooled (FC) trace and has a cusp at low
temperatures [25]. The presence of a spin-glass phase can also be detected by

a cusp in temperature-dependent susceptibility measurements [38].

(s)p-d Hybridization: The coupling of spins in the d-shell of transition metal dopants

with the band electrons in the s- and/or p-shells of the host semiconductor.
These interactions lead to the unique optical and transport properties of DMSs
as well as ordered magnetic behavior [4]. Achieving (s)p-d hybridization is
critical to the realization of DMS devices because such devices depend on free
carriers with coordinated spins. The free carrier spins in the s- and p-orbitals
of the host semiconductor are coordinated by interaction with the d-shells of

the transition metal dopants [3].

Magnetic Circular Dichroism (MCD): The difference in absorption of left- and right-

circularly-polarized light of a given photon energy. This preferential absorption
is a direct indicator of the magnitude and polarity of Zeeman splitting as well as

an indication that the (s)p-d exchange interaction is occurring in the sample [3].

Coercive Field (H,.): In field dependent magnetic measurements, H,. is the amount of

magnetic field that must be applied in order to bring the sample’s magnetization



back to zero after applying a magnetic field in the opposite direction. This
quantity is illustrated in figure 2.3. In this research, the reported values of H.
will generally include the total width of the hysteresis loop at the point where

the magnetic moment from the sample is zero (-H. to +H, in figure 2.3).
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Figure 2.3 A magnetic hysteresis loop with the coercive (H.) and remanent (Bg)
fields and saturation magnetization (Mg) labelled for reference purposes. This
magnetization-versus-applied-field measurement was taken from an epitaxial ZnO
sample implanted with Fe and annealed at 625 °C for 10 minutes. The contribu-
tion of background diamagnetism was removed from this data.

Remanent Field (Bg ): The magnetic moment that persists when the magnetic field

applied to a sample is lowered to zero. By is labelled in figure 2.3 to illustrate

the remanent field in a magnetic hysteresis measurement.

Saturation Magnetization (Mg ): The maximum magnetization for a sample. This

phenomenon occurs when every unpaired electron spin in the sample is aligned
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[108]. In a variable field measurement (such as the one shown in figure 2.3),
saturation is characterized by a constant magnetic moment emanating from
the sample even when the applied magnetic field continues to increase. In this
research, a change in magnetization of less than 2.5 % between applied magnetic

field steps (usually 500 Oe) is used as a guide for determining saturation values.

Secondary Phase Formation: The phenomenon in doped compound semiconductors

where the dopant bonds preferentially with one of the semiconductor’s compo-
nent atoms to form a new compound rather than substituting for one of the
species comprising the compound semiconductor. Examples relevant to this
work include GaMn, MnN, and ZnMny;O4. These and a variety of other com-
pounds are ferromagnetic with high T and can cause false positives in magnetic

measurements. Fortunately, prevalent secondary phases are detectable by X-ray

diffraction (XRD).

Clustering: The tendency of implanted ions to form islands of pure dopant. Like
secondary phase formation, this presents a problem when clusters of a material
have a magnetic response that mimics or counters that of the DMS that is
being fabricated. The likelihood of this phenomenon increases with increasing

annealing temperature and with increasing implantation dose.

2.2 Spintronics Challenges
2.2.1 Spin Injection

The term spin injection refers to the ability to put carriers that already possess
a spin polarization into a semiconductor device. One way to accomplish this is to pass
current through a ferromagnetic DMS thereby causing spin-polarized carriers to be
swept into the adjacent non-magnetic semiconductor. This approach is explored by
Ohno et al. [79] using p-type GaMnAs as the ferromagnetic layer and a forward bias
to inject spin-polarized holes into a light emitting diode (LED) structure. Figure 2.4a

shows the structure of their device.
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Figure 2.4  Configurations for semiconductor-based electrical spin injectors, (a)using
a ferromagnetic DMS layer [79], and (b) leveraging giant Zeeman splitting [104].

Another semiconductor-based spin injector reported by Schmidt et al. [104] uses
ZmBeg osMng g35e as a spin-polarized carrier injector. The structure of this device is
depicted in figure 2.4b. The ZnBeg osMng g3Se material exhibits giant Zeeman split-
ting (a separation in energy between formerly degenerate spin states [71, p. 173]) at
low temperature under an external magnetic field. In this material, the large split-
ting leads to “relaxation of all conduction electrons into the lower Zeeman level.”
Again, the now spin-polarized carriers, electrons in this case, are swept into the
non-magnetic semiconductor. This giant Zeeman splitting alignment scheme has the
added advantage that it can inject a completely spin-polarized current into the under-
lying material, whereas injection through a ferromagnetic material allows only partial

spin polarization [104].

Spin-polarization in a semiconductor can also be induced optically. Circularly
polarized light used to excite electrons out of the valence band will preferentially

populate one spin polarization in the conduction band of a semiconductor [58].
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2.2.2  Spin Transport
2.2.2.1 Spin-Dependent Transport

Carriers of a given spin may move about a material more easily than carriers
of the opposite spin. This occurs because of an imbalance of spin populations at the
Fermi level. The carriers that exist at the Fermi level will move about the crystal
more easily so, if there is a greater density of states for one spin direction, carriers with
their spin aligned in that direction should demonstrate greater mobility [92]. Since
this differentiation between states is common in ferromagnetic materials, the use of

a DMS to accommodate spin-dependent carrier transport is a natural development.

2.2.2.2  Spin-Independent Transport: Maintaining Spin Coherence

In some cases, it is desirable to move charge carriers around a material and
preserve their organic spin without regard to its direction. An electric field will
move these carriers by their charge, but normal spin relaxation mechanisms will still
cause them to lose spin coherence [52]. By irradiating a two-dimensional electron
gas (2DEG) in a semiconductor with a circularly polarized laser pulse, Kikkawa and
Awschalom [51] were able to extend spin coherence times by two orders of magnitude
while moving groups of spin-coherent electrons through a semiconductor. Future
research must also address mechanisms for extending spin lifetime in a DMS without

external intervention.

2.2.8  Spin Manipulation

Spin manipulation is the ability to change the magnetic state of a material or
the spins of free carries in a material [133]. The ability to dynamically manipulate
either of these properties is expected to allow progress in quantum computing by

allowing for the advent of spin-based logic [22].

There are several ways in which spin manipulation can be realized. One way to
accomplish this is by controlling the availability of holes in a material where the degree

of ferromagnetic response is dependent on the presence of free holes [77]. Similar to

2-7



optical spin injection discussed in section 2.2.1, polarized optical pulses can also be

used to rotate electron spins using the optical Stark effect [114].

2.2.4  Spin Detection

As discussed in section 2.2.1 and section 2.2.2.1, it is possible to discriminate
between spin polarities with respect to carrier transport. This may be useful for
the purpose of detecting carrier spin based on giant magnetoresistance (GMR) or
tunneling magnetoresistance (TMR). Low magnetic coercivity electrical contacts with
drastic differences in resistivity or tunneling probability based on spin polarization
would enable measurements of current where the magnitude depends on the spin of
the carriers being measured [133]. These measurements could then carry information
in the same manner in which currents carry information in charge-based devices with

the added dimension of spin information being included.

Other methods of spin detection, more practical for laboratory use than inte-
grated electronics, are anomalous hall effect (AHE) measurements, superconducting
quantum interference device (SQUID) magnetometry, vibrating sample magnetome-
try and detection of circular polarization in photoluminescence (PL), electrolumines-
cence (EL) or cathodoluminescence (CL). These detection mechanisms fall more in

line with measurement techniques and as such will be discussed in Chapter III.

2.2.5 Relevant Factors for Spintronic Device Fabrication

While it is important to demonstrate hystersis in variable field measurements,
the apparent ferromagnetism demonstrated thereby can have sources other than the
perfect formation of a DMS. These other sources include clustering, secondary phase
formation, or any other fabrication outcome which does not produce sp-d hybridiza-
tion. Interaction between the transition metal dopant and the conduction or valence
band of the semiconductor is necessary for spin injection, spin manipulation, and
spin-dependent optical emission. Hybridization is the process that allows the charge

carriers in the semiconductors to interact with the partially filled d-orbital of the tran-
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sition metal dopant. Therefore, detection of sp-d interaction is necessary to verify

the usefulness of DMS materials for spintronic device fabrication.

2.3 Promising Materials

Although many transition-metal-doped semiconductor materials exhibit mag-
netic properties, particularly at cryogenic temperatures, wide bandgap materials show
the greatest potential to allow T to rise above 300 Kelvin (K). This is illustrated
graphically in figure 2.5, where the results of T calculations are presented for a
variety of semiconductors doped with Mn. Theoretical calculations have also been

performed with other transition metal dopants as discussed in appendix A.1.
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InP
InAs
Zn0O
ZnSe
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Figure 2.5  Computed values of the Curie temperature (T¢) for various p-type
semiconductors containing 5% Mn and 3.5 x 10%022l% [30],

As shown in figure 2.5, wide bandgap materials tend to show the highest propen-

sity for room temperature ferromagnetism. This is verified by experiment as discussed
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in section 2.4, appendix A.2, and chapters IV through VII. The reason for high-T¢
potential in wide bandgap materials is because lighter elements on the anion sublattice

allow for greater p-d hybridization and reduce spin—orbit coupling [28,29].

2.4  Prior Art

There have been a number of experiments reported and theoretical calculations
made concerning the implantation of transition metals into ZnO and GaN. A com-
prehensive list and a summary of these experiments and calculations are given in
Appendix A, and a brief recapitulation of the experiments most similar to the ones
reported in this dissertation is given here. A brief summary of the results reported

in chapters IV through VII is also given in Appendix C.

2.4.1 Relevant Ezperiments Involving ZnO

Chromium: Several attempts to grow Zn;_,Cr,O (z = 0.012—0.25) failed to demon-
strate magnetic ordering [5,47,120, 128]. Satoh and Kobayashi did produce
ferromagnetic Zng 7Crg 30 with T = 400 K [102] as evidenced by SQUID mea-
surements. This latter experiment used pulsed laser deposition (PLD) to grow
the Cr-doped ZnO. In the literature surveyed, Cr ion implantation has not been
reported. In this research, Cr-implanted ZnO has demonstrated ferromagnetism
by coercive fields above 200 Oe persisting to room temperature for several an-

nealing conditions.

Manganese: Several attempts to demonstrate FM ordering in Zn;_,Mn,O were
initially unsuccessful [20, 36,47, 103, 120, 128, 142]. Several magnetic circular
dichroism (MCD) measurements showed indications of spin splitting due to
sp-d exchange interactions in Zn;_,Mn,O (x < 0.35) [5,37]. There were also
successes reported for Zn;_,Mn,O with FM ordering up to a temperature of
300 K [44,50,53]. Interestingly, the best results of this bunch are reported by
Heo et al. who used ion-implantation to dope their samples with Mn. The work

presented here shows FM ordering of Mn-implanted ZnO above 300 K under
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proper annealing conditions. This research also reports implantation of Mn
into ZnO nanotips. Although it is similar to work reported by Ip et al. [46],
there are also several elements that differentiate this research from Ip’s: larger
coercive fields, a variety of different substrates, different annealing conditions,

and a more regular structure to the nanotips (different ZnO growth methods).

Iron: So far, films of Zn;_,Fe,O have shown no evidence of ferromagnetism [47]
nor shown AFM ordering at low temperature [142]. Neither of these reports
indicate the use of ion implantation to fabricate Zn;_,Fe,O. In this research,
ion implantation yielded samples with strong coercive fields at low temperatures
that persisted, although in a diminished state, to 300 K. Furthermore, the work
presented here is the first to report Fe implantation into ZnO nanotips. The
results of this implantation were encouraging, but failed to show an optimal

annealing temperature as clearly as the Fe-implanted epitaxial ZnO.

Nickel: Tabata, Ueda, et al. did not achieve ferromagnetism in their films of Zn; _,Ni, O
(0.05 < = < 0.25) [120,128]. The MCD spectrum of Zng g7oNig.0300 indicated
strong sp-d interactions [5]. At very low temperatures, FM ordering was shown
in Zn;_,Ni,O (x = 0.03 — 0.25) and superparamagnetism maintained to 300 K
as reported by Wakano et al. [134]. Several reports of ferromagnetism persisting
to 350 K for polycrystalline films formed from Ni-doped ZnO quantum dots as
a precursor [93,105]. Again, the work presented in this document is unique
because there are no reports of ferromagnetism demonstrated in Zn;_,Ni, O
formed by ion implantation. This research demonstrates magnetic hysteresis
with a coercive field width of 400 Oe persisting to 300 K in Ni-implanted ZnO

annealed at 725 °C for 10 minutes.

2.4.2  Relevant Ezxperiments Involving GaN

Chromium: Several groups have reported ferromagnetism slightly below [85], as well
as above, room temperature [43,62,147] based on magnetization versus mag-

netic field (M-H). Lee et al. were able to fabricate GaCrN with ferromagnetism
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persisting to 320 K by ion implantation [62]. Lee’s group also reports that clus-
tering and secondary phase formation were excluded as sources of the reported
magnetic ordering. In the research reported in this document, ion implantation
and a variety of annealing conditions are used to produce GaCrN samples with

coercive field widths greater than 200 Oe at 300 K.

Manganese: Kuwabara et al. found a lack of ferromagnetic behavior in their samples
of Ga;_,Mn,N (z < 0.02) which they blame on a deficiency of free carriers [59].
Zajac et al. report AFM ordering and paramagnetic behavior in their films
of Ga;_,Mn,N (z < 0.1) [144, 145]. The MCD spectra obtained by Ando et
al. indicate significant sp-d exchange interactions in GaggzaMnggssN [4]. Sev-
eral others report FM ordering in Ga;_,Mn,N from cryogenic temperatures to
just below room temperature [63,83,94,111-113,125,126]. Further experiments
showed T¢s at and above room temperature [40,95,117,123], with the highest
T estimated at 940 K (measured to 750 K) for Gagg; Mng N [116]. Some of
these high T results, however, have since been attributed to clustering, sec-
ondary phase formation, or faulty measurements. More recent experiments show
that Mn ion implantation is a viable method for producing ferromagnetism in
GaN and that it can be enhanced by co-doping with nitrogen [9]. This research
demonstrates agreement with previous results by demonstrating H, widths of
over 200 Oe persisting to room temperature. The temperature-dependent data

collected in this work verifies that a ferromagnetic phase is dominant.

Nickel: Pearton et al. report Ni-doping of GaN by ion implantation. They achieved
ferromagnetism below 185 and 45 K for implant doses of 3x 10 and 5x 1016 122
respectively [90]. The research reported here finds room-temperature coercive
field widths over 300 Oe for samples annealed at 25 °C higher temperature
than those reported by Pearton et al. Unfortunately, magnetization-versus-
temperature measurements show divergence of field-cooled (FC) and zero-field-
cooled (ZFC) measurements at low temperature, which suggests that the results

may be due to a spin-glass state.
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2.4.3 Relevant Experiments Involving Aly 35 Gag.esN

Chromium: Frazier et al. report separation and low-temperature tracking of FC

and ZFC measurements in n-Aly33GaggN implanted with Cr and annealed at
1000 °C for 2 minutes. This indication of ferromagnetism was not duplicated in
p-Alp13Gags7N:Cr and coercivity values were not reported [35]. The research
reported here shows that Cr-implantation into Alg35Gagg5N does produce mag-
netic hysteresis with coercivity increasing with annealing temperature, but it
is troubling that, of the samples measured, the greatest coercive fields were

measured in the as-implanted (unannealed) sample.

Manganese: The University of Florida DMS group has reported successful fabrica-

tion of ferromagnetic p-Alg13GaggyN:Mn by ion implantation. They report a
coercivity of ~60 Oe for samples annealed at 1000 °C for 2 minutes [35,89]. The
research reported in this dissertation shows that coercivities greater than 350
and 140 Oe are achievable at 5 and 300 K, respectively, for optimal annealing
conditions, which are found to be lower temperature and longer time than those

used by Frazier et al. [35].

Nickel: There are no reports available concerning doping AlGaN with Ni. This

2.5

research shows clear hysteresis at both 5 K and room temperature for Ni-
implanted Aly 35Gag 5N due to a ferromagnetic phase indicated by temperature-
dependent-magnetization measurements. This research also shows sensitivity of

the coercive field strength to annealing conditions.

Theory of Dilute Magnetic Semiconductors

There are two competing explanations for the occurrence of ferromagnetism in

transition metal (TM) doped semiconductors. The first, called the mean-field theory

or effective-medium theory, explains the phenomenon by attributing the coordination

between TM ions in DMS material to the presence of a hole gas. This theory also

necessarily assumes long-range spin—spin coupling among the TM dopant atoms [89].
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A schematic illustration of this is shown in figure 2.6(a). Equation (2.1) is the formula
for calculating the Curie temperature (T¢) in a material using the effective-medium

theory [26].

T = |S(S + DNy Appa(er) / QOO 12k | ~To.  (21)

In equation (2.1), S represents the value of the TM spins, Ny is the number of spins
participating in the interaction, 7Ty > 0 and & < z to account for antiferromagnetic
interactions, the exchange integral I = « or § depending on the band, the Fermi liquid
parameter Ar > 1, py is the density of states at the Fermi level (ep), the envelope
function of the relevant subband is represented by ¢(¢), and kg is Boltzmann’s

constant.

> >
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Figure 2.6  Illustration of the two most prevalent explanations for ferromagnetism in
transition metal implanted semiconductors: (a) the mean-field theory; (b) the bound
magnetic polaron theory [89].

The second class of theories used to explain ferromagnetism in semiconductors
are based on the bound magnetic polaron (BMP) model. The BMP model, illustrated
in figure 2.6(b), allows for magnetic coordination between TM atoms without a high
concentration of free holes in the material. Carriers localize around TM atoms or
clusters thereof, forming a BMP. As the material’s temperature is lowered, these
BMPs enlarge to the point where they overlap (at the Curie temperature) and facili-
tate magnetic coordination between the TM dopants [89]. In the case of BMP theory,
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T can be predicted by equation (2.2).

7. =254 o1 Loy, (2.2)
3k

In equation (2.2), I; and I, represent exchange constants between nearest and next-
nearest neighbors, respectively, kg is Boltzmann’s constant, and S is the value of the

localized spins [68].

Some of the work reported in this document tends to support the BMP theory.
The primary evidence supporting the BMP theory is the fact that ferromagnetism is
observed in material that is not p-type. The Aly35GaggsN and ZnO are not doped
with donors or acceptors, so they are most assuredly n-type [67,69]. Ferromagnetic
ordering in n-type material is also widely reported in the literature, with specific
examples available in appendix A.2. This work does not, however, necessarily con-
tradict the mean-field models of ferromagnetism. The magnetic ordering in p-GaN is

one evidence that free holes have some role in coordinating ferromagnetism.

2.6 Conclusion

From the literature produced concerning wide-bandgap spintronics, it is clear
that there is research remaining at all levels from basic physics to device production
that will benefit from further investigation. This review demonstrates the need for the
research described in this document. It also informs the reader of the physics pertinent

to this area of study and the challenges that DMSs will allow us to overcome.
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III. Ezxperimental Methods

The following discussion details the methods used to fabricate and characterize the

transition-metal-implanted semiconductors investigated in this research.

3.1 Ion-Implantation

Ion implantation is a relatively simple and inexpensive method of doping semi-
conductors after growth. It allows the growth of a thin film of the desired semicon-
ductor without the added complication of doping during growth. This is particularly
important for transition metal doping because the tendency for these materials to
cluster restricts growth temperature. Ion implantation avoids these problems by al-
lowing a substrate, thin film, or nanostructure to be grown under optimal conditions
and then have energetic, charged atoms of the desired dopant introduced through the
surface of the material. As these implanted ions enter the material they will dope,
they lose some of their energy through collisions with the nuclei and electron clouds
of atoms in the semiconductor crystal lattice. Electronic collisions do not displace
atoms in the host semiconductor crystal because the resulting energy is dissipated
by exciting electrons to higher energy levels, creating electron-hole pairs, or ionizing
an atom in the host crystal. Nuclear collisions cause damage to the lattice, but this

damage can be repaired by annealing as discussed in section 3.2 [119].

All ion implantation executed in conjunction with this research was performed
by Implant Sciences Corporation (Wakefield, MA). The doses of implanted ions, which
were varied for the different samples, are shown in table 3.1. Some implantation
conditions were uniform for all samples: the ions were implanted with an energy of

200 keV and the implant was performed at room temperature (~300 K).
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Table 3.1  Ion doses, in 233, for the transition metals implanted in the various
semiconductor materials studied in this research. All implantations are performed at
200 keV and room temperature.

Material
Species Al,Ga;_,N Zn0O ZnO nanotips on
Implanted || p-GaN | 2z =0.35 Film Quartz | Sapphire | Glass
Fe 5x 1007 | 5x 10 | 5x10% | 5 x 10
Mn 5x 100 | 5x 10 [5x 1001 | 5% 10 | 5x 10 |5 x 100
Cr 5x 100 | 5x 10 [ 5x 1017
Ni 3x100 | 3x10% [ 3x106¢

TFirst epitaxial ZnO growth from Rutgers University
fSecond epitaxial ZnO growth from Rutgers University

3.2 Thermal Annealing

As mentioned in section 3.1, annealing is necessary to remove damage caused

by ion implantation.

3.2.1 Annealing of p-GaN and Aly35Gaggs N

The nitride samples were annealed in an Oxy-Gon annealing furnace. Nitrogen
gas (Ny) was flowed at a rate of 2 -= in order to minimize loss of nitrogen from the
p-GaN or Aly35GagesN crystal. These losses were further minimized by the use of
a 500-A cap of aluminum nitride (AIN) on the Al 35GagesN samples which was not
removed until after annealing. To prevent damage during annealing, the samples were
wrapped face-to-face with tantalum (Ta) wire. Each p-GaN sample had the epitaxial
p-GaN layer pressed against the AIN cap layer of one of the Aly35GaggsN samples
implanted with the same transition metal. The samples were then bound together
using Ta wire to ensure that the samples would act as proximity caps for one another

during the heat treatment.

3.2.2  Annealing of ZnO

The ZnO samples were annealed in a Mini-M tube furnace manufactured by
Blue M. Oxygen gas (O2) was flowed at a rate of 25 standard cubic centimeters per

minute (sccm) during all annealing to minimize damage caused by the outgassing of
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oxygen from the ZnO crystal lattice. Because many of the ZnO samples were nanotips,
they could not be annealed face-to-face in a proximity cap configuration because of
the likelihood that the samples would bond during annealing and the high possibility
of damage to the nanotips resulting from binding the samples in this configuration.
The epitaxial ZnO samples could have been annealed using a proximity cap, but
this was not attempted because satisfactory results were obtained using only an O,

overpressure to minimize annealing damage.

3.8 Superconducting Quantum Interference Device (SQUID) Magnetometry

The premier technique for determining the magnetic properties of a sample is by
using a Superconducting Quantum Interference Device (SQUID) for magnetic char-
acterization. This is evidenced by the preponderance of research cited in sections 2.4
and A.2 in which SQUID magnetometry provided evidence of magnetic ordering in

the samples being studied.

SQUID magnetometers operate by exposing a pick-up ring of superconducting
material containing one or more Josephson junctions to a magnetic field. A simple
schematic of such an apparatus is depicted in figure 3.1(a). The Josephson junction
is a region of material that is not intrinsically superconducting, but is thin enough
that tunneling effects cause the ring to behave as though it were composed entirely
of superconducting material. The superconductivity of the junction, however, is not
as robust as that of the bulk superconductor: its ability to emulate a superconductor
ceases with small magnetic fields and low current density [49]. When a superconduct-
ing ring is exposed to a magnetic field, a current begins to circulate about the ring, but
no magnetic flux is admitted to the center of the ring. If the ring contains a Joseph-
son junction and the magnetic field is sufficiently strong, this circulating current will
exceed the critical current of the junction and the junction will revert to normal,
non-superconducting behavior. When this happens, one magnetic flux quantum (¢
= % = 2.07x 1071 Wb) is admitted to the ring, which then decreases the circulating

current and allows the junction to become superconducting once again. In a strong
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magnetic field, this process repeats itself causing a periodic variation in the current
circulating around the loop. By monitoring this variation, it is possible to detect

extremely small changes in the magnetic field to which the loop is exposed [127].

SECOND—RDERIVATIVE COIL

SUPRCONDUCTING

WIRE

Josephson
<« junction

MAGNETIG FIELD H

Sample Surface L H el
() (b)

Figure 3.1  (a) Simple schematic of a SQUID pick-up loop used for detecting weak
magnetic fields and small changes in magnetic fields. After Turton [127]. (b) A
second-order gradiometer made of superconducting wire [70]. This is the configuration
used in Quantum Design’s Magnetic Property Measurement System, which is the
system used to make the magnetic measurements reported in this research.

In the SQUID system used for this research, the sample is moved through a
superconducting second-order gradiometer which reduces the noise detected due to
fluctuations in the applied magnetic field. A schematic of a second-order gradiometer
is depicted in figure 3.1(b). The Josephson junction is part of the superconducting
loop that forms the gradiometer and is located inside a magnetic shield approximately
11 cm below the magnet that provides the applied field on the sample. This config-
uration shields the SQUID detector from the magnetic field applied perpendicular
to the surface of the sample and allows the SQUID output voltage to function as a
highly linear conversion of the current induced by the sample in the superconduct-
ing gradiometer. This set-up allows detection of magnetic moments on the order of
one-thousandth of a flux quantum [70]. By comparison, the earth’s magnetic field
through a 5 mm x 5 mm area (the typical area of samples used in this study) is about

500 thousand flux quanta.



In the experiments reported with this work, variable field or magnetic hysteresis
measurements were made by stepping the applied magnetic field from zero to 2 kOe in
steps of 200 Oe, then from 2 kOe to 5 kOe in steps of 500 Oe, and in steps of 1000 Oe
to a maximum field of 10 kOe for selected samples. All magnetic fields are applied
perpendicular to the sample surface. This allows for high resolution measurement
near the origin where coercive and remanent fields are determined as well as a faster
search for saturation and high-field behavior. For these measurements, the magnetic
field is swept at a constant rate and allowed to slightly overshoot the target field in

order to avoid oscillation at the stopping point.

The variable-temperature measurements were made by cooling the sample to
5 K with no applied field for the zero-field-cooled (ZFC) measurements. A magnetic
field of 500 Oe is then applied perpendicular to the surface of the sample to enhance
its magnetic signature and make the measurements less noisy. The temperature
is then swept to 50 K at a rate of 2.5 % with measurements taken every 5 K.
From 50 to 350 K, the temperature is swept at a rate of 7.5 % with measurements
taken every 10 K. Upon reaching a temperature of 350 K, the sample is cooled back
to 5 K under an applied magnetic field of 500 Oe with measurements being taken
as described above for the respective temperature ranges in order to collect field-
cooled (FC) data. The temperature sweep rates are also varied identically for the
FC and ZFC measurements in the respective temperature ranges. In general, the
measurements occur quickly enough that the temperature sweep is not stopped for
the magnetization measurement. However, some of the samples with weaker signals
require that the magnetization measurements be taken in “settle” mode, where the
temperature is allowed to stabilize at the values discussed above and the measurement

is completed before the temperature is swept to the next value.
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3.4 Optical Characterization
3.4.1 Cathodoluminescence

Cathodoluminescence (CL) measurements are performed by exciting a sample
with an electron beam and then observing the spectrum emitted by the sample. The
exciting electron beam is emitted from a Kimball Physics EMG-12 Electron Gun,
accelerated by a potential of 10 kV supplied by a Kimball Physics EGPS-12 power
supply, and focused to a spot 600 to 850 pum in diameter. For the measurements
in this study, a beam current of approximately 50 pA is used. The chamber con-
taining the samples under test and the electron gun is evacuated to a pressure of
7 x 1078 Torr (T). The samples were cooled to approximately 6 K using a closed
cycle helium compressor and a “cold finger.” The sample temperature was controlled
and measured using a Lakeshore 330 Temperature Controller. The radiation leaving
the samples was captured by the optics shown in figure 3.2 and focused into a Spex
500M %—meter spectrometer with 500-pm-wide entrance and exit slits. The spec-
trometer steps through the desired wavelength range in 2-A steps transmitting the
captured light at each wavelength into a GaAs photomultiplier tube (PMT) manufac-
tured by Products for Research, Inc., biased at 1500 V, and cooled to a temperature
of =30 to —40 °C with liquid nitrogen.

In this research, CL provides much of the same data as photoluminescence (PL).
Unlike PL, there is little feedthrough from the excitation source, so there is far less
noise in the resulting spectral measurements. CL measurements, however, are not
appropriate for ZnO nanotips for two reasons. The primary reason for this restriction
is the need for a grounding bar to keep excess electrons from charging the sample
and thus deflecting incoming excitation electrons. This grounding bar would likely
crush the nanotips on samples so grown. The low conductivity across the sample’s
face (due to the fact that the nanotips are independent columns on an insulating
substrate) would likely cause the tips to charge and either damage the material or

deflect incoming excitation electrons.
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Figure 3.2  Schematic diagram of the cathodoluminescence measurement apparatus
used to collect optical data.

3.4.2  Photoluminescence

The basic premise of PL is that optical radiation with a photon energy greater
than the bandgap of the semiconductor under study excites electrons from the semi-
conductor’s valence band into the conduction band where the electrons cool and then
return to the valence band or to an impurity energy level. When these electrons fall
to lower energy levels, they may emit a photon with energy equal to that of the energy
difference between an impurity energy level and the valence or conduction band. A

diagram of this system is presented in figure 3.3.
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Figure 3.3  Schematic diagram of the photoluminescence measurement apparatus
used to collect optical data.
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In the work reported here, PL was performed with a SpectraPhysics 2085-
20 argon-ion laser tuned to an emission wavelength of 275 nm. The laser power
transmitted to the sample is approximately % Watt. The sample is cooled with liquid
helium (LHe) in a Janis 100T optical cryostat to a temperature between 2.1 and 300 K,
depending on how much LHe is allowed into the sample chamber and the settings of
the Lakeshore 330 temperature controller. The radiation emitted from the sample
under test is collected by a system of lenses and focused into a Spex 750M grating-
based spectrometer. The spectrometer sorts (by energy) the photons emitted by the
sample and sends them into a Products for Research, Inc. GaAs photomultiplier tube
PMT cooled to —30 to —40 °C, which records the emission intensity for each photon

energy.

The information gleaned from PL measurements shows the effectiveness of an-
nealing in recovering the damage induced by ion implantation. The PL plots also show
the relative density of radiative defects or impurities and can qualitatively indicate

the presence of non-radiative defects.

3.5  X-Ray Diffraction

X-ray diffraction (XRD) is a technique that is useful for detecting the presence
of secondary phases or clusters in ion implanted semiconductors. In this analysis
technique, a sample is irradiated with collimated X-rays which are then diffracted at
an angle based on the distance between atoms in the crystal [56, Ch. 3]. In order
to obtain these measurements, the sample and the X-ray detector are rotated so as
to keep incident and reflected beam angles equal with respect to the sample surface.
This setup is illustrated in figure 3.4. Whenever the crystal planes align so that the
distance between crystal planes leads to constructive interference, a strong reflection
or XRD peak occurs [41, Sec. 9.6]. The measurements reported in this research were
made by collaborators at Rutgers University, so comprehensive characterization of all

samples at all annealing conditions is not available.



Reciprocal lattice point
./ of reflecting plane \\.

(@) (b)

Figure 3.4  Configuration for XRD measurements on a single crystal thin film when:
(a) the reciprocal lattice vectors of the reflecting planes are parallel to the surface
normal; and (b) the assymetrical case where reciprocal lattice vectors are aligned at
an angle « to the sample surface normal (after Hammond [41, Fig. 9.16]).

The angular location of XRD peaks reveals the interatomic lattice spacing and
structural information about, the lattice and, hence, provides definite information
concerning the lattice composition. The peaks recorded in an XRD measurement
are compared with those of known substances (either measured or calculated) in
search of a match in peak location, shape, and (to a lesser degree) intensity. This
allows confirmation that the expected material is present as well as detection of any
unwanted secondary phases such as those listed in appendix B [41, Sec. 10.3]. The
presence of clusters, or precipitates, is most clearly indicated by broadening and
symmetry loss in the XRD peaks. This corresponds to a distortion of the X-ray

refraction at the reciprocal lattice points [10].

While PL tends to reveal the damage remaining after ion implantation and
subsequent annealing, XRD is useful in identifying the resultant crystal structure

after thermal annealing during which implantation damage is being repaired. The
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absence of XRD features associated with secondary phases and clustering does not
guarantee their total absence from the material, but it does help to preclude their
dominance as a source of macroscopic magnetic properties, and is thus important to
this research because it helps determine the source of the magnetic effects seen in

these semiconductors.
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IV. Characteristics of Transition Metal Implanted
p-type Gallium Nitride

A 1-pm film of GaN was grown on a buffer layer of AIN on sapphire. The GaN
was p-doped by incorporating magnesium (Mg) during growth to a level which results
in a free hole concentration of 3 —4 x 1017% at room temperature. The growth was

performed by EpiPlus (Kyonggido, Korea).

Transition-metal-implanted p-GaN showed signatures of ferromagnetism that
were generally dependent on annealing conditions. This material shows some hope
of providing room-temperature ferromagnetism for the fabrication of DMS-based de-
vices. The strongest coercive and remanent fields were found in Ni-implanted p-GaN
(section 4.3), but the results that were most consistently sensitive to anneal tempera-
ture are given by the Mn-implanted samples (section 4.1). The p-GaN implanted with
Cr (section 4.2) did not demonstrate consistent magnetic behavior for the implant

and annealing conditions used in this experiment.

4.1 Manganese-implanted Gallium Nitride

p-GaN was implanted with Mn to a dose of 5 x 10'% 2% at room temperature
with an implantation energy of 200 keV. The strongest coercive and remanent fields
are found when the Mn-implanted sample is annealed at 725 °C for 5 minutes. This
annealing condition also produces a separation in field-cooled (FC) and zero-field-
cooled (ZFC) temperature-dependent magnetization with low-temperature tracking.
Although annealing at 725 °C for 5 minutes also results in significant recovery of
cathodoluminescence (CL) intensity at the bandedge in p-GaN:Mn, this condition is

not optimal for luminescence recovery.

4.1.1 Magnetic Hysteresis Measurements

Direct measurements of the magnetic moment in Mn-implanted p-GaN were
undertaken using a SQUID magnetometer as detailed in section 3.3. Figure 4.1 shows

the hysteresis data as measured. The data collected from these measurements show
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Figure 4.1  Raw magnetic hysteresis data from SQUID measurements of Mn-
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a diamagnetic component that is attributable to the sapphire substrate and thus,
this diamagnetic component must be corrected in order to obtain the true magnetic
properties of the sample. The background diamagnetism present in the sample prior
to the introduction of Mn is clear in the as-grown hysteresis measurement result

shown in figure 4.1.

These SQUID measurements demonstrate hysteresis and hence the presence of
coercive (H.) and remanent (Bg) fields. Unfortunately, the uncorrected data pre-
sented in figure 4.1 will give slightly erroneous values for coercive fields because the
tilt induced by underlying diamagnetism will cause the zero magnetization line to
cross the hysteresis loop at an angle. Therefore, a correction to the raw data is nec-
essary to allow meaningful, numerical comparisons of H. and B among the samples
characterized in this manner. The SQUID data presented in figure 4.2 have the linear
diamagnetic influences arising from the substrate removed. Diamagnetism is removed
using a MATLAB® routine that determines the amount of rotation about the origin
necessary to make the magnetization values at the two greatest applied magnetic
fields (both positive and negative) equal in value. Each data point is then rotated by
this amount so that saturation magnetization (Mg) becomes apparent and accurate

values for coercive and remanent fields can be ascertained.

The corrected data corresponding to the uncorrected magnetic moment data
in figure 4.1 are shown in figure 4.2. This data demonstrates not only the greater
coercive and remanent field strengths of the samples annealed at 725 and 750 °C, but
also shows that they have the cleanest signals in measurements of magnetic moment.
The most interesting feature of these measurements is the saturation magnetization
that is greater at 300 K than at 5 K in the sample annealed at 725 °C for 5 minutes.
This phenomenon is most likely due to the presence of a spin-glass state in which
coordinated magnetic moments are “frozen” in a non-optimal configuration at low

temperature, but free to follow the applied magnetic field at higher temperatures.
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Figure 4.2  Magnetic hysteresis data for p-GaN implanted with Mn: as-implanted
and annealed as indicated. Linear diamagnetic influences have been removed from
this data.
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The numerical results of these hysteresis measurements are summarized in fig-
ure 4.3, which indicates that the maximum coercive field (H.) at 5 K for p-GaN:Mn
occurs when it is annealed at 725 °C for 5 minutes. However, maximum H. at room
temperature occurred after annealing at 750 °C. As a function of the Bohr magneton
(up), The saturation magnetization (Mg) for the sample annealed at 750 °C corre-
sponds to a values of 0.20 and 0.18 ug per Mn atom at temperatures of 5 and 300 K,
respectively. The theoretical maximum effective magneton number for Mn?* in an
insulating crystal is 5.9 [8, Table 31.4], which indicates that a vast majority of the
implanted Mn atoms are not participating in ferromagnetic ordering.

002-4C
p-GaN:Mn Coercive Field Strength as a Function of Annealing Temperature

05K B300 K

468.08

Coercive Field Strength (Oe)

as-implanted

Annealing Time (min) and Temperature (Deg. C)

Figure 4.3  Coercive field strengths at 5 and 300 K for various annealing conditions
of Mn-implanted p-GaN.

The remanent field strengths, By, charted in figure 4.4 correlate well with the
H. data. Similar to the H. data, the strongest Bg at 5 K occurs when the sample is
annealed at 725 °C for 5 minutes, but the greatest Br at room temperature occurs

in the sample annealed at 750 °C for 5 minutes. The 300 K measurement for the
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sample annealed at 700 °C for 5 minutes is an anomalous data point that results
from the removal of strong diamagnetic influences from a sample that is virtually
entirely diamagnetic. For reference purposes, as-implanted H., and By values are
included in figures 4.3 and 4.4, respectively. The magnetism arising from this sample
is attributed to interstitial Mn atoms where spin coordination is a result of the lowest
energy state of the individual atoms in which the 5 d-orbital electrons are in the
same spin state being influenced by the applied magnetic field. This atomic magnetic
response is useless from a DMS standpoint because there is no magnetic coordination

or interaction with the conduction or valence bands of the host semiconductor.

002-4C
p-GaN:Mn Remanent Magnetization as a Function of Annealing Temperature
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Figure 4.4 Remanent field strengths at 5 and 300 K for various annealing conditions
of Mn-implanted p-GaN.

4.1.2  Temperature-Dependent Magnetization

Both FC and ZFC magnetization-versus-temperature measurements for p-GaN
implanted with Mn are shown in figure 4.5. For the sample annealed at 700 °C, the

FC and ZFC magnetization measurements are separated and increase together as the
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Figure 4.5 Temperature-dependent magnetization for p-GaN implanted with Mn
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measurement, temperature decreases. In the samples annealed at 725 and 750 °C,
there is a mild increase in ZFC magnetization with increasing temperature. This in-
crease is negligible and probably occurs due to the continued application of a 500-Oe
magnetic field as temperature is increased during ZFC magnetization measurements.
All of the samples annealed at temperatures below 775 °C show markedly higher
magnetization values at measurement temperatures below 50 K for both FC and
ZFC measurements. This indicates the presence of a ferromagnetic phase in each of
the samples annealed at lower temperatures. The dominance of a spin-glass phase is
evident in the sample annealed at 775 °C. This is demonstrated by the presence of a
peak in the ZFC magnetization near 150 K [89]. This is further verified by the hys-
teresis data presented in figure 4.2, where the magnetic behavior is best characterized

as superparamagnetic.

In keeping with the indications of ferromagnetism discussed above, the sample
that has the cleanest magnetization signal and strongest separation of FC and ZFC
measurements is the sample annealed at 725 °C for 5 minutes. The fact that the
separation in FC and ZFC measurements is present across the entire range of tem-
peratures measured is a strong indication that this material has a magnetic ordering

temperature above room temperature.

4.1.8  Optical Measurements

CL measurements of Mn-implanted p-GaN samples are shown in figure 4.6 for
various annealing temperatures. The CL spectra showed the most effective damage

recovery at 750 °C for 5 minutes.

The as-grown sample shows a broad luminescence around 3.16 eV, which is
consistent with donor-acceptor pair (DAP) peaks in GaN. The presence of this feature
is most likely due to the heavy Mg doping that was performed during the growth of
this sample. The photoluminescence from the as-implanted sample shows a minuscule
peak around 3.49 eV, which is attributable to the neutral donor-bound exciton (DY X)

peaks in GaN. There is also broad luminescence with a peak around 2.54 eV that
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results from the incomplete removal of plasma lines from the exciting laser at those
wavelengths. Plasma lines are individually suppressed back to a baseline level, but
when they dominate the luminescence of a sample, the baseline is somewhat elevated

by the merger of their tails.

The samples showed increasing luminescence with increasing anneal tempera-
ture. Most notable is the recovery of the band-edge feature at 3.49 eV, which is again
attributed to a neutral donor-bound exciton. The brightness of this feature decreases
in the sample annealed at 725 °C for 5 minutes compared to the sample annealed at
700 °C, but is the dominant feature in the sample annealed at 750 °C. This evolution
of the (D?X) peak is somewhat anomalous and does not correlate well with the mag-
netic data presented above. The small feature visible in the CL measurement on the
sample annealed at 750 °C just below the 3.49 eV peak is centered around 3.41 eV.
The 3.41-eV feature is attributed to a defect-bound exciton [33].

In the sample annealed at 750 °C for 5 minutes, there is a clear donor-acceptor
pair (DAP) peak at 3.28 eV. The peaks below this feature, in both energy and lumines-
cent intensity, are spaced approximately 90 meV apart. This separation corresponds
to the LO phonon energy in GaN [109]. Therefore, these features are attributed to
phonon replicas of the DAP peak. This peak is also present in the samples annealed
at 700 and 725 °C, but its magnitude is far less and it is broadened such that the

phonon replicas are not resolved.

Another feature unique to the annealed samples is the presence of a blue-green
luminescence centered around 2.4 eV. The luminescence from this feature increases
with increasing annealing temperature. The continued increase in blue-green lumi-
nescence with annealing temperature is attributed to increasing incorporation of Mn
into the p-GaN crystal lattice. Although slightly different in photon energy, this is

similar to the luminescence results reported for Si-implanted Al o5Gag 75N [98].

The broad luminescence centered around 3.8 eV and most visible in the sample

annealed at 750 °C is attributed to AI-N-O complexes near the interface between the
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p-GaN and the Al;O3 substrate [118]. The data presented in figure 4.6 indicates that
these complexes are sensitive to annealing conditions. As far as crystal lattice damage
recovery and magnetic properties are concerned, these complexes are inconsequential

because they tend to occur in the Al,O3 substrate.

The most intense CL, the sharpest band-edge recovery, and the emergence of a
feature at 3.28 eV were seen in the sample annealed at 750 °C. These facts indicate
that the best implant damage recovery from this group of samples occurs when the
sample is annealed at 750 °C for 5 minutes. This sample also has the strongest coercive
field at room temperature, which suggests a good correlation between crystal damage
recovery and signs of ferromagnetism in Mn-implanted p-GaN. Both good recovery
of implant damage and the strongest magnetic properties occur for the same samples
annealed at 725 and 750 °C for 5 minutes indicating that ferromagnetism in this
material is probably due to the product of true magnetic interactions between the

host p-GaN and the implanted Mn.

4.2 Chromium-implanted Gallium Nitride

p-GaN was implanted with Cr to a dose of 5 x 1016 % at room temperature
with an implant energy of 200 keV. Although signs of ferromagnetism are present,
this material does not seem to be particularly sensitive to annealing temperature.
Annealing does enhance the magnetic properties of these samples, but not in a pre-
dictable or consistent manner. This lack of a trend in the data indicates that the

magnetic properties of this material may not be a product of sp-d hybridization,

which diminishes its usefulness as a magnetic semiconductor.

4.2.1 Magnetic Hysteresis Measurements

SQUID measurements were used to determine the magnetization of the Cr-
implanted p-GaN under a variable applied magnetic field. The raw data from these
measurements is presented in figure 4.7. The raw hysteresis data shows very little

separation between the positive- and negative-going magnetic field sweeps at room
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temperature. For all but the sample annealed at 650 °C for 5 minutes, the magnetic
behavior is best described as superparamagnetism riding on a diamagnetic back-
ground. The sample annealed at 650 °C also shows a saturation magnetizations of
0.57 and 0.38 pp per Cr atom at 5 and 300 K, respectively. The calculated maximum
effective magneton for Cr?* is 4.8 [8, Table 31.4]. Furthermore, the samples (except
the one annealed at 650 °C) show similar responses regardless of annealing temper-
ature. This insensitivity to annealing conditions is an indication that Cr-implanted
GaN is not demonstrating ferromagnetic properties commensurate with a good DMS.
Given the characteristic of the as-grown sample (superparamagnetism riding on a dia-
magnetic background), the behavior of many of the implanted and annealed samples
indicate that Cr is not being incorporated into them in a way that significantly alters

the magnetic properties of the p-GaN.

The variable field measurements taken on p-GaN:Cr are shown in figure 4.8
after correcting the diamagnetic component arising from the sapphire substrate. At
room temperature, even the modified data does not show the separation in hystere-
sis characteristic of ferromagnetic materials. There is clear saturation in all of the
samples, but this certainly does not indicate interaction of the implanted Cr with the

host p-GaN.

The width of the coercive fields (H.) at both 5 and 300 K is shown in figure 4.9
for the range of annealing temperatures utilized in this experiment. This data seems
to indicate that the coercivity of p-GaN implanted with Cr is not very sensitive to
annealing conditions, and this insensitivity may indicate deleterious effects, such as
secondary phase formation or clustering, that are similar across a range of annealing
temperatures. The magnetic characteristics of some possible secondary phases are

given in Appendix B.

The absence of a clear optimal annealing temperature in figure 4.9 is countered
in the remanent field data plotted in figure 4.10 for low temperature measurements.

For the measurements made at 5 K, the greatest remanent field, as a percentage of
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Figure 4.8  Magnetic hysteresis data for p-GaN implanted with Cr and annealed as
indicated. Linear diamagnetic influences have been removed from this data.
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Figure 4.9  Coercive field strengths at 5 and 300 K for various annealing conditions
of Cr-implanted p-GaN.

saturation magnetization, occurs when the Cr-implanted p-GaN is annealed at 750 °C
for 5 minutes. For the room temperature variable field measurements, there is little
distinction among the various annealing conditions, but the maximum occurs when
the sample is annealed at 700 °C for 5 minutes. This lack of distinction bodes ill for the
hope of true DMS behavior in which ferromagnetism arises from sp-d hybridization

for this material system.

4.2.2  Temperature-Dependent Magnetization

FC and ZFC magnetization were also measured while temperature was varied
for the p-GaN samples implanted with Cr. The results of these measurements are

depicted in figure 4.11.

The as-implanted sample shows virtually no magnetic character as evidenced

by the lack of separation between FC and ZFC magnetization for this sample. The
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Figure 4.10 Remanent field strength as a function of saturation magnetizaton at 5
and 300 K for various annealing conditions of Cr-implanted p-GaN.

divergence of FC and ZFC measurements in the samples annealed at 650, 700, and
775 °C for 5 minutes is an indication that any magnetic ordering seen at low temper-
ature in these samples is most likely the result of a spin-glass phase. This is especially
apparent because of the “hump” in ZFC magnetization for the sample annealed at

775 °C, which is a clear indication of spin-glass behavior [89].

The sample annealed at 675 °C for 5 minutes shows a clear transition at a
temperature of 75 K. The rapid decrease of FC magnetization at 75 K and lack
of separation between FC and ZFC measurements above this temperature indicate
that the sample loses its magnetic ordering above 75 K. However, the definite loss of
magnetic ordering implies that order is present below this temperature, so there may
be useful DMS behavior in this material albeit at temperatures too low for practical

devices.
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Figure 4.11  Temperature-dependent magnetization for p-GalN implanted with Cr
and annealed as indicated. Note that the y axis spans the same range of magnetic
moment despite the fact that background offset causes a difference in absolute values.
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There is also a lack of significant separation between FC and ZFC magnetization
in the sample annealed at 725 °C for 5 minutes. Although there is a small gap at
temperatures below 150 K, there is not a clear transition temperature as is the case
in the sample annealed at 675 °C. The temperature-dependent magnetization of the
sample annealed at 725 °C indicates that magnetic ordering is not dominant, if it is

present at all.

The only sample of p-GaN:Cr that may demonstrate magnetic ordering per-
sisting to near room temperature is the one annealed at 750 °C for 5 minutes.
Temperature-dependent magnetization measurements from this sample show clear
separation of FC and ZFC magnetization up to approximately 273 K, and the FC
and ZFC measurements track upward together at low temperatures. The conver-
gence of FC and ZFC magnetization above 273 K occurs as a result of a change in
the ZFC values, and the fact that CrN is known to be antiferromagnetic (AFM) with
an ordering temperature of 273 K [82], indicates the presence of a secondary phase in
this material. Obviously, an AFM phase does not dominate the sample as evidenced
by the hysteresis observed in figure 4.7. The disordering of this AFM phase above
273 K allows ferromagnetism to dominate more completely and results in this sample

showing the least difference in H. between 5 and 300 K measurements (see figure 4.9).

The somewhat anomalous behavior demonstrated in the temperature-dependent
magnetization measurements of Cr-implanted p-GaN undermine potential claims that
this material is truly a dilute magnetic semiconductor. Although there does appear
to be some ordering in the sample annealed at 750 °C for 5 minutes, this ordering
may have AFM alignment as its source. This material exemplifies a case where di-
rect magnetic measurements are not sufficient to characterize the material as a DMS.
Other measurements that are beyond the scope of this research, such as anomalous
Hall effect and magnetic circular dichroism, would be useful for more complete char-

acterization of p-GaN:Cr.
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4.2.8  Optical Measurements

Damage recovery in p-GaN:Cr annealed at various temperatures was determined

by CL and PL measurements. The resulting spectra are presented in figure 4.12.

The as-grown sample shows a broad luminescence around 3.16 eV, which is con-
sistent with (DAP) peaks in GaN brought on by heavy Mg doping that was performed
during the growth of this sample. As expected, the ion implantation greatly reduces
the luminescence emanating from the sample. There is a noticeable luminescence
peak at 3.25 eV that is associated with a donor-acceptor pair (DAP) transition. This
peak is much more prominent in the sample annealed at 750 °C for 5 minutes, but is

still broad because of incomplete lattice recovery under these annealing conditions.

A prominent feature in all of the samples, though only with a much smaller
scale for the as-implanted samples, is the broad luminescence peak around 3.8 eV.

These broad luminescence peaks around 3.8 eV arise from AIl-N-O complexes near

the AIN/Al,O3 interface [118].

The dominant feature in the samples annealed at 700 and 750 °C is a broad
blue-green luminescence centered around 2.46 and 2.38 eV, respectively. This broad
peak is also present in the same region of the sample annealed at 725 °C for 5 minutes,
but is much lower in intensity and far from the dominant feature of that sample. The
fact that this feature is not consistent and does not increase in intensity with anneal
temperature seems to indicate that it does not appear as a result of Cr incorporation
in the p-GaN lattice. This feature reveals a deep level emission that is attributed to
Mg doping in GaN [66]. Note that the asymmetry in the sample annealed at 700 °C
for 5 minutes was induced by placement of an optical filter to prevent duplication of
shorter wavelength features. Unfortunately, this filter also causes some attenuation,
even at the longer wavelengths that the filter is designed to pass, so there is an

immediate drop in luminescent intensity at 2.374 eV where the filter was inserted.

The sharpest, most noticeable band-edge peak, occurs when the sample is an-

nealed at 725 °C for 5 minutes. The band-edge peak occurs at an energy of 3.364-eV.
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Figure 4.12 Cathodoluminescence spectra, collected from samples cooled to approx-

x 1/10
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imately 5 K, of p-GaN implanted with Cr and annealed as indicated in a 2 ﬁ flow
of Ny for 5 minutes.
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The 3.364 eV peak is attributed to a strongly localized exciton tied to a crystal defect
level [135]. The shoulders on the low-energy side of this feature are attributed to the
etalon effect. Overall, this material is probably of low quality: the sharp near-band-
edge luminescence is made possible by crystal defects. This observation confirms that
good crystal quality is necessary for magnetic ordering in these materials and helps
explain the weaker magnetic properties of the sample annealed at 725 °C with respect

to those annealed at 700 and 750 °C.

4.3 Nickel-implanted Gallium Nitride

ions
cm?

Ni was implanted into p-GaN to a dose of 3 x 106 at room temperature
with an implant energy of 200 keV. The lower Ni dose was used because a previous
report indicates that a dose of 3 x 1016 % gives better magnetic performance than
a dose of 5 x 10' % [90]. This lower implantation dose has the added benefit of

mitigating the formation of Ni clusters in the annealed material.

Ni-implantation and subsequent annealing of p-GaN causes the material to ex-
hibit evidence of ferromagnetism. Unfortunately, there are some anomalies in the
data, which may portend a non-DMS source for some of the magnetic properties
observed. There is a possibility that the observed ferromagnetism in the sample an-
nealed at 675 °C for 5 minutes originates from true DMS behavior. The evidence
for this comes from the low-temperature and temperature-dependent behavior seen

in the direct magnetic measurements of this material.

4.3.1 Magnetic Hysteresis Measurements

The raw hysteresis data is presented in figure 4.13. From this figure, it is
apparent that all of the samples present indications of ferromagnetism at low temper-
atures, but there is a vast difference in the samples when variable field measurements

are taken at room temperature.

The room-temperature variable field measurement of the as-grown and as-

implanted samples reveal a strong diamagnetic character. This is also the case in
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Figure 4.13 Raw data from magnetic hysteresis SQUID measurements of Ni-
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the sample annealed at 675 °C for 5 minutes in N, flowing at 2 ﬁ The sample
annealed at 650 °C, while showing magnetic saturation, does not show much sepa-
ration in 5 K hysteresis measurements, so, much like the as-grown sample, it is best
characterized as superparamagnetic at low temperatures. For the samples annealed
from 700 to 775 °C for 5 minutes, all show separation between positive- and negative-
going legs of the hysteresis loop so that meaningful values can be determined for
the coercive and remanent fields. In the sample annealed at 775 °C for 5 minutes,
the raw data in figure 4.13 shows that there is virtually no diamagnetic background
at room temperature and the background at low temperature is paramagnetic. The
simplest explanation for this phenomenon is that there are defects or complexes in
the samples that are annealed out with increasing effectiveness as annealing temper-
ature is increased. The trends of decreasing diamagnetism can be seen in all of the
p-GaN samples as evidenced in figures 4.1 and 4.7, as well as figure 4.13. In general,
diamagnetic componenets decrease as annealing temperature increases to the point
where the background may even exhibit paramagnetism when annealed at a relatively

high temperature.

In order to determine meaningful values of H. and Bg, the raw hysteresis data
needs to be rotated about the origin so that the magnetization measurements level
out after the saturation value is reached. This ensures that the hysteresis loop is
measured correctly for the purpose of determining coercive and remanent fields. This

process is discussed in greater detail in section 4.1.1.

The hysteresis data with linear dia- and para-magnetic influences removed is
shown in figure 4.14. This view of the data makes the hysteretic behavior discussed
above more apparent. The samples annealed at 700 and 725 °C may appear to have
lower coercive fields in this figure because the scale was enlarged to show that magnetic
saturation was clearly achieved in these samples. As an artifact of the rotation to
remove diamagnetic influences, the as-implanted sample, as well as the one annealed

at 675 °C, show a more ferromagnetic character than what is actually present.
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Figure 4.14 Magnetic hysteresis data for p-GaN implanted with Ni and annealed as
indicated. Linear magnetic influences have been removed from this data. Note that
the horizontal scale is doubled for the samples annealed at 700 and 725 °C as well as
the as-implanted sample.
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A summary of the H, data collected during variable field measurements is pre-
sented in figure 4.15. It is clear from the data collected at room temperature that the
strongest coercive field is produced in the sample annealed at 725 °C for 5 minutes.
This sample also shows Mg values of 0.51 ug per Ni atom at 5 K and 0.39 ug per
Ni atom at 300 K. The calculated maximum magneton for Ni*T is 3.2 ug [8, Table
31.4]. The data presented in figure 4.15 for the sample annealed at 675 °C is erro-
neous due to the fact that even after background subtraction, the zero-crossings of
the hysteresis loop are still slanted rather than crossing the x axis at a sharp angle.
The correction necessary to allow perpendicular (to the x axis) zero-crossings would
prevent calculation of the saturation magnetization.
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Figure 4.15  Coercive field strengths at 5 and 300 K for various annealing conditions
of Ni-implanted p-GaN. The data for the sample annealed at 675 °C is obscured
because of an artifact of the diamagnetism correction algorithm.

In the case of Ni-implanted p-GaN, remanent field data does not seem to be a

reliable figure of merit. The remanent field strengths are reported in figure 4.16 and
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are weak and erratic. There is no clear trend in By, and the greatest values occur
in samples with weaker coercive fields and other indications of non-ferromagnetic
(spin-glass) behavior in the temperature-dependent magnetization measurements as

discussed in the following section.

002-4B
p-GaN:Ni Remanent Magnetization as a Function of Annealing Temperature
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Figure 4.16 Remanent field strengths at 5 and 300 K for various annealing condi-
tions of Ni-implanted p-GaN.

4.3.2  Temperature-Dependent Magnetization

Magnetization-versus-temperature data for the Ni-implanted p-GaN was col-
lected and are displayed in figure 4.17. In these samples, there is a clear separation
and divergence of the ZFC and FC measurements at low temperature for the samples
annealed at and above 725 °C. This divergence is indicative of a spin-glass phase

being the dominant magnetic feature over any ferromagnetic phase [89].

Even though the Ni-implanted p-GaN annealed at 675 °C shows strong coercive
and remanent fields at low temperature, this behavior diminishes rapidly with increas-

ing temperature as shown in figure 4.13. This behavior is echoed in figure 4.17 where
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Figure 4.17  Temperature-dependent magnetization for p-GaN implanted with Ni
and annealed as indicated for 5 minutes. Note that the y axis spans the same range
of magnetic moment despite the fact that background offset causes a difference in
absolute values.
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the FC and ZFC magnetization measurements converge quickly at 100 K indicating a
lack of ferromagnetic ordering above this temperature. The samples annealed at 650,
700, and 725 °C for 5 minutes maintain separation in FC and ZFC magnetization
values up to 350 K, and those annealed between 700 and 750 °C for 5 minutes show
significant increases in FC-ZFC separation versus the as-grown sample. The persis-
tence of ferromagnetism to room temperature is also apparent in figures 4.13 and 4.14
where hysteresis is apparent at 300 K for these samples. The coercivity measured is
small, however, which contributes to the inconsistency in the magnetic behavior of

this material.

4.8.8  Optical Measurements

Spectra from CL measurements of the p-GaN:Ni samples are shown in fig-
ure 4.18. Implant damage is recovered, from an optical standpoint, for samples an-
nealed at 700 °C for 5 minutes. While there is a recovery of a broad feature near
the bandedge, the CL spectrum is dominated by Al-N-O complexes (3.8 e€V) in the
Al,Oj3 substrate [118] and blue-green luminescence. In the sample annealed at 675 °C
the blue-green luminescence occurs at a photon energy of 2.36 eV and there is also a

broad, weak luminescence in the violet at 3.10 eV.

Both the violet and blue-green luminescence bands in the sample annealed at
675 °C are attributed to the activation of implanted Ni impurities. Although slightly
different in energy, these CL features are similar to those reported for Si-implanted
Alg25Gag 75N [98]. In the work of Ryu et al. increasing intensity in the broad mid-
bandgap peaks indicated greater and greater activation of the implanted silicon. It
is believed that a similar phenomenon is occurring in Ni-implanted p-GaN since the
2.36-eV and 3.10-eV peaks are not present in the as-grown sample and only manifest
themselves after annealing at 675 °C for 5 minutes. In the context of the direct
magnetic measurements, the activation of implanted Ni after annealing at 675 °C is

reasonable and allows some hope that p-GaN:Ni annealed under these conditions is

a true DMS.
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Figure 4.18  Cathodoluminescence spectra of p-GaN implanted with Ni and an-
nealed as indicated for 5 minutes in Ny flowing at 2 ﬁ These measurements were
taken at approximately 5 K.
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4.4 Conclusions

Transition metal implantation into p-GaN is an effective method of creating
a wide-bandgap semiconductor with ferromagnetic properties that persist to room
temperature. In the Mn-implanted samples, the magnetic properties follow a trend
that indicates optimum annealing occurs at a temperature of 725 °C for a 5 minute
anneal. At this annealing condition, a saturation magnetic moment of 1.8 x 10~ emu,
coercive field width of 468 Oe, and remanent field value of 23% of saturation were
obtained. The p-GaN:Cr does not show this sort of consistency in magnetic proper-
ties, so there is doubt that this material is demonstrating true DMS behavior, rather
this sample shows superparamagnetism. Although the Ni-implanted p-GaN lacks
consistent trending, there is some evidence that the sample annealed at 675 °C for 5
minutes may be a true DMS at low temperatures. However, most of the p-GaN:Ni

samples show spin-glass properties.

Overall, the tendency for p-GaN doped with transition metals to show ferromag-
netic properties persisting to room temperature is encouraging. As Mn- and Ni-doped
p-GaN are further characterized, they will likely be found suitable for DMS device
fabrication. p-GaN:Cr may also show some promise, but a different set of implant
and/or annealing conditions are necessary to produce the consistency necessary for

confidence in the magnetic properties of this material.
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V. Characteristics of Transition Metal Implanted
Aluminum Gallium Nitride

1-pm thick Al 35GagesN was grown on an AIN buffer layer which was grown
on a sapphire substrate. The Aly35GagesN was also capped with a 500-A layer of
amorphous AIN. The material was not intentionally doped, but probably exhibits
n-type conductivity due to unintentional impurities such as oxygen and silicon [69].
Based on the results of the characterization detailed below, using Mn-, Cr-, and
Ni-implanted Aly35GagesN to fabricate DMS material is viable. There are some
anomalies and possible issues with reproducibility in this material system, but the
overall quality of the material indicates that it should be included in further studies

and device work moving forward.

5.1  Manganese-implanted Aluminum Gallium Nitride

A dose of 5 x 10 2% Mn jons were implanted into Alg35GagesN at room
temperature with an energy of 200 keV. The resulting material produced convincing
signs of ferromagnetism when annealed at 750 °C and higher for 5 minutes in Ny
flowing at 2 ﬁ The strongest indications of ferromagnetism in Alg35GaggsN:Mn
occurred when it was annealed at 775 °C, which suggests that even higher temperature
anneals may enhance magnetic properties. However, the sample annealed at 775 °C
did display the onset of an undesirable spin-glass phase, which could be bolstered by
hotter annealing. The samples annealed at and below 725 °C showed weaker signs
of ferromagnetism overall. Overall, Aly35GaggsN implanted with Mn shows great
promise as a room-temperature DMS and is undoubtedly one of the materials that

will form the basis for spintronic device research.

5.1.1 Magnetic Hysteresis Measurements

Variable field measurements of the samples are shown in figure 5.1 for the an-
nealing conditions used in this experiment. The presence of a diamagnetic background

is apparent in all of the samples with the exception of the 5-K measurement of the
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Figure 5.1  Raw data from magnetic hysteresis SQUID measurements of Mn-

implanted Alj35GaggsN annealed as indicated in Ny flowing at 2 -

sample annealed at 775 °C for 5 minutes. Furthermore, the room-temperature hys-

teresis measurements in the samples annealed at 725 °C and less can be characterized

as diamagnetic behavior even though there is some token saturation and a small sep-

aration of the positive- and negative-going legs of the hysteresis loop. This behavior
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indicates that the higher annealing temperatures (750 and 775 °C) are more likely to

produce ferromagnetic behavior in Mn-implanted Alg35Gagg5N.

The raw data presented in figure 5.1 gives a sense of which samples show ferro-
magnetism. To quantify the ferromagnetic properties of these samples by the strength
of coercive and remanent fields (H, and Bg, respectively), it is necessary to remove
the linear diamagnetic influence that is so prominent. Without this correction, data
presented in figure 5.1 will give slightly erroneous values for coercive fields because
the tilt induced by underlying diamagnetism will cause the zero magnetization line
to cross the hysteresis loop at an angle. The SQUID data presented in figure 5.2 have
the linear diamagnetic influences arising from the substrate removed. Diamagnetism
is removed using a MATLAB® routine that determines the amount of rotation about
the origin necessary to make the magnetization values at the two greatest applied
magnetic fields (both positive and negative) equal in value. Each data point is then
rotated by this amount so that saturation magnetization (Mg) becomes apparent, and
accurate values for coercive and remanent fields can be ascertained. This method of
removing linear magnetic background influences is not flawless as it tends to assign
erroneously large values to H, strengths when the sample is largely diamagnetic or
paramagnetic. The problem in these samples is that the slope of the magnetization-
versus-applied-field line is less as magnetic saturation is approached because of the
small Mg values. When the hysteresis loop is rotated to remove diamagnetism, these
gently sloped lines result in a wider area between zero crossings than the more nearly
vertical lines that result in a sample less dominated by diamagnetism. This effect is
clear in the contrast between corrected variable field measurements of the samples

annealed at 725 and 750 °C as shown in figure 5.2.

The most striking feature of the data with background linear magnetic influences
removed is the doubling of Mg for the samples annealed at 750 and 775 °C compared to
the other samples. For the sample annealed at 775 °C for 5 minutes, Mg values of 0.41
and 0.37 pup per Mn atom were achieved at 5 and 300 K, respectively. The maximum

calculated magneton value for Mn?* is 5.9 up per atom [8, Table 31.4]. This behavior
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Figure 5.2  Magnetic hysteresis data for Aly35GaggesN implanted with Mn and an-

nealed as indicated. Linear diamagnetic influences have been removed from this data.

indicates that Mn-implanted Al 35GagesN should be annealed at a temperature of

750 °C or higher if the Mn is to be incorporated in a way that yields ferromagnetism.

The larger saturation values also allow for a more accurate determination of H. as

discussed above.
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Figure 5.3 presents a summary of the coercive field (H.) strengths obtained
using various annealing temperatures. Being aware of the artifacts of the background
subtraction scheme detailed previously, the numerical values presented in figure 5.3

are false except for those reported for the samples annealed at 750 and 775 °C for 5

minutes.
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Figure 5.3  Coercive field strengths at 5 and 300 K for various annealing conditions
of Mn-implanted Alj 35GagesN. The data that have been skewed by the background
subtraction process are obscured in this figure.

Remanent field strength measurements tend to be less sensitive to the rotation
about the origin used to remove linear diamagnetic influences. The reason that By is
less sensitive to the rotation can be explained geometrically: the orders of magnitude
difference between the x and y axes means that the rotation necessary causes far
less translation along the x axis than along the y axis, which means the value being
measured directly above the origin does not change greatly after rotation. Unfor-

tunately, saturation magnetization values are subject to gross errors resulting from
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the rotation algorithm, so the values of By reported in figure 5.4 are not reported as
magnetization values rather than as a percentage of Mg.

201C
AlGaN:Mn Remanent Magnetization as a Function of Annealing Temperature
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Figure 5.4  Remanent field strength differences at 5 and 300 K for various annealing
conditions of Mn-implanted p-GaN. Note that this data is presented as magnetization
values in emu, not as a percentage of saturation magnetization as in the other figures
reporting Bp.

The remanent field strengths of the samples tend to increase with increasing
anneal temperature as shown in figure 5.4. This suggests that the optimal annealing
temperature lies at the high end of the range of annealing temperatures tested. The
increase in Bi at higher annealing temperatures corroborates the evidence seen in
figures 5.1 and 5.2 (wider hysteretic separation and greater saturation magnetization)

that the samples annealed at and above 750 °C are ferromagnetic.
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5.1.2  Temperature-Dependent Magnetization

The magnetization-versus-temperature measurements for this sample are shown
in figure 5.5. This data reveals a separation between zero-field-cooled (ZFC) and field-
cooled (FC) magnetization that is approximately 50% greater at 100 and 300 K in
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Figure 5.5 Temperature-dependent magnetization for Al 35GaggsN implanted with
Mn and annealed as indicated for 5 minutes in Ny flowing at 2 ﬁ Note that the
y axis spans the same range of magnetic moment despite the fact that background
offset causes a difference in absolute values.
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the samples annealed at 750 and 775 °C than in the other samples. This separation
is an indication of ferromagnetism, so these measurements are yet another sign that
the samples annealed at and above 750 °C for 5 minutes incorporate the implanted

Mn better than those annealed at lower temperatures.

In the sample annealed at 775 °C for 5 minutes, there is a broad peak in ZFC
magnetization around 150 K. This is indicative of a spin-glass state in the material
[89], but the relative insignificance of this peak compared to the separation in FC
and ZFC magnetization and compared to the low-temperature rise in magnetization
for both FC and ZFC measurements suggests that the sample is dominated by a

ferromagnetic phase despite the presence of a spin-glass phase.

There is a cusp at 50 K in the sample annealed at 725 °C. This could also be
indicative of spin-glass behavior, but is more likely a result of freezing oxygen that
has either contaminated the sample space in the magnetometer or adsorbed to the
surface of the Aly35GaggsN. The conclusion that it is freezing oxygen is based on the
fact that it occurs at 50 K [6] and that the dominant characteristic of the sample seen

in variable field measurements is diamagnetic.

5.1.3  Optical Measurements

Cathodoluminescence spectra of the Mn-implanted Aly35Gagg5N were collected
at a temperature of approximately 5 K and are presented in figure 5.6. The band-
edge peak for the as-grown Alj 35Gag 5N occurs around 4.4 eV. This is slightly larger
than expected [73], so the Al content may be slightly higher than 35%. This band-
edge feature is suppressed when Mn is implanted and is not recovered for any of the

annealing conditions used in this experiment.

The as-implanted sample also shows a broad blue-green luminescence peak cen-
tered around 2.5 eV. This peak is attributed to defect-recombination bands in the
unimplanted sample [91]. In the annealed Alj3;5GaggsN:Mn samples, the lumines-
cence around 2.5 eV persists and becomes even stronger with its maximum intensity

occurring in the sample annealed at 725 °C for 5 minutes. The jagged appearance
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of the top of this peak is due to the etalon effect induced by the index of refraction
difference among the Alj 35Gag g5 N:Mn, the AIN buffer layer below it, and the vacuum
above it. The increase in the blue-green luminescence with implantation is due to
the fact that ion implantation produces a greater density of the defects related to
this luminescence. The blue-green luminescence increases with annealing because an-
nealing removes some of the non-radiative, light-absorbing defects before the damage
related to the 2.5-eV feature is repaired. As evidenced in figure 5.6 for the sample
annealed at 750 °C for 5 minutes, the blue-green luminescence starts to abate when

the annealing temperature is sufficient to remove the radiative defects that cause it.

The sample annealed at 675 °C for 5 minutes shows a weak, broad luminescence
with peaks at 3.3 and 3.1 eV. Though weaker, the 3.1-eV feature is also present in the
sample annealed at 725 °C, and is due to incorporation of Mn into the Alg35Gagg5N.
Similar 3.3-eV features are reported for transition-metal-implanted AlGaN and at-
tributed to defects or complexes involving implanted Mn [91]. Since this luminescence
declines in samples annealed at higher temperatures, it is possible to remove these
defects or complexes and allow for the implanted Mn to be well-incorporated into the

Alg35GaggsN crystal lattice.

Another defect-related feature that is common to all of the implanted samples
is the broad peak around 3.5 eV. This peak is attributed to AI-N-O complexes which,
in GaN, usually occur near the interface with the sapphire substrate [118], but in this
case could occur virtually anywhere in the sample due to the AIN buffer layer, the
Al content of the semiconductor film, and the pervasiveness of O as an unintended
dopant. The intensity of this defect varies among the samples because of the effects
of annealing on it, its location within the crystal and the penetration of the electron

beam used to excite the sample.

5.2 Chromium-implanted Aluminum Gallium Nitride
Chromium ions were implanted into Algs5GagesN with an implantation en-

ergy of 200 keV to a dose of 5 x 10'6 1% at ambient temperature. Cr-implanted

cm?
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Alp 35Gag g5 N also shows clear signs of ferromagnetism under two sets of annealing con-
ditions. Unfortunately, these are at non-consecutive annealing temperatures (725 and
775 °C), which indicates that competing magnetic phases, as seen in the temperature-
dependent magnetization measurements (shown in figure 5.12) may play a role. As far
as future DMS application work goes, Aly35Gag¢5N:Cr has shown desirable properties

and should be integrated into initial device studies.

5.2.1 Magnetic Hysteresis Measurements

Variable field measurements of Cr-implanted Aly35GaggsN were made using a
SQUID magnetometer at both 5 and 300 K. Data from hysteresis measurements,
presented in figure 5.7, shows that coercive fields (H,.) and saturation magnetization
(Mg) both increase with increasing annealing temperature. There is also a noticeable
decrease in the dominance of background diamagnetism as annealing temperature
increases. This decrease in diamagnetism may be a result of annealing effects on the
substrate and Alg 35GaggsN film or the strengthening of ferromagnetism as annealing
temperature increases. Regardless of the background behavior, the trend of increasing
H. and Mg make it apparent that ferromagnetism becomes stronger with higher

anneal temperatures (at least up to 775 °C) in Cr-implanted Alj 35Gag 5N.

The hysteresis loops with diamagnetic substrate contributions removed are
shown in figure 5.8. The rotation to remove linear magnetic influences is performed
primarily to allow more accurate measurements of H., Bg, and Mg. As detailed in
section 5.1.1, the diamagnetic background is subtracted by rotating all of the data
points about the origin by the amount necessary to make the magnetic measurements
above saturation level with the x axis. Subtracting the background makes the trends
discussed above (increasing H. and Mg with increasing annealing temperature) more

apparent.

The results of the variable field measurements, in terms of H., are presented in
figure 5.9. In the case of the room-temperature measurement on the sample annealed

at 675 °C for 5 minutes, the background subtraction causes an erroneously large value
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Figure 5.9  Coercive field strengths at 5 and 300 K for various annealing conditions
of Cr-implanted A10.35Ga0465N.

for H. due to the very weak saturation magnetization. Section 5.1.1 contains a more
detailed discussion of this effect. Given that the numerical value assigned to the
room-temperature measurement of the sample annealed at 675 °C for 5 minutes is
incorrect, the data displayed in figure 5.9 show a clear trend of increasing coercivity

with increasing annealing temperature for measurements taken at both 5 and 300 K.

The remanent field strengths determined from variable field measurements are
charted in figure 5.10. This data again shows a trend toward the strongest By at the
highest annealing temperature. From the measurements presented in figures 5.7 and
5.8, this is expected due to the high Mg values seen in the sample annealed at 775 °C
for 5 minutes. Specifically, the Mg values seen in this sample are 1.1 and 0.67 ug per

Cr atom (maximum calculated for Cr*T is 4.8) [8, Table 31.4].
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AlGaN:Cr Remanent Magnetization as a Function of Annealing Temperature
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Figure 5.10  Remanent field magnetization values at 5 and 300 K for various an-
nealing conditions of Cr-implanted Aly35GaggsN. Note that this is raw data and not
presented as a function of saturation magnetization.

When remanent fields are calculated as a percentage of saturation magnetiza-
tion, the results are different. As seen in figure 5.11, the greatest Bg as a percentage

of Mg is produced in the sample annealed at 725 °C for 5 minutes.

The hysteresis data for both the sample annealed at 725 °C and the one annealed
at 775 °C show clean signals with respectable saturation values. The difference in
peak remanency depending on whether raw values or percentage of saturation is used
indicates that there may be a secondary phase present in one of the samples. Variable
temperature measurements and X-ray diffraction will help determine whether this is

the case and which sample is most likely to exhibit true DMS behavior.

5.2.2  Temperature-dependent Magnetization

Magnetization-versus-temperature measurements for Alj35GaggsN implanted

with Cr are presented in figure 5.12. The data indicates a dominant ferromagnetic
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Figure 5.11  Remanent field strengths as a function of Mg at 5 and 300 K for various
annealing conditions of Cr-implanted Alg 35Gagg5N.

phase in the samples annealed between 700 and 750 °C. In these samples, the ZFC
magnetization varies only a little except for the upward trend at low temperatures.
This tracks well with the FC magnetization below 50 K. This behavior, along with
the separation between FC and ZFC magnetization at all temperatures in this mea-
surement, indicates that ferromagnetism is dominant for Aly3;5Gagg;N:Cr annealed

between 700 and 750 °C.

Despite the relatively clean signal, the strength of the magnetization (as judged
by the difference in FC and ZFC measurements) from the as-implanted sample is far
less than for the annealed samples, particularly at higher temperatures. The absence
of a spin-glass in the as-implanted sample is not altogether surprising: the sparse
Cr interstitials that are likely to dominate the magnetic characteristics of such a

sample are not able to coordinate themselves into a spin-glass state (as defined in
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cated for 5 minutes. Note that the y axis spans the same range of magnetic moment
despite the fact that background offset causes a difference in absolute values.

section 2.1), but will more likely display superparamagnetism due to their partially-

filled d-shells [12,106].

The sample annealed at 675 °C shows some separation in FC and ZFC magneti-

zation, but the near linear decrease in magnetic moment with increasing temperature
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indicates that paramagnetism is the dominant characteristic of this sample. This
corroborates the variable field measurement for this sample presented in figure 5.8

where there is a small H. value is also indicative of superparamagnetism.

There is an unsustained increase in ZFC magnetization values as the measure-
ment temperature is raised for the sample annealed at 775 °C for 5 minutes. This
indicates the presence of a spin-glass phase [89]. The spin-glass phase is dominated
by ferromagnetism at low temperature as evidenced by the upward track of both
ZFC and FC magnetization data. The spin-glass magnetic behavior is most likely the
result of secondary phase formation due to hotter annealing conditions. As further
evidence of the conclusion that a spin-glass has been formed under these anneal-
ing conditions, this phenomenon was also seen in Cr-implanted p-GaN annealed at
775 °C. Likely secondary phases of the materials studied in this research and their

magnetic properties are discussed in Appendix B.

The presence of a spin-glass phase in the sample annealed at 775 °C and the
clearly ferromagnetism-dominated variable temperature measurement of the sample
annealed at 725 °C for 5 minutes indicate that the sample annealed at 725 °C may

be the true DMS despite its lesser H. and Mg values.

5.2.3  Optical Measurements

The cathodoluminescence data for the various annealing temperatures is pre-
sented in figure 5.13. CL measurements of Alj35Gage;N:Cr show that implantation
damage recovery increases with increasing annealing temperature. The primary area

of the optical damage recovery is the blue-green luminescence centered around 2.5 eV.

As expected, this CL data shows that ion implantation causes damage resulting
in the disappearance of the band-edge peak and the suppression of all luminescence
except for a small, broad peak at 3.8 eV. The strength of the broad luminescence
at 3.8 eV in the as-implanted sample suggests that it arises from Al-N-O complexes
at the Al,Ojz interface [118]. The signature of these complexes is present in all of

the Cr-implanted samples, but is strongest in the sample annealed at 675 °C for 5
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Figure 5.13  Cathodoluminescence spectra of Aly35GaggsN implanted with Cr and
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minutes. Annealing at this temperature is apparently favorable for the formation of
this defect in Al 35GagesN as shown by its prevalence in figures 5.6 and 5.19 which
verify that the 3.8-eV luminescence is strongest in the sample annealed at 675 °C

regardless of the implanted transition metal.

Another CL feature that is most prominent in the sample annealed at 675 °C
and present to a lesser degree in the remaining annealed samples is the small peak
at 3.27 eV. This peak is attributed to a donor-acceptor pair DAP [16]. As annealing
temperature is increased, the DAP transition becomes less visible. This is likely
due to increased absorption by the defect that leads to the blue-green luminescence

centered around 2.5 eV.

The luminescent intensity in the blue-green region (2.5 eV) increases with an-
nealing temperature and is strongest when the sample is annealed at 750 °C for 5
minutes. In the case of Si-implanted AlGaN, the increasing strength of mid-gap
luminescence in this range indicates greater levels of dopant incorporation into the
crystal lattice [98]. The same is likely true concerning incorporation of Cr into the
Alg35GaggsN crystal lattice, particularly since magnetic coordination, which also de-

pends on crystal quality, is strongest in the samples annealed at and above 725 °C.

5.3 Nickel-doped Aluminum Gallium Nitride

The Aly 35GagesN samples were implanted with Ni to a dose of 3 x 1016 128 at

room temperature with an implantation energy of 200 keV. This lower dose showed

ions

om? n re-

a higher magnetic ordering temperature than samples doped to 5 x 10
ports about Ni-implanted p-GaN [90]. The lower dose also reduces the probability of

clustering during annealing.

Ni-implanted Alp35GagesN shows ferromagnetic behavior when annealed at a
temperature of 700 °C for 5 minutes in a 2 ﬁ flow of Ny. There are other anneal-
ing conditions that produce signatures of ferromagnetism in this material, but the

indications are somewhat conflicting. Given the character of the data collected, it is
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possible that annealing another Ni-implanted Alys5GagesN sample under the same
conditions would produce a more definite signature of ferromagnetism. Yield and
repeatability problems have been noted in attempts to fabricate DMS material [120],
so it may be that Alys5GagesN:Ni is sensitive to some unknown variable that is not
well controlled in this experiment. Regardless of the difficulty in determining optimal
annealing conditions, the unmistakable magnetic properties of this material make it

a candidate for continuing DMS work.

5.3.1 Magnetic Hysteresis Measurements

Variable field measurements of Alj35GagsN:Ni were obtained and the results
are shown in figure 5.14. These measurements reveal that the sample annealed at
700 °C for 5 minutes demonstrates the greatest dominance of ferromagnetism over
the background diamagnetism as well as the highest saturation magnetization. These
measurements also show that the magnetic signatures of ferromagnetism (hysteretic
separation and saturation) persist to room temperature in the samples annealed be-

tween 675 and 775 °C.

In order to ensure accurate measurements of the coercive field (H,) and satura-
tion magnetization (Mg) values, the raw hysteresis data presented in figure 5.14 need
to have the dia- or para-magnetic background subtracted. Linear magnetic influences
are removed by rotating all of the data points around the origin so that the linear re-
gion that occurs after Mg has been reached is parallel to the x axis. The background
subtraction process is detailed more fully in section 5.1.1. In cases where there is a
discontinuity in the data, such as the Alg 35Gag g5 N:Ni sample annealed at 650 °C for 5
minutes, the magnetization data collected above the applied magnetic field where the
discontinuity occurs is ignored for the purpose of determining the amount of rotation

necessary to eliminate the background diamagnetism.

The data processed to remove ferromagnetism are depicted in figure 5.15. The
corrected data make the dominance of Mg in the sample annealed at 700 °C for 5

minutes even more clear. An Mg of 1.8 ug per Ni atom was observed at both 5
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Figure 5.14 Raw data from magnetic hysteresis SQUID measurements of Ni-
implanted Alg35GaggsN annealed as indicated in Ny flowing at 2 ﬁ for 5 minutes.

5-22



Al _Ga

0.35

-m 5K

—0— 300 K

NN

Fas-grown
5x10°+

"as-impl‘anted

-1x10™ 1 1 1 ik 1 1 F-1x10"
o~ -5000  -2500 0 2500 5000 -5000 -2500 2500 5000
-4 T T T 1 [ T T ul -4
=5 1x10 650 °C 675 °C 1x10

)
E -1x10” 4 1 : 1 ik 1 1 F-1x10"
O -5000 2500 0 2500 5000 -5000 -2500 2500 5000
E 1107 ¢ 700 OC 1725 OC T1x10
Q) 5x10° S min 1 [5min 15x10°
3 o |
c 5
O) X107 ]
CEB -1x10™ % } } } 1k } } +-1x10"
-10000 5000 0 5000 10000 -5000 -2500 2500 5000
4 ‘ ‘ ‘ U ‘ ‘ ul 4
1x10 750 °C 775 °C 1x10
[ -5x10°
L0
--5x107°
-1x10™4 1 1 1 ik 1 1 F-1x10™
-5000  -2500 0 2500 5000 -5000 -2500 2500 5000
Applied Field (Oe)
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and 300 K in this sample. The calculated maximum effective magneton number for
Ni?* is 3.2 [8, Table 31.4]. H. for this sample may appear smaller in figure 5.15,
but this is because the applied field scale has been increased to 1 T in order to
show the full measure of magnetic saturation in this sample. An applied magnetic
field of 1 T was also necessary to positively define Mg in the sample annealed at
775 °C, even though the magnetization proved to be less at saturation than for the
sample annealed at 700 °C for 5 minutes. Higher applied magnetic fields were not
necessary in the other samples as shown by the highly linear magnetization response
after reaching saturation in both the corrected and uncorrected data, figures 5.14 and
5.15, respectively. From the appearance of the hysteresis data, the best annealing

temperature for this sample is 700 °C.

In figure 5.16, the numerical values of H,. determined from the variable field
measurements with diamagnetism removed are reported. These values, however, are

201B
AlGaN:Ni Coercive Field Strength as a Function of Annealing Temperature
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Figure 5.16  Coercive field strengths at 5 and 300 K for various annealing conditions
of Ni-implanted Alg35Gaggs5N.
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misleading because of the tilt present near the zero magnetization crossings. From
figure 5.15, it is apparent that the only annealing temperatures for which a rea-
sonable coercivity value could be calculated are those annealed at 650, 700, and
775 °C.  When only the measurements under these conditions (those not obscured
in figure 5.16) are considered, it is clear that the maximum H,. values at both 5 and
300 K are obtained when the sample is annealed at 700 °C for 5 minutes. The fact
that the H. values determined for the sample annealed at 775 °C are similar to those
for the 700 °C annealed sample means that further metrics are needed in order to
determine which annealing conditions are most favorable for creating a ferromagnetic

semiconductor.

The remanent field strengths are shown for the various annealing conditions
in figure 5.17. This data points to the sample annealed at 700 °C for 5 minutes as
the one with the strongest remanent field at both 5 and 300 K. The artifacts of
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Figure 5.17  Remanent field strengths at 5 and 300 K for various annealing condi-
tions of Ni-implanted Aly35GaggsN.
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background subtraction that cause erroneous H,. values also produce inaccuracies in

Mg, so the raw By data is given in figure 5.17 rather than By as a percentage of Mg.

5.3.2  Temperature-Dependent Magnetization

Both field-cooled and zero-field-cooled magnetization-versus-temperature mea-
surements for Ni-implanted Alg 35Gag.g5N are presented in figure 5.18. The as-implanted
sample shows divergence between FC and ZFC magnetization at low temperature,
which verifies the lack of ferromagnetism demonstrated in the variable field mea-
surements. For samples annealed at 725 °C and below, there is an upward tracking
together between ZFC and FC measurements at low temperature, which indicates the
presence of a ferromagnetic phase. However, this tracking is mild for the samples an-
nealed at 650 and 675 °C. The cusps in the ZFC measurements for samples annealed
at 700 and 725 °C indicate the presence of a spin-glass state that exists along with
the ferromagnetic phase. The spin-glass state decays above approximately 250 K for
the samples annealed at 650 and 700 °C and 75 K for the sample annealed at 725 °C.
There is no low-temperature tracking between FC and ZFC magnetization for the
sample annealed at 750 °C for 5 minutes, so there is no indication of ferromagnetism
from the temperature-dependent measurements. The sample annealed at 775 °C for
5 minutes shows some indication of ferromagnetic ordering below 325 K, where there
is separation between the FC and ZFC magnetization curves. As in many of the other
samples, there is also a broad peak centered around 200 K that may indicate there is

a spin-glass phase present in this sample as well.

For all of the samples, there is very little separation between FC and ZFC
magnetization at high temperature. This suggests that the magnetic order that is
present may be weak. From temperature-dependent magnetization data collected,
it is difficult to determine an optimal set of annealing conditions. The hysteresis
measurements inspired some doubt about which annealing conditions are optimal,

but the overall indication is that annealing at 700 °C for 5 minutes is best.
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Temperature-dependent magnetization for Alys35GagesN implanted

with Ni. Samples are annealed as indicated in the figure for 5 minutes in Ny flowing
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. Note that the y axis spans the same range of magnetic moment despite the

fact that background offset causes a difference in absolute values.

2-27



5.3.83  Optical Measurements

The dependence of CL profiles on annealing temperature is illustrated in fig-
ure 5.19. The as-grown sample has a band-edge peak at 4.41 eV. A slightly lower
value is predicted by measurement-based calculations for AlyssGaggsN [73], so the
AlGaN may have a slightly higher mole fraction of aluminum than intended. Lu-
minescence from the Ni-implanted Alg35GaggsN is almost totally squelched by the
implantation process as shown in figure 5.19. An intense green luminescence domi-
nates in the sample annealed at 650 °C and those annealed at or above 700 °C. The
sample annealed at 675 °C for 5 minutes has its dominant luminescence peak in the
UV near a photon energy of 3.8 eV. This peak is present in all of the annealed sam-
ples to some degree and is attributed to defects in the sapphire substrate [118]. As
observed in the other Al 35GaggsN samples, and reported in sections 5.1.3 and 5.2.3,
annealing at 675 °C tends to maximize the Al-N-O complexes near the Al;O3 inter-
face. Annealing chamber contamination is eliminated as a source of these complexes
because contaminants will not diffuse through the AIN capping layer and because
this behavior is not universal in the p-GaN samples annealed at the same time as
these samples. The small peak at 3.477 eV, which is most noticeable in the sample
annealed at 700 °C for 5 minutes, is attributed to free excitons in GaN [84,107]. The
appearance of this feature indicates possible phase segregation in the sample annealed

at 700 °C.

Annealing also leads to the emergence of a broad CL peak in the green region
of the spectrum centered at 2.36 eV as well as a much less intense peak centered in
the violet band at 3.10 eV. The jagged appearance of the 2.36-eV, peaks is due to an
etalon effect on the Aly35Gagg;N thin film. Both the violet and green luminescence
bands are related to the activation of implanted Ni impurities. Although slightly
different in energy, these CL features are similar to those reported for Si-implanted
Alp25Gag 75N [98]. Increasing intensity in the broad mid-bandgap peaks indicated
greater and greater activation of the implanted silicon. A similar phenomenon is

occurring in Aly35Gagg5N:Ni since the 2.36-eV and 3.10-eV peaks are not present in
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the as-grown sample and only manifest themselves after annealing. This luminescence
feature bodes well for hopes that the sample is a true DMS if it is truly a sign of
Ni-incorporation in the Aly35Gag 5N lattice. However, the lack of band-edge recovery
indicates a lack of crystal quality in the material unless the mid-gap luminescence at

2.36 €V is quenching the band-edge luminescence.

5.4 Conclusions

In this work, Alg35GaggsN is the material with the widest bandgap. The Al
content of this material does not, however, give it a marked advantage in the strength
of its magnetic properties. This lends credence to the theory that wide-bandgap
semiconductors are suitable for DMS fabrication because of the anion species more

so than the cation in the material [28,29].

The most encouraging fact about transition-metal implanted Alg35GaggsN is
that there are annealing conditions that produce a signature of ferromagnetism for
each of the species implanted. The Mn-implanted Aly35GagesN shows its most con-
vincing signs of ferromagnetism in the samples annealed at the highest temperatures
(750 and 775 °C). Annealing at 775 °C for 5 minutes produces coercive field widths
(H.) of 409 and 199 Oe and remanent field (Bg) values of 14 x 1075 and 7 x 107% emu
at 5 and 300 K, respectively. Of course, further experimentation with higher anneal-
ing temperatures is necessary to determine the optimal annealing conditions in this
material, but the higher the annealing temperature, the more likely that clustering

of the implanted Mn will occur.

Implanting Alj 35GagesN with Cr also produces signatures of ferromagnetism
across a range of annealing temperature from 700 to 775 °C. Further characteriza-
tion, such as magnetic circular dichroism, will be necessary to resolve which of the
samples are showing true DMS behavior. When annealed at 775 °C for 5 minutes in
flowing No, Cr-implanted Alg 35GaggsN shows an H,. of 414 and 249 Oe at 5 K and

room temperature, respectively. This material also has a Br greater than 20% of
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saturation magnetization (Mg) at both temperatures and reasonable separation and

low temperature tracking between FC and ZFC magnetization measurements.

In Aly35Gagg5N:Ni, the most convincing signs of ferromagnetism come from the
sample annealed at 700 °C for 5 minutes, although there was difficulty in determining
accurate values of H, for the samples annealed at 725 and 750 °C. In these samples,
H. is estimated to be 350 Oe at 5 K and 200 Oe at 300 K. Bpg does not appear
highly sensitive to annealing temperature with values of ~16% (5 K) and ~12%
(300 K) across the range of annealing temperatures. There is room for uncertainty
about the nature of the magnetic behavior in these samples, especially because of the
number of samples with indications from the temperature-dependent measurements
of the presence of a spin-glass phase. MCD characterization will also help to answer

questions about Alg 35Gag g5N:Ni.

The experiments with Alg35Gag ;N have proven that ion implantation is a vi-
able technique for producing ferromagnetic properties in wide-bandgap semiconduc-
tors. These measurements, however, highlight the need for further characterization
to determine whether there is sp-d hybridization and which annealing conditions

maximize true DMS behavior.
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VI. Characteristics of Transition Metal Implanted
Epitaxial Zinc Oxide

Epitaxial thin films of ZnO were grown on r-plane sapphire by collaborators at Rutgers
University. There were two of these wafers used in this study: one had portions

implanted with Mn and Fe, and the other had parts implanted with Cr, Ni, and Mn.

The difference between these two wafers is a major factor in the performance of
the resulting material. The ZnO films on the second wafer implanted with Mn, Cr, and
Ni all showed signs of ferromagnetism when annealed properly. CL measurements of
these samples also showed good implant damage recovery, which bolsters the assertion
that ferromagnetism in them is the result of interaction between the ZnO lattice and
the implanted transition metal. While there was a lack of clear magnetic ordering
in the Fe-implanted ZnO from the first film, there was enough evidence of magnetic

activity that ZnO:Fe should be considered in future experiments.

6.1 Manganese-Implanted Zinc Oxide (First Run)

A 7ZnO thin film from the first wafer was implanted with Mn to a dose of 5 x
10%6 1985 at room temperature with an energy of 200 keV. The magnetic measurements
taken from this sample did not seem to trend with annealing temperature, and PL
measurements did not show recovery of band-edge features. Unfortunately, these facts
indicate that this sample of Mn-implanted ZnO is not a ferromagnetic semiconductor

and does not exhibit DMS behavior.

6.1.1 Magnetic Hysteresis Measurements

Variable field measurements performed on ZnO:Mn show a magnetic response
that is only weakly dependent on annealing temperature. The results of these mea-
surements are shown in figure 6.1. From the data, it is apparent that there is a strong
diamagnetic background present in all of the samples. The raw data also reveals
that the diamagnetic background is increasingly dominant over any ferromagnetism

present as the annealing temperature increases. These measurements also reveal the
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Figure 6.1 Raw data from magnetic hysteresis measurements of Mn-implanted ZnO
annealed as indicated in O, flowing at 25 scem.

presence of magnetic hysteresis and saturation, but none of the samples appear more

ferromagnetic than the as-implanted sample.

In an attempt to determine whether magnetic ordering exists despite the strong

diamagnetic background, the data in figure 6.2 is rotated about the origin by the
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Figure 6.2 Magnetic hysteresis data for ZnO implanted with Mn and annealed in
O, flowing at 25 scem as indicated in the figure. Linear diamagnetic influences have

been removed from this data.

amount necessary to bring the linear region above saturation parallel to the x axis.

Diamagnetism is removed using a MATLAB® routine that determines the amount of

rotation about the origin necessary to make the magnetization values above saturation

as equal as possible. Each data point is then rotated by this amount so that saturation
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magnetization (Mg) becomes apparent and accurate values for coercive and remanent

fields can be ascertained.

Variable field measurement data with background diamagnetism removed shows
a trend of decreasing saturation magnetization with increasing anneal temperature.
The data displayed in figure 6.2 also show only negligible separation of between mag-
netization measured during the positive and negative sweeps of the applied magnetic
field. These factors are further indications that these particular ZnO samples do not

show ferromagnetism as a result of Mn-implantation.

The rotation to remove the diamagnetic background described above also allows
for more accurate measurement of the coercive field (H.) present in the samples. These
measurements are charted in figure 6.3. There is no significant difference in coercivity
among the samples based on annealing temperature. There is some difference based on

annealing time in that the lone sample annealed for 20 minutes produces a noticeably

AC002B
epi ZnO:Mn Coercive Field Strength as a Function of Annealing Temperature

O5 KE300 K

335.49

Coercive Field Strength (Oe)
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Annealing Time (min) and Temperature (Deg. C)

Figure 6.3  Coercive field strengths at 5 and 300 K for various annealing conditions
of Mn-implanted ZnO.
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weaker H,. value. Together with the fact that H. does not increase from the as-
implanted case, this lack of differentiation based on annealing temperature suggests
that the magnetic properties do not arise from the incorporation of Mn into the ZnO
crystal lattice. Without Mn incorporation, sp-d interaction is not possible, so the

material cannot be a true DMS.

A chart summary of the numerical remanent field (Bg) data is presented in fig-
ure 6.4. This data echoes the trend, or lack thereof, seen in H. measurements. Again,
there is not a significant distinction in remanency based on annealing temperature.
There is some trending in the room-temperature data, but this is basically a down-
ward trend with increasing annealing temperature. Also similar to the H, data, the
Bgr measurements show high sensitivity to annealing time: the sample annealed for
20 minutes shows much lower B values at both 5 and 300 K than any of the samples

annealed under other conditions.

AC002B
epi ZnO:Mn Remanent Magnetization as a Function of Annealing Temperature
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Figure 6.4 Remanent field strengths at 5 and 300 K for various annealing conditions
of Mn-implanted ZnO.
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6.1.2 Temperature-Dependent Magnetization

FC and ZFC measurements for Mn-implanted ZnO are shown in figure 6.5. The
lack of separation between FC and ZFC magnetization in most of these samples in-
dicates a basically non-magnetic character. The sample annealed at 675 °C for 20
minutes shows the greatest separation between FC and ZFC measurements despite
that fact that it had the lowest values of H. and Bg . This indication of ferromag-
netism is contradictory with those reported for variable field measurements. The lack
of agreement between the two characterization methods tends to indicate that the

material does not meet the criteria of a good DMS.

The possibility also exists that 20 minutes of annealing is necessary for Mn ac-
tivation in this material. A longer annealing time would be required if the material
has a high defect density from crystal growth or was otherwise damaged before ion
implantation. If it is the case that the material requires a longer annealing time,
then the annealing temperature of 675 °C is sub-optimal. The reduction of magnetic
behavior from the as-implanted values is common in this work for materials annealed
above or below the optimum temperature. This hypothesis could be tested by anneal-
ing Mn-implanted ZnO samples from this wafer across the temperature range tested
for a period of 20 minutes to see if the signatures of ferromagnetism increase in both
variable field and variable temperature magnetization measurements. Unfortunately,

Mn-implanted ZnO from the first wafer was not available to test this hypothesis.

6.1.3 Optical Measurements

Photoluminescence measurements of these samples were taken at a temperature
of approximately 10 K, as described in section 3.4.2. The results of these measure-

ments are shown in figure 6.6.

The PL data for the as-grown sample shows a near band-edge peak at 3.37 eV,
which is typical for ZnO [72]. There are also broad luminescence peaks in the violet
and red-orange regions of the spectrum. The violet luminescence centered around

2.9 eV is attributed to interstitial Zn (Zn;) [65]. The smaller luminescence around
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Temperature-dependent magnetization for ZnO implanted with Mn and

annealed as indicated in the figure in Oy flowing at 25 sccm. Note that the y axis
spans the same range of magnetic moment despite the fact that background offset
causes a difference in absolute values.

2 eV is attributed to transitions between the conduction band and singly ionized

oxygen vacancies (VJ) [64]. The clear presence of Zn; and V{; in this ZnO before ion

implantation suggests that the quality and crystallinity of this material is not good

enough to produce a DMS.
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Figure 6.6  Photoluminescence spectra of ZnO implanted with Mn and annealed as
indicated in the figure in O, flowing at 25 sccm for 10 minutes. The spectra are
collected at a temperature of approximately 10 K.
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All of the PL features in the as-grown samples are virtually eliminated by Mn
implantation, even when the sample is subsequently annealed. The only sample that
recovers brightness in the overall luminescence is the one annealed at 725 °C for 10
minutes. The PL spectra from the other implanted and annealed samples are best
characterized as noise and are only shown at great magnification so that the reader
will not believe that the reported data is the result of an obstruction in the optical
path. In the single sample where luminescent intensity is recovered, the broad mid-
bandgap nature of this PL feature indicates that recovery of the ZnO crystal lattice
structure is incomplete. The lack of implant damage recovery in these Mn-implanted
Zn0O samples indicates that the crystal structure of the semiconductor has not been
recovered and that Mn has not been incorporated into the ZnO lattice. These two

facts indicate that the material will not produce useful DMS behavior.

6.2 Manganese-Implanted Zinc Oxide (Second Run)

Again, a ZnO thin film was implanted with Mn to a dose of 5 x 100 1% af
room temperature with an energy of 200 keV. This implantation occurred on the
second ZnO wafer supplied by Rutgers University. The results from this wafer and
implantation were markedly different from (and better than) those for a similar wafer
reported in section 6.1. The difference in these results can be credited to the superior
quality of the second ZnO thin film supplied by Rutgers. The higher crystal quality
is evidenced primarily by CL measurements showing fewer defects in the as-grown
samples and implant damage recovery in the annealed samples. Magnetic measure-
ments suggest that the temperature that yields the strongest ferromagnetism over a
10-minute anneal lies between 650 and 675 °C. The performance of the second wafer

received from Rutgers University shows that Mn-implanted ZnO behaves as a DMS

and will be important to device work moving forward.

6.2.1 Magnetic Hysteresis Measurements

Variable field measurements on the ZnO:Mn are shown in figure 6.7. The hys-
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Figure 6.7 Raw data from magnetic hysteresis SQUID measurements of Mn-
implanted ZnO annealed as indicated for 10 minutes in a 25 sccm flow of Os.

teresis data shows separation in the positive- and negative-going sweeps of the applied
magnetic field. They also show magnetic saturation with a clear trend toward de-
creasing saturation magnetization with increasing annealing temperature, the greatest

saturation occurring in the sample annealed at 650 °C for 10 minutes in O, flowing
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at 25 scem. As expected with a Al,O3 substrate, there is a diamagnetic background.
The greatest dominance of ferromagnetism over this diamagnetic background occurs
in the sample annealed at 675 °C. Although the width of its coercive field (H.) is
less, the greatest saturation magnetization (Mg) is seen in the sample annealed at
650 °C for 10 minutes. The values of Mg for this sample are 0.85 and 0.76 ug at 5
and 300 K, respectively. The calculated moment for Mn?* in an insulating crystal is
5.9 up [8, Table 31.4]. The samples annealed at 700 and 725 °C demonstrate behavior
comparable to that of the as-implanted sample, which suggests that higher annealing

temperatures are not the most effective for Mn-incorporation in ZnO:Mn.

The diamagnetic contribution of the sapphire substrate is removed by rotating
each data point in the variable field measurement around the origin by an equal
angle. This angle is calculated based on the amount of rotation necessary to make
the linear region of above-saturation magnetization values parallel with the z axis.
This processing is performed in order to more accurately determine values for H.., Bg,
and Mg . Unfortunately, the process can also create artifacts that lead to erroneous
numerical results for the above-mentioned quantities. In this case, the relatively
low Mg and slow onset of saturation will lead to larger-than-actual H. values being
calculated for the samples annealed at 700 and 725 °C. This occurs because the legs of
the hysteresis loop are tilted as they cross the zero magnetization line, which means
that they are further apart than if the hysteresis loop was rotated so that the two

legs cross the z axis at 90°.

Hysteresis data for ZnO:Mn with the diamagnetic background removed, which is
shown in Figure 6.8, confirms that Mg tends to decrease with annealing temperature.
This presentation of the data also shows that the coercive field is greatest in the

sample annealed at 675 °C for 10 minutes.

The H, values calculated from the hysteresis data with the diamagnetic back-
ground removed are shown in figure 6.9. The values of H. that are suspect due to

artifacts from the background correction algorithm are obscured in the figure. For
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these samples, background removal causes the strength of the coercive fields to be
overstated, so this data may not be directly compared to that collected from samples
with higher saturation magnetization. From the samples on which valid measure-
ments of H, are available, the maximum coercive field is seen to occur in the sample

annealed at 675 °C for 10 minutes at both 5 and 300 K.
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Figure 6.9 Coercive field strengths at 5 and 300 K for various annealing conditions of
Mn-implanted ZnO. The values that are suspect due to artifacts from the background
correction algorithm are obscured.

Remanent field strength is far less sensitive to the rotation used to remove
diamagnetic background. The reason that By is less sensitive to the rotation can be
explained geometrically: the orders of magnitude difference between the x and y axes
means that the rotation necessary causes far less translation along the x axis than
along the y axis, which means the value being measured directly above the origin

does not change greatly after rotation.
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B for this material is less sensitive to annealing conditions, and has a minimum
in the sample annealed at 700 °C for 10 minutes. Figure 6.10 shows the values of
By calculated as a percentage of Mg. The data for the sample annealed at 725 °C is
obscured because the disparity in sensitivity to rotation between Br and Mg causes
these values to be erroneously large. These measurements indicate that the samples
annealed at 650 and 675 °C have equal By values at room temperature.

ZnO-C
ZnO:Mn Remanent Magnetization as a Function of Annealing Temperature

£ 5K 300K

17.5%

Remanent Field Strength (% of Saturation Magnetization)

as-implanted

Annealing Time (min) and Temperature (Deg. C)

Figure 6.10 Remanent field strengths at 5 and 300 K for various annealing condi-
tions of Mn-implanted ZnO. The data for the sample annealed at 725 °C is obscured
because it is erroneously large due to the high sensitivity of Mg to the background
subtraction process compared to Bg.

The appearance of the hysteresis loops in figures 6.7 and 6.8, as well as the
calculated values of H. and By (with allowance for background subtraction artifacts),
indicates that annealing at the lower end of the range used in this experiment produces
the best signatures of ferromagnetism in Mn-implanted ZnO. The fact that annealing

at both 650 and 675 °C for 10 minutes causes favorable ferromagnetic behavior in
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different measurements suggests that the optimum temperature may lie between the

two.

6.2.2  Temperature-Dependent Magnetization

The magnetic response as temperature is varied in both field-cooled and zero-
field-cooled measurements is shown in figure 6.11. Each of these samples displays some
indication of ferromagnetism as all of the FC and ZFC measurements track upward
together at low temperature. The feature of the temperature-dependent magnetiza-
tion measurements that stratifies the samples by indications of ferromagnetism is the
separation between FC and ZFC magnetization. The greatest separation occurs in
the sample annealed at 675 °C for 10 minutes. The samples annealed at 650, 700,
and 725 °C display less separation between FC and ZFC magnetization than even the
as-implanted samples, which suggests that these are non-optimal annealing tempera-
tures. The data presented in figure 6.11 corroborates the variable field measurement
data presented in section 6.2.1 and leads to the conclusion that the best annealing
temperature for inducing ferromagnetic behavior in Mn-implanted ZnO is between

650 and 675 °C.

6.2.3 Optical Measurements

Cathodoluminescence measurements on Mn-implanted ZnO are presented in
figure 6.12. The quality of this material is shown by the strong near band-edge
peak. The broad appearance in this peak is due to the contributions of both free
and bound excitons to this luminescence feature [140]. In the as-grown sample, the
peak is slightly red shifted because bound excitons are the primary source of the
luminescence. The near band-edge peak is largely suppressed, though not eliminated
by Mn implantation. Annealing at 650 °C for 10 minutes begins to restore the near
band-edge peak, but it is noticeably displaced toward lower energy. Annealing at
higher temperatures (675-725 °C) causes not only restoration, but also enhancement
of the band-edge luminescence in the form of a brighter and slightly blue-shifted

signal. These changes occur because the higher-energy free exciton transitions are
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Figure 6.12  Cathodoluminescence spectra of ZnO implanted with Mn and annealed
as indicated in a 25 sccm flow of Oy for 10 minutes. The spectra were collected from
samples cooled to approximately 10 K.
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allowed once the defects from both growth and Mn implantation are annealed out at

the higher temperatures.

The as-grown and as-implanted samples also both show a broad double peak
in the red region of the spectrum with local maxima at 1.85 and 1.95 eV. This
luminescence may be attributable to oxygen vacancies (Vo) [64], but the presence
of Vo should tend to increase with annealing. Therefore, the presence of complexes
(possibly involving hydrogen from the MOCVD precursors) is the most likely cause

for these features.

The CL data presented show that crystallinity is recovered in the ZnO thin
film for samples annealed above 675 °C. The magnetic data reported above show that
samples annealed at 675 °C and below display the most desirable magnetic properties.
Therefore, the best chance for the ferromagnetism reported for this material to be
a result of Mn interaction with the ZnO crystal lattice occurs when the sample is

annealed at 675 °C for 10 minutes in Oy flowing at 25 scem.

6.3 Chromium-Implanted Zinc Oxide

Epitaxial ZnO samples were implanted with Cr ions to a level of 5 x 1016 % with
a 200-keV implantation energy at room temperature. Annealing at and above 675 °C
produced ferromagnetic properties in the samples, and the optimal annealing temper-
ature for DMS production is between 700 and 725 °C. There is incomplete agreement
concerning optimal annealing temperature among the characterization methods used,
so any spintronic device work using ZnO:Cr should proceed with awareness that there
may be repeatability or yield issues with this material. On a positive note, the unusu-
ally good implant damage recovery suggests that this material’s magnetic properties

are due to incorporation of Cr into the ZnO crystal lattice.

6.3.1 Magnetic Hysteresis Measurements

Variable field measurements of ZnO:Cr, as seen in figure 6.13, show that indica-

tions of ferromagnetism occur in the samples annealed at 725 and 750 °C. The sample
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Figure 6.13 Raw data from magnetic hysteresis SQUID measurements of Cr-
implanted ZnO annealed as indicated for 10 minutes in O, flowing at 25 sccm.
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annealed at 650 °C for 10 minutes shows anomalous behavior, which is best character-
ized as superparamagnetic. This conclusion is verified by the temperature-dependent
magnetization as discussed in section 6.3.2. The sample annealed at 750 °C shows
the greatest saturation magnetization (Mg) and coercive fields (H.) in measurements
taken at both 5 and 300 K. Samples annealed above 750 °C show decreasing coerciv-
ity and saturation magnetization, which points to a more moderate temperature of

725-750 °C as the optimal for this material.

Figure 6.14 shows the hysteresis data with diamagnetism (paramagnetism in
the case of the sample annealed at 650 °C) removed. The diamagnetic background
is subtracted by rotating each data point about the origin by the amount necessary
to make the linear region above saturation horizontal. Processing the data in this
fashion allows for a more accurate calculation of H. and Mg as well as a view of
the data that is not obstructed by influences that may arise from the substrate and
obscure the magnetic phenomena present in the Cr-implanted ZnO thin film. The
data with linear magnetic influences removed serves to confirm that only the samples
annealed at 725 and 750 °C for 10 minutes can reasonably be called ferromagnetic.
Both of these samples have separation between the positive- and negative-going legs

of the hysteresis loop, which is another indicator of ferromagnetic ordering.

The corrected variable field measurements on Cr-implanted ZnO allow for nu-
merical values of H, to be determined. Unfortunately, in the case of ZnO:Cr where
background diamagnetism is strong and saturation magnetization is weak for the
samples annealed at lower temperatures, the values determined are erroneously large.
The error occurs due to the tilting of zero magnetization crossings after the back-
ground is subtracted. H,. values determined from the corrected data are plotted in
figure 6.15 with the clearly erroneous data obscured (as determined from qualitative
inspection of figures 6.13 and 6.14). Even the remaining data is somewhat suspect
with the exception of that for the sample annealed at 750 °C. In short, numerical

determination of H, is not useful for this particular sample.
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Figure 6.14  Magnetic hysteresis data for epitaxial ZnO implanted with Cr and
annealed as indicated for 10 minutes in Oy flowing at 25 sccm. Linear magnetic
influences have been removed from this data.
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Figure 6.15  Coercive field strengths at 5 and 300 K for various annealing conditions
of Cr-implanted ZnO.

Determination of the remanent field strength is not as sensitive to background
subtraction processing because of the large difference in scale between the x and y
axes (as explained in section 6.2.1). As shown in figure 6.16, the remanent field
strengths point to the samples annealed at 725 and 750 °C as the ones that exhibit
the greatest degree of ferromagnetism, particularly at room temperature where their

values are nearly equal.

The variable field measurements performed on Cr-implanted ZnO demonstrate
that an annealing temperature of 725 or 750 °C will produce ferromagnetic behavior.
This is not to say that samples annealed at other temperatures are devoid of fer-
romagnetism, but they are dominated by diamagnetism, which makes it difficult to
distinguish their behavior. The sample annealed at 750 °C shows greater saturation
(~ 0.25 and ~ 0.22 up per Cr?* ion at 5 and 300 K, respectively; calculated maximum

magneton of 4.8 up [8, Table 31.4]), a smaller, but probably more accurate, coerciv-
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Figure 6.16 Remanent field strengths at 5 and 300 K for various annealing condi-
tions of Cr-implanted ZnO. Note that these are raw sample magnetization values and
not presented as a percentage of Mg.

ity and similar remanency at room temperature compared to the sample annealed at
725 °C. All of this suggests that optimal annealing for ferromagnetism in ZnO:Cr will

be found somewhere between 725 and 750 °C when a 10 minute anneal is used.

6.3.2 Temperature-Dependent Magnetization

Temperature-dependent magnetization measurements were taken for the Cr-
implanted ZnO in both ZFC and FC modes. The results of these measurements are
depicted in figure 6.17. Annealing at 650 °C produces a superparamagnetic phase
as evidenced by the divergence of FC and ZFC magnetization at low temperature as
well as the behavior in hysteresis discussed above. The samples that were annealed
at 675 and 700 °C show very little separation between FC and ZFC measurements
particularly near room temperature, but they track together at low temperatures,

which indicates that the samples may be weakly ferromagnetic. The sample annealed
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at 725 °C for 10 minutes shows a wide separation between FC and ZFC magneti-
zation measurements, but the measurements diverge at low temperature. Annealing
at 750 °C for 10 minutes produces a small separation between FC and ZFC mag-
netization and an absence of low-temperature tracking. This behavior suggests the
presence of a spin-glass phase with an ordering temperature around 225 K. Although
there is moderate low-temperature tracking in the sample annealed at 800 °C, the
FC-ZFC magnetization separation is small and there is still a broad “hump” in the

ZFC measurement that indicates the possible presence of a spin-glass phase.

The facts delineated above point to two possible scenarios. The truly ferromag-
netic samples may be those annealed at 675 and 700 °C for 10 minutes even though
the ferromagnetism exhibited by these samples is weak. If this is the case, then
ZnO implanted with Cr has limited potential usefulness as a dilute magnetic semi-
conductor. The other possible scenario is that strong ferromagnetism is achievable
in ZnO:Cr, but there is a superparamagnetic phase in addition to the ferromagnetic
phase found when annealing at 725 °C for 10 minutes. If this is the case, then pro-
cessing that mitigates the superparamagnetic phase, which has yet to be discovered,

must be utilized to fabricate useful DMS devices from ZnO:Cr.

6.3.3  Optical Measurements

Cathodoluminescence data for ZnO:Cr is shown in figure 6.18. The dominant
feature in the as-grown sample is a near band-edge peak that is attributed to bound
excitons [140]. Cr implantation causes a major reduction in luminescent output and
broad emission in the red, green, and violet ranges. The near band-edge feature seen in
the as-grown sample is quickly recovered with annealing. The most effective recovery,
in terms of luminescent intensity near the band-edge, occurs in the sample annealed
at 700 °C for 10 minutes. This peak gains its intensity and is broadened by additional
emission from free excitons in addition to the bound-exciton emission seen in the as-
grown sample [140]. Free-exciton emission is also detected in the sample annealed at

675 °C in the high-energy shoulder and is dominant in the sample annealed at 750 °C.
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Figure 6.18  Cathodoluminescence spectra of ZnO implanted with Cr and annealed

as indicated in Oy flowing at 25 sccm for 10 minutes. CL measurements were taken
at a temperature of approximately 5 K.
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There is also a set of broad peaks at 1.85 and 1.95 eV in the as-grown sample.
These are attributed to a complex (possibly hydrogen related) that is formed during
the MOCVD growth of the samples. The defect is easily annealed away as seen by

the fact that it does not appear in any of the annealed samples.

From CL measurements, the sample that appears to have the most crystalline
structure is the one annealed at 700 °C for 10 minutes. This observation also implies
that this sample will have the most effective incorporation of Cr into the crystal lattice
which should lead to the highest probability for a true DMS. At this point, the evi-
dence is rather conflicting, but it is probable that the optimal annealing temperature

lies between 700 and 750 °C for ZnO implanted with Cr.

6.4 Nickel-Implanted Zinc Oxide

An epitaxial thin film of ZnO, from the second wafer provided by Rutgers Uni-
versity, was implanted at room temperature with Ni to a level of 3 x 10'¢ % using
an implantation energy of 200 keV. This lower implantation dose was chosen be-
cause of some previous results reported for Ni-implanted p-GaN [90] and to lower
the probability of Ni cluster formation during annealing. The results of character-
ization measurements on this material are mixed with regard to optimal annealing
conditions. The strongest coercive field is present in the sample annealed at 725 °C.
The strongest remanent field and band-edge recovery in cathodoluminescence occurs
in the sample annealed at 700 °C. Finally, the weakest indication of the a magnetic
phase other than ferromagnetic in temperature-dependent measurements occurs in
the sample annealed at 675 °C. The best annealing temperature for a 10-minute an-
neal on Ni-implanted ZnO is probably between 700 and 725 °C. The signs of magnetic

ordering present in this material suggest that it will be useful in DMS-based device

fabrication.

6.4.1 Magnetic Hysteresis Measurements

Variable field measurements of ZnO:Ni are shown in figure 6.19. The samples
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25 scem.
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annealed in the temperature range from 675 to 725 °C show clear magnetic satura-
tion and separation between the positive and negative sides of the hysteresis loop.
The samples annealed outside this temperature range show superparamagnetism on a
diamagnetic background—an overall downward slope with clear magnetic saturation.
The 5-K measurement on the sample annealed at 650 °C for 10 minutes shows a mag-
netically neutral background, which probably arises from low-temperature ordering
of Ni-related complexes or defects in this sample annealed under suboptimal condi-
tions. The as-implanted sample shows signs of magnetic ordering in the hysteresis
loop, but this is due to the activity of interstitial Ni resulting from the ion implan-
tation, and not due to magnetic coordination utilizing the electronic structure of the

semiconductor, which would be useful for fabricating DMS-based devices.

The diamagnetic background that is apparent in these measurements is removed
by rotating each data point about the origin by the amount necessary to make the
linear region above saturation magnetization parallel to the x axis. The results of
the variable field measurements with background diamagnetism removed are shown

in figure 6.20.

The background-free data serve to confirm the conclusions drawn from the raw
hysteresis data. The samples annealed at 650 and 750 °C show a superparamagnetic
character. The three samples annealed in the temperature range from 675 to 725 °C
show separation in the legs of the hysteresis loop and comparable levels of magnetic

saturation.

The main purpose for subtracting the background diamagnetism from the data
depicted in figure 6.19 is to allow the assignment of an accurate numerical value to the
quantities of coercive field (H.), remanent field (Bg), and saturation magnetization
(Mg). The values determined for H, in ZnO:Ni under various annealing conditions
are presented in figure 6.21. The H. values confirm that the samples displaying the
greatest ferromagnetism are those annealed between 675 and 725 °C for 10 minutes.

These three samples have comparable H,. at 5 K, but the sample annealed at 725 °C is
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Figure 6.20  Magnetic hysteresis data for epitaxial ZnO implanted with Ni and
annealed as indicated in O, flowing at 25 sccm for 10 minutes. Linear diamagnetic
influences have been removed from this data.
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the standout at room temperature. The sample annealed at 725 °C for 10 minutes also
shows saturation values of 0.86 and 0.49 ug per Ni atom at 5 and 300 K, respectively,
with a calculated maximum magneton for Ni*™ of 3.2 ug per Ni atom [8, Table 31.4].

ZnO-B
ZnO:Ni Coercive Field Strength as a Function of Annealing Temperature

O5K E300K

443.60

Coercive Field Strength (Oe)

as-implanted

Annealing Time (min) and Temperature (Deg. C)

Figure 6.21  Coercive field strengths at 5 and 300 K for various annealing conditions
of Ni-implanted ZnO.

Values of Bi are plotted in figure 6.22. For the purposes of maximizing rema-
nency, the best annealing temperature is 700 °C, but strong By values even at room

temperature are also noted for the samples annealed at 675 and 725 °C.

The variable field measurements for this material establish that annealing con-
ditions in the range of 675 to 725 °C for a period of 10 minutes produce the strongest
coercive and remanent fields. The fact that the greatest H, occurs at an annealing
temperature of 725 °C and the largest Br value comes from the sample annealed at
700 °C suggests the possibility that the true optimum lies somewhere between these
temperatures. In any case, it is possible to anneal Ni-implanted ZnO in such a way

as to cause ferromagnetism persisting to room temperature.
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Figure 6.22 Remanent field strengths at 5 and 300 K for various annealing condi-
tions of Ni-implanted ZnO.

6.4.2 Temperature-Dependent Magnetization

Plots of the magnetization-versus-temperature characteristics of ZnO:Ni are
shown in figure 6.23 for each of the annealing conditions used in this experiment.
The most striking and unique trend in this material is the tendency for ZFC mag-
netization to either plateau or diverge from FC magnetization at low temperature.
This sort of behavior often indicates the absence of ferromagnetism in the material,
but the properties revealed by the hysteresis measurements counter this. The true
situation is probably frustrated ferromagnetism as evidenced by the fact that the
FC and ZFC measurements track together at low temperatures before levelling or
diverging in the samples annealed at 675 and 700 °C. Annealing temperatures above
700 °C show increasing divergence of low-temperature FC and ZFC magnetization.
The annealed sample in which the levelling/divergence is least prominent is the one

annealed at 675 °C for 10 minutes.
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Figure 6.23
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Temperature-dependent magnetization for ZnO implanted with Ni and

annealed as indicated for 10 minutes in O, flowing at 10 sccm. Note that the y axis
spans the same range of magnetic moment despite the fact that background offset
causes a difference in absolute values.

The peculiar characteristics of the FC magnetization measurement on the sam-

ple annealed at 650 °C for 10 minutes can be attributed to the presence of two

magnetic ordering points. Each abrupt change in magnetization (at 78 and 248 K)

represents the onset of some sort of magnetic ordering as temperature is swept down-
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ward in the presence of a 500 Oe applied magnetic field. These changes are not
the product of anomalous measurements because viable measurements were taken
even in the intermediate points of the slopes and equipment errors usually present
themselves as abrupt changes. Despite the presence of some ordering at lower tem-
peratures, the small separation between FC and ZFC magnetization, especially above
250 K, indicates a lack of strong ferromagnetism in ZnO:Ni annealed at 650 °C for 10

minutes.

The maximum separation between FC and ZFC magnetization, and ostensibly
the strongest ferromagnetism, in Ni-implanted ZnO occurs when it is annealed at
725 °C. Unfortunately, this sample also displays a marked divergence of FC and ZFC
magnetization at low temperature, which can indicate a lack of ferromagnetism. The
presence of both of these features indicate that there are competing magnetic phases
and that they reach an equilibrium that favors ferromagnetism when the sample
is annealed around 700 °C. The unknown aspect of this competition is whether the
material can exhibit true DMS behavior despite the presence of two magnetic phases—
the test will come in future work where probing for sp-d hybridization and device
fabrication will allow determination of whether the implanted Ni is interacting with

free carriers in ZnO. Proposals for such work are presented in sections 8.2.1 and

8.2.2.1.

6.4.3 Optical Measurements

Cathodoluminescence spectra taken from the Ni-implanted ZnO annealed at
various temperatures are shown in figure 6.24.The as-grown sample is dominated by a
near band-edge peak at around 3.3 eV which arises from bound-exciton emission [140].
This peak is greatly suppressed by Ni implantation, but re-emerges after annealing,
and matches the value from the as-grown sample when the Ni-implanted ZnO is

annealed at 700 °C for 10 minutes.

There is also a double feature with peaks at 1.85 and 1.95 eV in the as-grown

sample. This peak could be associated with oxygen vacancies [64], but is more likely

6-34



Wavelength (nm)

675 600 525 450 375
1 I 1 1 I 1 1 I 1 1 I 1 1 I

- 750 °C/10 min -

725 °C/10 min

] 700 °C/10 min N
: 675 °C -
650 °C/10 min

] as-implanted

Cathodoluminescence Intensity (a.u.)

[ as-grown
] ] I ] ] ] ] I ] ]

2.0 2.5 3.0
Photon Energy (eV)

Figure 6.24  Cathodoluminescence spectra of ZnO implanted with Ni and annealed
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related to some other growth-dependent phenomenon like hydrogen complexes result-
ing from residue of the MOCVD precursors. With annealing after Ni implantation,
this feature declines in intensity with respect to the band-edge feature up to an an-
nealing temperature of 675 °C. The red luminescence increases again in the sample
annealed at 700 °C, and it becomes dominant in the samples annealed at 725 and
750 °C. In the cases of Mn- and Cr-implanted ZnO, this feature disappeared with
annealing. The reason for its persistence in ZnO:Ni is most likely connected to the
fact that Ni was implanted to a dose of 3 x 106 % while the other two transition
metals (TMs) were implanted to a level of 5 x 106 22 The greater TM density in

the sample quenches radiation from this defect in the other samples.

In the samples annealed from 650 to 700 °C, there is appears a broad blue
luminescence centered at 2.6 eV. A transition between the conduction band and a
zinc vacancy (Vz,) is the probable source for this emission [57]. The presence of
V2, is possible due to damage from Ni implantation. This damage is repaired by
annealing at higher temperatures. The 2.6-eV feature is unique to the Ni-implanted
ZnO samples. This may indicate a defect level related to Ni incorporation, but is
more likely a result of the lower dopant dose allowing more radiative transitions than

the higher doses of Mn and Cr that were used previously.

The behavior of the band-edge luminescence indicates that the crystal damage
resulting from Ni implantation is best recovered by annealing at 700 °C for 10 min-
utes. This is consistent with the range of annealing temperatures that were seen in
variable field and temperature measurements to produce desirable magnetic proper-
ties in ZnO:Ni. The true optimum may lie in between 700 and 725 °C, but the data

clearly indicate that Ni-implanted ZnO can be induced to exhibit ferromagnetism.

6.5 Iron-Implanted Zinc Ozide

A thin epitaxial film of ZnO grown on 7-Al;O3 from the first ZnO wafer pro-

vided by Rutgers University was implanted with Fe ions to a dose of 5 x 106 2

The implantation was performed at room temperature with an implantation energy
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of 200 keV. This experiment used a quadrant of the ZnO wafer from the first run by
Rutgers. Unfortunately, as noted in section 6.1, the quality of the ZnO crystal in this
sample was less than that of the second ZnO epitaxial thin film. Despite the lack of
crystalline quality, there is a clear trend with annealing temperature for hysteresis-
related indications of ferromagnetism in ZnO:Fe. The temperature-dependent mea-
surements do not support the claims of ferromagnetism and photoluminescence mea-
surements do not show convincing recovery of the implantation damage. Because of
the known issues with the quality of this crystal and the fact that basic indications of
ferromagnetism exist in ZnO:Fe, this material should be used in future DMS studies
and will likely show a propensity for spintronic applications if the uncertainties of a

lower-quality ZnO crystal can be eliminated.

6.5.1 Magnetic Hysteresis Measurements

The raw hysteresis data displayed in figure 6.25 show broad separation between
the positive- and negative-going sides of the hysteresis loop for measurements made
at 5 K for the samples annealed at 625 °C and less. Unfortunately, when variable
field measurements are made at room temperature, the appearance of the hysteresis
loops is best characterized as superparamagnetic since the hysteresis loops show high
saturation but little separation. The high coercive field (H.) and saturation magneti-

zation (Mg) vanish in samples annealed at 650 °C and hotter for measurements taken

at both 5 and 300 K.

The Fe-implanted ZnO also shows similar background diamagnetism for all of
the samples upon which hysteresis measurements were taken. This background is

attributed to the Al,O3 substrate.

In order to more accurately determine H. and Mg values, the hysteresis data
is rotated about the origin by the amount necessary to make the nearly linear region
above Mg horizontal. Further discussion of the background subtraction methodology
can be found in section 6.2. The variable field measurement data with the diamagnetic

background removed is presented in figure 6.26.

6-37



Zn0O:Fe -m 5K —0O-300K

F . ‘ ul -4
as-implanted 1x10

ras-grown

-5x10°
L0
--5x10°
; ; } F-1x10™
— -5000 2500 0 5000 .
S 600 °C r1x10

Magnetic Moment

--5x10”
-1x10™ 1 1 1 ik 1 1 1 F-1x10°
-5000 2500 0 2500 5000 -5000 -2500 O 2500 5000

Applied Field (Oe)

Figure 6.25  Variable field measurements (raw data) for a ZnO thin film implanted
with Fe and annealed as indicated for 10 minutes in O, flowing at 25 sccem.
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Figure 6.26  Variable field measurements (corrected to remove diamagnetism) for
ZnO thin film implanted with Fe and annealed as indicated in O5 flowing at 25 sccm
for 10 minutes.
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The corrected hysteresis measurements confirm the marked decrease in Mg in
samples annealed at and above 650 °C versus those annealed at lower temperatures.
The greatest Mg values of 1.1 and 0.73 pug per Fe atom occur when the sample is
annealed at 600 °C for 10 minutes. The calculated maximum effective magneton
number for Fe*™ is 5.4 [8, Table 31.4]. The data presented in figure 6.26 also further

clarify the diminishing of hysteresis width between sample measured at 5 and 300 K.

The characteristics noted from variable field measurements on ZnO:Fe suggest
that this material will not make a useful DMS, particularly since room temperature
ferromagnetism is virtually non-existent. The fact that hysteresis measurements for
all of the samples annealed at and below 625 °C show the same characteristics as the
as-implanted sample demonstrates that the magnetism arising from these samples is
not due to incorporation of Fe into the ZnO crystal lattice. The lack of magnetic
saturation and hysteretic separation in the samples annealed at and above 650 °C
suggests that these samples have an inherently non-magnetic character. The lack of
coordination between Fe atoms that would allow a magnetic field implies that there
is also no interaction between the implanted Fe and the ZnO conduction and valence

bands.

The behavior of H. as a function of annealing temperature at both 5 and 300 K
is depicted in figure 6.27. The sample annealed at 650 °C for 10 minutes in flowing
O, showed remarkable coercive field strength at cryogenic temperatures. Annealing
at 675 °C for 10 minutes produced the strongest coercive field at room temperature.
However, the H, values for the samples annealed at and above 650 °C are not believ-
able due their low-value, slow-onset saturation characteristics, which lead to a slant
in the legs of the hysteresis loop as it crosses the zero magnetization line. Despite
the apparent optimum annealing temperature for maximizing H,, the evidence pre-
sented in figures 6.25 and 6.26 is overwhelming that ZnO:Fe is non-magnetic, or at
best paramagnetic, at room temperature for the annealing conditions used in this

experiment.
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Figure 6.27  Coercive field strengths at 5 and 300 K for various annealing conditions
of an Fe-implanted ZnO epitaxial thin film.

Remanent field strength (Bg) is less sensitive to artifacts from the background
subtraction algorithm, so the data presented in figure 6.28 are valid measurements of
Bg. The values determined for B follow a trend with 5-K measurements showing a
maximum for the sample annealed at 650 °C for 10 minutes and room temperature
measurements showing the strongest Bg occurring at 650 and 675 °C. While this data
is useful for determining optimal annealing conditions to maximize Bg, this alone

does not indicate the presence of ferromagnetism persisting to room temperature in

Fe-implanted ZnO.

6.5.2 Temperature-Dependent Magnetization

FC and ZFC measurements are shown in figure 6.29. As in the variable field
measurements, there is a noticeable difference between the samples annealed at and
below 625 °C and those annealed at and above 650 °C in the variable tempera-

ture magnetization measurement. These differences are manifest in both the mag-
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Figure 6.28 Remanent field strengths at 5 and 300 K for various annealing condi-
tions of an Fe-implanted ZnO epitaxial thin film.

nitude of separation between FC and ZFC magnetization and the behavior of the

low-temperature ZFC magnetization values.

The as-implanted sample and those annealed at less than 650 °C have a greater
magnitude of FC-ZFC separation. Greater separation is normally an indication of
ferromagnetism, but in this case, it is a by-product of the low-temperature divergence
of FC and ZFC magnetization. Divergence at low temperature is an indication of a
spin-glass phase [89]. The presence of a spin-glass state also explains the utter collapse
of the hysteresis seen in figures 6.25 and 6.26 when the variable field measurement is

taken at room temperature.

The minimal separation between FC and ZFC magnetization in samples an-
nealed at and above 650 °C is also an indication that ferromagnetism is not presence.

Further evidence that these samples are not ferromagnetic is seen in the fact that
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most of them also show divergence between FC and ZFC magnetization at low tem-

peratures.

The variable temperature measurements corroborate the conclusion drawn from
the variable field measurements: ZnO:Fe is not ferromagnetic for the annealing con-

ditions used in this experiment.

6.5.3 Optical Measurements

Photoluminescence measurements of the Fe-implanted ZnO thin film are dis-
played in figure 6.30. The PL data for the as-grown sample shows a near band-edge
peak at 3.37 eV, which is typical for ZnO [72]. There are also broad luminescence
peaks in the violet and red-orange regions of the spectrum. The violet luminescence
centered around 2.9 eV is attributed to interstitial Zn (Zn;) [65]. The smaller lu-
minescence around 2 eV is attributed to transitions between the conduction band
and singly ionized oxygen vacancies (V{;) [64]. The clear presence of Zn; and V in
this ZnO before ion implantation suggests that the quality and crystallinity of this

material is not good enough to produce a DMS.

For all implanted samples, regardless of annealing conditions, the total lumi-
nescence was greatly reduced and dominated by noise—notice that PL spectra from
the implanted samples are magnified by a factor of 50 over the as-grown sample’s
PL spectrum. The band-edge is not recovered with annealing and, in fact, becomes
more and more obscured with increasing annealing temperature. Although recovery
of implantation damage for Fe-implanted ZnO has been reported for samples annealed
in a 2-hour stepped process with a maximum temperature of 1050 °C, such annealing
would render magnetic results questionable because of the probability of clustering at
these temperatures. Furthermore, annealing at higher temperatures would preclude
comparison of these results with those for ZnO nanotips reported in Chapter VII

because the nanotips tend to fuse together at temperatures above 800 °C.

It is possible that incorporation of Fe into ZnO creates a non-radiative trap

within the bandgap of the semiconductor. See, for example, the work of Zhengwu
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Figure 6.30  Photoluminescence spectra, collected at approximately 10 K, of ZnO
implanted with Fe and annealed as indicated for 10 minutes in O, flowing at 25 sccm.
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et al. where ZnO:Fe shows the weakest luminescence of the transition-metal-doped
samples reported [47]. If the implanted Fe quenches luminescence when it is incorpo-
rated into the ZnO crystal lattice, then its effective incorporation does not guarantee

ferromagnetic properties.

The broad blue luminescence seen in the sample annealed at 575 °C for 10
minutes can be attributed to anion (oxygen) vacancies in ZnO [19]. The broad green
luminescence seen in the sample annealed at 800 °C for 10 minutes is characteristic
of oxygen vacancies in ZnO [139]. These vacancies are caused by dissociation of the
Zn0O at higher temperatures. The fact that both of these slightly different blue-green
PL features are attributed to oxygen vacancies is not surprising since a variety of
researchers have reported native defect peaks related to Vi across a fairly broad
range [19]. The broad luminescence around 2.9 eV in the as-grown film corresponds

to the calculated value for Zn interstitials [65].

The magnetic measurements presented above show that Fe-implanted ZnO does
not make a good DMS. The PL data offers a reasonable explanation for this behav-
ior: low crystal quality prevents magnetic coordination among implanted transition

metals.

6.6 Conclusions

Epitaxial thin films of ZnO implanted with transition metals show promise for
applications requiring a DMS. Of the dopants investigated in this research, Mn
showed the best indications of ferromagnetism when implanted into the higher quality
of the two ZnO wafers. Annealing this material between 675 and 700 °C for 10 minutes
produces coercive field widths (H.) of at least 315 and 228 Oe at 5 and 300 K,
respectively. Unfortunately, weak saturation magnetization (Mg) in this range of
annealing temperatures prevents reliable measurements of remanent field (Bg) as a

function of Mg.
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Implanting Cr into ZnO also produced desirable ferromagnetic properties and
may find use in DMS-based devices. H.s of 335 and 230 Oe at 5 and 300 K, re-
spectively, are achieved by annealing this material at 725 °C for 10 minutes. The
maximum B of 14 x 107% emu at 5 K and 6 x 107% emu at 300 K and the greatest

FC-ZFC separation are obtained under these conditions as well.

Competition between phases in the Ni-implanted ZnO leads to some indica-
tion of desirable magnetic behavior, but the lack of trending in field strengths with
annealing temperature is troublesome. Still, the 700 to 725 °C range produces the
maximum H. and Bg values seen in this material. The greatest H.s of 444 Oe (5 K)
and 396 Oe (300 K) occur in the sample annealed at 725 °C for 10 minutes. The
greatest Br values of 26 and 13.5% occur in the sample annealed at 700 °C for 10
minutes. This material will provide an interesting instance in device fabrication to
test the sensitivity of spintronic devices to the presence of non-ferromagnetic ordering

in the DMS.

Another valuable insight gained from the experiments involving epitaxial ZnO
is the sensitivity of magnetic properties to the quality of the semiconductor crystal.
This is illustrated most strikingly in the two cases where Mn was implanted into ZnO
thin films grown at different times. Unfortunately, the lack of crystal quality also
prevented the Fe-implanted samples from clearly showing ferromagnetism. Because
the sensitivity of magnetic properties to crystal quality, Fe cannot be ruled out as a

possible dopant for DMS fabrication in ZnO.
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VII. Characteristics of Transition Metal Implanted
Zinc Oxide Nanotips Grown on Various Substrates

Zn0O nanotips were grown on quartz, sapphire, and glass substrates by metal-organic
chemical vapor deposition (MOCVD). These nanotips are tiny pillars of single-crystal
Zn0O that rise from the substrate with little or no connection to one another. A
scanning electron microscope (SEM) image of ZnO nanotips grown on quartz is shown
in figure 7.1, and SEM images of nanotips grown on sapphire and glass are shown at

the beginning of sections 7.2 and 7.3, respectively.

It is apparent from the lack of connection between pillars of ZnO seen in fig-
ure 7.1 that this sort of material cannot be easily used to make a device based on
charge carrier movement. The isolation between individual nanotips may prove bene-
ficial in certain applications. The most obvious applications for this sort of material is
as a sensor. The vastly increased surface area of the nanotips over a conventional thin
film would allow for added sensitivity to substances in the ambient air. The effects
of interesting airborne substances on the magnetic properties of the transition-metal-
doped Zn0 is a matter for further investigation. Another application for such material
is a data storage system based on magnetic writes and optical reads in order to lever-
age the speed advantages of each. A remanent field in the material induced by the
magnetic write head could be optically read out by the Kerr rotation of a polarized

beam.

Ion implantation and subsequent annealing result in a relatively uniform dis-
tribution of the implanted transition metal into the ZnO nanotips [45]. This leads
to a more diluted concentration of the implanted transition metal, which may offer

advantages in magnetic properties since they are sensitive to crystal quality.

In order to shorten the notation of the substrate upon which the ZnO nanotips
were grown, the substrate will be noted in parentheses after ZnO. For example, Fe-

doped ZnO nanotips grown on a sapphire substrate will appear as ZnO/(c-AlyO3):Fe.
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Figure 7.1 ~ An SEM image of ZnO nanotips as-grown on a quartz substrate.

This notation is not meant to imply that the ZnO is an epitaxial thin film or that the

substrate was implanted with any ions.

Consistent results are much more difficult to acheive in this material than in the
epitaxial thin films of ZnO, p-GaN, and Alj 35Gag ;N reported in previous chapters.
The most promising nanotips are those grown on quartz and implanted with Mn and
those grown on c-Al;O3 and implanted with Fe. Common to both of these samples
is the need for a 20-minute anneal time to produce the most desirable magnetic
properties. The increased surface area of the ZnO nanotips compared to thin films

accounts for this increased sensitivity to annealing conditions.

7.1  Zinc Oxide Nanotips on Quartz

ZnO nanotips were grown on a quartz substrate by MOCVD. The resulting

structures are shown in figure 7.1. These ZnO nanotips were implanted with Mn and
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with Fe. Both Mn- and Fe-implanted samples showed signs of ferromagnetism after
annealing, but it was difficult to determine which annealing conditions were actu-
ally best. The Mn-implanted samples demonstrate agreement between the magnetic
and optical measurements as to the best annealing conditions. The Fe-implanted
Zn0O/(quartz), however, shows some conflicting indications of which annealing condi-

tions maximize ferromagnetism.

7.1.1  Manganese-Implanted ZnO Nanotips on Quartz

Mn was implanted into ZnO nanotips grown on a quartz substrate to a level
of 5 x 10 % at room temperature with an implantation energy of 200 keV. The
annealing condition that produces the most promising signatures of true DMS be-
havior is 675 °C for 20 minutes. Although coercive and remanent fields are highest
in the sample annealed at 750 °C for 10 minutes, temperature-dependent magnetiza-
tion and photoluminescence show that annealing at 675 °C for 20 minutes causes the

implanted Mn to be well-incorporated into the ZnO crystal lattice.

7.1.1.1 Magnetic Hysteresis Measurements

The results of variable field measurements on Mn-implanted ZnO/(quartz) are
shown in figure 7.2. Except for the sample annealed at 750 °C for 10 minutes, the
Zn0O/(quartz) samples implanted with Mn show superparamagnetism (samples an-
nealed at 675 and 700 °C) or diamagnetism (as-implanted and samples annealed at
725 and 800 °C). The quartz substrate is the most likely cause of the diamagnetic

background seen in all of the samples.

The ZnO/(quartz):Mn annealed at 750 °C for 10 minutes shows a sharp mag-
netic saturation and some separation between positive- and negative-going legs of the
hysteresis loop. This particular sample also shows the most decisive dominance of
ferromagnetic properties over the background diamagnetism. Some of the hysteretic
separation is also due to the removal of data points where a high standard deviation

(> 1079) exists between the three measurements taken. High standard deviation is
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Figure 7.2 Raw data from magnetic hysteresis SQUID measurements of Mn-
implanted ZnO nanotips on quartz annealed as indicated in Oy flowing at 25 scem.
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usually indicative of a measurement error or environmental noise coupling into the
SQUID signal amplifier. This leaves the negative-going leg of the measurement with
fewer data points than it should have and possibly leads to a wider separation than

is actually present.

The uncorrected data presented in figure 7.2 will give slightly erroneous values
for coercive field (H.) because the tilt induced by underlying diamagnetism will cause
the zero magnetization line to cross the hysteresis loop at an angle. Therefore, a cor-
rection to the raw data is necessary to allow meaningful, numerical comparisons of H,
and among the samples characterized in this manner. The SQUID data presented in
figure 7.3 have the linear diamagnetic influences arising from the substrate removed.
Diamagnetism is removed using a MATLAB® routine that determines the amount
of rotation about the origin necessary to make the magnetization values as nearly
equal in value as possible. Each data point is then rotated by this amount so that
saturation magnetization (Mg) becomes apparent and accurate values for H,. can be
ascertained. Remanent field (Bg) values are not as sensitive to the diamagnetic back-
ground, but Bg data presented is determined from the variable field measurements

with background diamagnetism subtracted.

With background diamagnetism removed, all of the samples display superpara-
magnetism. There are large Mg values and a small coercivity apparent in the samples
annealed at 675 °C for 20 minutes and at 750 °C for 10 minutes. Mg for the sample
annealed at 750 °C holds at approximately 1.1 ug per Mn atom for measurements
performed at both 5 and 300 K. The calculated maximum is 5.9 ug for Mn** [8, Table
31.4]. While these samples represent the best of the ZnO/(quartz):Mn group, their

ferromagnetic characteristics are not convincing.

Variable field measurements of ZnO/(quartz):Mn show that the greatest coer-
cive field width at room temperature is obtained when the Mn-implanted sample is
annealed at 750 °C for 10 minutes. The H, value for this sample reported in figure 7.4

is most likely inflated due to missing data points in the hysteresis loop.
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Magnetic hysteresis data for ZnO nanotips grown on quartz, implanted

with Mn and annealed as indicated in the figure in an atmosphere of O, flowing at
25 scem. Linear diamagnetic influences have been removed from this data.
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Figure 7.4  Coercive field strengths at 5 and 300 K for various annealing conditions
of Mn-implanted ZnO nanotips grown on quartz.

The Bg values determined for the Mn-implanted ZnO/(quartz) samples are
displayed in figure 7.5. This data shows the greatest remanency also occurs when
the sample is annealed at 750 °C for 10 minutes. The fact that Bg is calculated as a
percentage of Mg means that the high value reported for this sample is not merely a

result of its high saturation magnetization.

From variable field measurements, it appears that there are at least two anneal-
ing conditions that induce ferromagnetism in Mn-implanted ZnO/(quartz). This is a
reasonable result since the sample annealed at the lower temperature (675 °C) was
annealed for twice as long (20 minutes versus 10 minutes) as the sample annealed
at the higher temperature (750 °C). Given the superparamagnetic characteristic of
the hysteresis loops, the nature of these ferromagnetic indicators will be investigated

further in the following sections.
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Figure 7.5 Remanent field strengths at 5 and 300 K for various annealing conditions
of Mn-implanted ZnO nanotips grown on quartz substrates.

7.1.1.2  Temperature-Dependent Magnetization

Variable temperature SQUID measurements reveal the absence of a spin-glass
phase in all of the ZnO/(quartz):Mn samples. In fact, the data presented in figure 7.6
show that a ferromagnetic phase dominates the Mn-implanted ZnO nanotips except
for the sample annealed at 750 °C for 10 minutes. The ferromagnetism is indicated
by the fact that there is separation between the FC and ZFC magnetization measure-
ments and that the magnetization values track together at low temperature. The lack
of ferromagnetism in the sample annealed at 750 °C is indicated by the gap between
FC and ZFC magnetization being smaller than even the gap in the as-implanted

sample.

The greatest separation between FC and ZFC magnetization occurs in the
Zn0/(quartz):Mn when it is annealed at 675 °C for 20 minutes. Despite weaker signs

of ferromagnetism in variable field measurements, temperature-dependent measure-
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ments show that annealing at 675 °C for 20 minutes produces the strongest indicators
of ferromagnetism. As seen in the Mn-implanted epitaxial ZnO samples reported in
section 6.1, there is precedent for maximizing FC—ZFC separation with a 20-minute

annealing time.

7.1.1.3  Optical Measurements

PL spectra, shown in figure 7.7, were collected for ZnO nanotips grown on
quartz, implanted with Mn, and annealed at various temperatures. The as-grown
sample shows features that are inherent to bulk ZnO. This indicates that, as expected,
the size of the ZnO nanotips is too large to induce appreciable quantum confinement
effects. The primary peak at 3.3663 eV is attributed to a donor-bound A exciton.
The secondary peak at 3.3204 eV is attributed to a two-electron satellite (TES)
transition of a donor-bound A exciton [122]. The regular ~90-meV spacing of further

subordinate peaks identifies them as phonon replicas.

Optically, the best band-edge recovery occurs when the sample is annealed at
675 °C for 20 minutes. This corresponds with the strongest indication of ferromag-
netism in temperature-dependent measurements. The coincidence of these indicators
suggests that the highest probability for true DMS behavior as a result of Mn incor-
poration in the ZnO crystal lattice. Ferromagnetism arising from Mn incorporation
will also allow interaction between the implanted Mn and the crystal structure of
the ZnO nanotips grown on quartz. Therefore, ZnO/(quartz):Mn should be useful as

nanostructure DMS.

7.1.2  Iron-Implanted ZnO Nanotips on Quartz

The ZnO nanotips grown on quartz were implanted with Fe at room temper-

ature with an energy of 200 keV to a level of 5 x 1016 % Annealing this sample
produces inconsistent results. Hysteresis is strongest in the samples annealed at 650,
725, and 800 °C, but FC and ZFC magnetization measurements show the strongest

signs of ferromagnetism for annealing at 675 and 700 °C. Photoluminescence measure-
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Figure 7.7  Photoluminescence spectra of ZnO implanted with Mn and annealed as

indicated in Oy flowing at 25 sccm. The samples were cooled to ~10 K for these
measurements.

7-11



ments do not show appreciable recovery of the damage caused by Fe implantation.
Zn0O/(quartz):Fe does not show convincing signs of ferromagnetism as a result of

interaction between the ZnO semiconductor and the implanted Fe.

7.1.2.1 Magnetic Hysteresis Measurements

Variable field measurements on ZnO/(quartz):Fe are presented in figure 7.8.
From these measurements, magnetic saturation is apparent in every sample, but the
saturation magnetization (Mg) is relatively low for this group compared to other ma-
terials studied in this research. The Fe-implanted ZnO/(quartz) samples annealed at
650, 700, 725, and 800 °C also show separation between the sides of their hysteresis
loops. These signs of ferromagnetism are encouraging, but the fact that they occur in
samples annealed at such a wide variety of temperatures calls the true source of this
behavior into question. The noise present in measurements performed on the sample
annealed at 675 °C for 10 minutes calls into question whether some unknown and un-
controlled factor in the experiment plays a significant role in the magnetic properties
of this material. The measurements presented in figure 7.8 for ZnO/(quartz):Fe an-
nealed at 675 °C are accurate (the measurement was performed three times on these
pieces of material), but these results may not be repeatable if another Fe-implanted

Zn0O/(quartz) sample is annealed under the same conditions.

In order to gain more insight into the magnetic behavior of ZnO/(quartz):Fe
and to determine values for the coercive field (H,), the background diamagnetism is
removed from the data, which is displayed in figure 7.9. This process entails rotating
each data point about the origin by the amount necessary to bring the linear region

above saturation parallel to the x axis.

The hysteresis loops with background diamagnetism removed show that the
greatest Mg occurs in the sample annealed at 650 °C for 10 minutes. The values of
Mg in this sample are 0.18 and 0.16 pup per Fe atom at 5 and 300 K, respectively,
with a calculated effective magneton for Fe** of 5.4 [8, Table 31.4]. The previous
observation that the samples annealed at 650, 700, 725, and 800 °C are those that show
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Figure 7.8 Raw data from magnetic hysteresis SQUID measurements of Fe-
implanted ZnO nanotips on quartz annealed as indicated in Oy flowing at 25 scem.
Note that the measurement from the as-grown sample at 300 K is not displayed
because the signal was overcome by noise.
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Figure 7.9  Magnetic hysteresis data for ZnO nanotips grown on quartz, implanted
with Mn and annealed as indicated in the figure in an atmosphere of O, flowing at
25 scem. Linear diamagnetic influences have been removed from this data. Note that
the measurement from the as-grown sample at 300 K is not displayed because the
signal was overcome by noise.
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noticeable separation between the positive- and negative-going sides of the hysteresis
loop is confirmed when the background is subtracted. Note that, in figures 7.8 and
7.9, the room-temperature as-grown measurement is not shown due to the fact that

the signal from this sample is overcome by noise at 300 K.

Quantification of the width of magnetic hysteresis is shown in figure 7.10. Of
the samples with a clean magnetization signal, the greatest coercive field strength
occurs in the one annealed at 650 °C for 10 minutes. H,. for this sample, however, is
not appreciably stronger than for the sample annealed at 800 °C. This again calls the
quality of the ZnO/(quartz):Fe samples themselves and the repeatability of the process

into question. The values from these samples are partially obscured in figure 7.10.

Another measurement of ferromagnetism that can be gleaned from the vari-

able field measurement data with background diamagnetism removed is the remanent

ACO001A
ZnO nanotips on Quartz:Fe Coercive Field Strength as a Function of Annealing Temperature
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Coercive Field Strength (Oe)
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Annealing Time (min) and Temperature (Deg. C)

Figure 7.10  Coercive field strengths at 5 and 300 K for various annealing conditions
of Mn-implanted ZnO nanotips grown on quartz. Measurements that are suspect due
to a noisy signal are partially obscured in the figure.
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field (Bg) strength. The results of these determinations are presented in figure 7.11.
Clearly, the greatest remanency as a percentage of Mg exists in the sample annealed

at 650 °C for 10 minutes.

ACO001A
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Figure 7.11  Remanent field strengths at 5 and 300 K for various annealing condi-
tions of Mn-implanted ZnO nanotips grown on quartz substrates. Measurements that
are suspect due to a noisy signal are partially obscured in the figure.

The magnetic properties of ZnO/(quartz) implanted with Fe as determined by
variable field measurements point toward annealing at 650 °C for 10 minutes as the
best way to enhance ferromagnetism. However, the similarity of the data collected for
other annealing conditions in this sample seem to indicate that ferromagnetism in the
sample is not sensitive to annealing conditions, which implies that it does not occur as
a result of Fe incorporation into the ZnO crystal structure. Another troubling aspect
of these results is the fact that, in ZnO nanotips grown on a glass substrate, samples
annealed at 800 °C showed a total melting and fusing of the nanotips. If this is also

the case in an 800 °C-annealed sample of ZnO/(quartz):Fe, then the appearance of
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ferromagnetic indicators in the likely disordered crystal that would result from such

a process seems counterintuitive.

7.1.2.2  Temperature-Dependent Magnetization

Magnetization was measured during temperature sweeps between 5 and 350 K
for the Fe-implanted ZnO nanotips on quartz. The resulting data is presented in
figure 7.12. In most cases, the low-temperature behavior (FC and ZFC measure-
ments rising together) suggests the presence of a ferromagnetic phase in the material.
There is no evidence of spin-glass formation, which would be indicated by a peak in
the ZFC magnetization. The other indicator of ferromagnetism in variable temper-
ature magnetization measurements is the vertical separation between FC and ZFC

magnetization values.

In the measurements shown in figure 7.12, the greatest separation between FC
and ZFC measurements occurs when the sample is annealed at 700 °C for 10 minutes.
This is problematic because it uncovers yet another annealing temperature for which
this material presents a signature of ferromagnetism. There is also noteworthy sepa-
ration of FC and ZFC magnetization measurements in all of the other samples except
for the one annealed at 725 °C. This is another point of contrast with the indications

presented by the variable field measurements.

The most feasible explanation for the near-ubiquitous signatures of ferromag-
netism in ZnO/(quartz):Fe is that Fe was deposited on the samples. The most proba-
ble location for Fe to cluster is between the nanotips themselves. Since Fe and many
of its native oxides are ferromagnetic with a high T, a sample with Fe clusters or
film would present signatures of ferromagnetism. Naturally pure Fe would show more
consistent and stronger signals of ferromagnetism in SQUID measurements, but bear
in mind that there would be a very samall amount of Fe not incorporated into the
Zn0O/(quartz), it would exist in clusters that are physically separated, and it would be

oxidized due to the annealing process where pure O, is flowed during heat treatment.
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Figure 7.12  Temperature-dependent magnetization for ZnO nanotips implanted
with Fe and annealed as indicated in the figure for 10 minutes in O, flowing at
25 scem. Note that the y axis spans the same range of magnetic moment despite the
fact that background offset causes a difference in absolute values.

7.1.2.3  Optical Measurements

Spectra collected during PLL measurements on Fe-implanted ZnO nanotips grown

on quartz are shown in figure 7.13. The as-grown sample shows features that are
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Figure 7.13  Photoluminescence at ~10 K of ZnO nanotips on quartz implanted
with Fe and annealed as indicated for 10 minutes in O, flowing at 25 sccem.
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inherent to bulk ZnO. This indicates that, as expected, the size of the ZnO nanotips
is too large to induce appreciable quantum confinement effects. The primary peak
at 3.3663 eV is attributed to a donor-bound A exciton. The secondary peak at
3.3204 eV is attributed to a two-electron satellite (TES) transition of a donor-bound
A exciton [122]. The regular ~90-meV spacing of further subordinate peaks identifies

them as phonon replicas.

Implanting Fe into the ZnO/(quartz) causes a major decrease in overall lumines-
cence and the disappearance of PL features. As seen in the figure, there is very little
optical damage recovery due to annealing in the Fe-implanted samples. The most
prominent feature in any of the implanted samples is a broad blue-violet lumines-
cence around 2.8 eV, which is consistent with implant damage such as Zn interstitials
or O vacancies. The above bandgap peak, which is especially prominent in the sam-
ple annealed at 725 °C for 10 minutes is attributed to defect complexes in the quartz
substrate. The flat tops of the samples annealed at 725 and 800 °C are due to the
suppression of plasma lines that dominate the weak PL signal from the samples in

this region.

This lack of implant damage recovery indicates that Fe is not incorporated
into the ZnO crystal lattice. This indicates that the magnetic properties of the
ZnO/(quartz):Mn is not demonstrating true DMS behavior. The most likely ex-
planation for the ferromagnetism observed in these samples is Fe clustering outside

the ZnO nanotips.

7.2 Zinc Ozide Nanotips on c-Plane Sapphire

ZnO nanotips were also grown on ¢-Al,O3 by MOCVD. As noted in Chapter VI,
epitaxial thin films of ZnO were grown on r-Al;O3, but a change in substrate crystal
orientation relative to the direction of growth causes ZnO to form nanotips rather
than a thin film. A scanning electron microscope (SEM) image of the resulting ZnO

structures is shown in figure 7.14.
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Figure 7.14 A scanning electron microscope image of ZnO nanotips grown on a
c-Al, O3 substrate [74].

7.2.1 Manganese-Implanted ZnO Nanotips on c-Aly O3

ZnO nanotips grown on a sapphire were implanted with Mn to a level of 5 x
106 122 4t room temperature with an implantation energy of 200 keV. The magnetic
properties of ZnO/(c-Al;O3):Mn are plagued by inconsistency. Hysteresis measure-
ments, particularly at room temperature, show that the material is superparamag-
netic. This assessment is echoed by the lack of separation between FC and ZFC
magnetization measurements except in samples annealed at 650 and 750 °C. Finally,
photoluminescence measurements show band-edge recovery only in the sample an-
nealed at 700 °C for 10 minutes. Since magnetic measurements on the sample an-
nealed at 700 °C do not strongly indicate ferromagnetism, it is possible that even
fully incorporating Mn into ZnO nanotips grown on ¢-Al;O3 does not produce DMS

material.
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7.2.1.1 Magnetic Hysteresis Measurements

Variable field measurements of ZnO/(c-AlyO3):Mn show that the largest room
temperature saturation magnetization (Mg) occurs when the sample is annealed at
650 °C for 10 minutes. The Mg values observed in this sample are 0.32 and 0.28 pp per
Mn atom at 5 and 300 K, respectively. The calculated maximum magneton for Mn?*
is 5.9 up per atom [8, Table 31.4]. Given the lack of separation between upward and
downward sweeps of the applied magnetic field, Mg is the only indicator of possible

ferromagnetism visible in figure 7.15.

The other prominent feature of the data presented in figure 7.15 is presence of
background diamagnetism. This is an expected phenomenon in samples grown on a
sapphire substrate. The unexpected phenomenon in this material is the appearance
of paramagnetism in the room-temperature measurement of the as-implanted sample
and the 5-K measurements of the samples annealed at 700 and 725 °C. The tem-
perature dependence of paramagnetism in this sample indicates that it is Curie-type
paramagnetism [127], which means that there is a sparse distribution of Mn atoms
in the material either as interstitials in the ZnO lattice or outside of the nanotips. If
the Mn were clustered either inside or outside of the ZnO nanotips, it would display

an antiferromagnetic characteristic [75].

Although coercive field (H.) values are small for Mn-implanted ZnO/(c-Al;Os3),
they will become more apparent and can be accurately determined by removing the
dia- or para-magnetic background from the measurements. Background subtraction is
accomplished by rotating each data point around the origin by the amount necessary
to make the linear magnetization region above saturation parallel to the x axis. The
drawback to this method of background subtraction is that it can yield erroneously
high values of H. in samples where the magnetic saturation transition is not sharp
because the sides of the hysteresis loop cross the zero-magnetization line at an angle.
As seen in figure 7.16, this effect is a factor in the sample annealed at 700 °C and the

room temperature measurement on the the sample annealed at 750 °C for 10 minutes.

7-22



9x10° 7 w
6x10° LAS-grown

3x10°+
0L

ZnO nanotips
gl on AIZOB:Mn

-6x10'5—— : - m 5K
-9x10° | | | f
~~ 5000 2500 O 2500 5000 —0O— 300 K

9x10° 7
6x10°+
3x107° 1
0+ ]
-3x10° 4 -
6x10°+ 1

-9x10° % | | 1 % % 1 1 1 i )
X -5000 -2500 0 2500 5000 -5000 -2500 O 2500 5000

as—imblanted |

9x10° ey
6x10°+ 1

agnetic Moment (e

5000 -2500 O 2500 5000 -5000 -2500 O 2500 5000

2 9x10° ¢ ‘ ‘ T ‘ r9x10°

ex10°,  750°C ]

5000 -2500 O 2500 5000 -5000 -2500 O 2500 5000

Applled Field (Oe)

Figure 7.15 Raw data from magnetic hysteresis SQUID measurements of Mn-
implanted ZnO nanotips grown on c¢-Al,O3 and annealed as indicated in Oy flowing
at 25 scem.

The data with linear magnetic influences (para- and dia-magnetism) removed

is presented in figure 7.16. This data confirms that, among the annealed samples, the

highest room-temperature Mg occurs in the sample annealed at 650 °C. The presence
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Figure 7.16  Magnetic hysteresis data for ZnO nanotips grown on c-Al,O3, implanted
with Mn and annealed as indicated for 10 minutes in Oy flowing at 25 sccm. Linear
magnetic influences have been removed from this data.

of magnetic hysteresis in the 300-K measurement of the sample annealed at 750 °C

for 10 minutes is also apparent in figure 7.16.

As mentioned above, the removal of linear background magnetic influences al-

lows a more accurate determination of H. and Mg. A summary of the coercive field
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strengths observed during variable field measurements of the Mn-implanted ZnO nan-
otips on ¢-Al;O3 with respect to annealing temperature is presented in figure 7.17.
This summary of the H. data shows that the strongest fields occur in the as-implanted
sample. The data that is deemed inaccurate by inspection of the hysteresis loops with
background magnetism subtracted are partially obscured, but even these values do
not exceed those determined for the as-implanted sample. While as-implanted sam-
ples can display anomalously strong indications of ferromagnetism due to a sparse
scattering of Mn atoms, the fact that no other field strengths exceed these is a sign
that ZnO/(c-AlyO3):Mn is not a promising DMS candidate.
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Figure 7.17  Coercive field strengths at 5 and 300 K for various annealing conditions
of Mn-implanted ZnO nanotips grown on sapphire.

Numerical data is presented for remanent field (Bg) strengths in figure 7.18.
There is a definite peak in the room-temperature value with annealing at 700 °C for 10
minutes. There is, however, no trending in the By data for ZnO/(c-Al;O3):Mn, which

calls into question whether this value occurs as a result of sensitivity to annealing
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temperature. There are also increased By values for the sample annealed at 750 °C.
The lack of trending in the Br data is yet another indicator that ZnO/(c-AlyO3):Mn
does not lend itself to useful ferromagnetic behavior under the annealing conditions

used in this experiment.

There is an interesting feature in the as-implanted remanent field data presented
in figure 7.18. The fact that the room-temperature remanency is greater than the
5-K value has been confirmed by multiple measurements on two separate pieces of
Mn-implanted ZnO nanotips grown on c¢-AlyO3. This behavior is explained by the
presence of an antiferromagnetic phase with an ordering temperature between 5 and
300 K, which would compete with the ferro- and para-magnetic properties of the
material that persist to higher temperatures. Possible compositions of this AFM
phase are presented in Appendix B, and the effect on the temperature dependence of
magnetization in this sample are discussed in section 7.2.1.2.
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Figure 7.18  Remanent field strengths at 5 and 300 K for various annealing condi-
tions of Mn-implanted ZnO nanotips grown on sapphire substrates.
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7.2.1.2  Temperature-Dependent Magnetization

FC and ZFC SQUID measurements of the Mn-implanted ZnO nanotips on c-
Al;O3 are displayed in figure 7.19. For all conditions tested, the low temperature

behavior of the temperature-dependent measurements (FC and ZFC tracking higher
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Figure 7.19  Temperature-dependent magnetization for ZnO nanotips grown on c-
Al, O3 implanted with Mn. Samples are annealed as indicated in Oy flowing at 25 sccm
for 10 minutes. Note that the y axis spans the same range of magnetic moment despite
the fact that background offset causes a difference in absolute values.
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together) indicate that a ferro- or para-magnetic phase is dominant in these sam-
ples. The lack of separation between FC and ZFC measurements for all samples
except those annealed at 650 and 750 °C for 10 minutes indicates that the samples
lacking separation are not dominated by ferromagnetism. The fact that such dis-
parate annealing temperatures are the only ones that cause separation in the FC and
ZFC magnetization curves suggests again that indications of ferromagnetism in this

material are not arising from incorporation of Mn into the ZnO/(¢c-Al;O3) nanotips.

7.2.1.3 Optical Measurements

PL measurements of the Mn-implanted ZnO nanotips grown on c-Al,O3 are
shown in figure 7.20. The as-grown sample shows features that are inherent to bulk
ZnO. This indicates that, as expected, the size of the ZnO nanotips is too large to
induce appreciable quantum confinement effects. The primary peak at 3.3691 eV is
attributed to an ionized donor-bound A exciton [14]. The secondary peak at 3.32 eV
is attributed to a two-electron satellite (TES) transition of a donor-bound A exciton
[122]. The regular ~90-meV spacing of further subordinate peaks identifies them as

phonon replicas.

These measurements show that the best implant damage recovery, from an
optical standpoint, occurs when the sample is annealed at 700 °C for 10 minutes. In
fact, this is the only annealing condition in which the A exciton and TES luminescence
peaks observed in the as-grown sample are clearly recovered. There are peaks at these
locations in the sample annealed at 750 °C, but they are not more intense than the

noise present in this measurement.

In the sample annealed at 725 °C, there is a broad PL feature at 2.9 eV. This
luminescence is attributed to band-to-band or excitonic emission in other reports
of ZnO nanocolumns [11]. The subordinate peaks in this measurement at 3.20 and
3.11 eV follow the same regular ~90-meV spacing that is attributed to phonon replicas

in the as-grown samples.
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Figure 7.20  Photoluminescence spectra of ZnO nanotips grown on c¢-Al;Og3, im-
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Overall, the PL measurements on the ZnO nanotips grown on c¢-Al,O3 and
implanted with Mn show that there is an optimal annealing condition (700 °C for 10
minutes) for recovery of crystal lattice damage induced by Mn implantation. This
implies that the best incorporation of Mn into the ZnO lattice occurs when the sample
is annealed at 700 °C. This lattice damage recovery, however, coincides only with a
sporadic peak in B and not with maxima in H, and Mg and FC-ZFC separation as
well. This suggests that, while there is some magnetic activity present in the sample,
it has not been proven useful as a DMS material. Based on previous results with
nanotips, new ZnO/(c-Al;O3):Mn samples should be annealed across the same range
of temperatures discussed above for a period of 20 minutes. This may allow fuller
recovery of the damage caused by ion implantation, but it may cause more annealing
related harm, such as oxygen loss, because of the relatively large surface area of the

Zn0O nanotips.

7.2.2  Iron-Implanted ZnO Nanotips on c-Aly Os

ZnO nanotips grown on c¢-Al,O3 were also implanted with an energy of 200 keV
at room temperature with Fe ions to a dose of 5 x 106 ’Coﬁ The resulting material
shows consistent ferromagnetic behavior in the sample annealed at 700 °C for 20
minutes. Other annealing conditions, including the same temperature for a shorter
time, show only weak superparamagnetism. Photoluminescence confirms that the
Zn0O crystal is best recovered when annealed at 700 °C for 20 minutes. The experiment
using ZnO/(c-AlyO3):Fe shows that annealing time is a factor in fabricating DMS

material.

7.2.2.1 Magnetic Hysteresis Measurements

The results of variable field measurements taken on ZnO/(c-Al;O3) implanted
with Fe are shown in figure 7.21. The data presented show an obvious sensitivity to
both annealing time and annealing temperature. There is also an obvious diamagnetic

background.
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Figure 7.21 Raw data from magnetic hysteresis SQUID measurements of Fe-
implanted ZnO nanotips grown on sapphire annealed as indicated in O, flowing at
25 scem.
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The sample annealed at 700 °C for 20 minutes shows the strongest signatures of
ferromagnetism in terms of hysteretic separation and strong saturation magnetization
(Mg). The ZnO/(c-AlyO3):Fe annealed under other conditions is best characterized

as superparamagnetic at 5 K and diamagnetic at room temperature.

In order to accurately determine a numerical value for the coercive field (H.) in
the samples, the data need to be rotated about the origin such that the magnetization
values in the linear region are as nearly equal as possible. This process also allows

measurement, of Mg without the interference of the background diamagnetism.

The variable field measurement data with linear diamagnetic influences removed
is shown in figure 7.22. Displaying the data in this fashion makes it even more clear
that the only annealing condition (among those tested) that produces ferromagnetism
in ZnO/(c-AlyO3):Fe is 700 °C for 20 minutes. The samples annealed under other
conditions show almost no separation between positive- and negative-going legs of
the hysteresis loop (small H.) and none have Mg values rivaling that of the sample
annealed at 700 °C for 20 minutes. In terms of Bohr magneton, the Mg values for
sample are 0.56 and 0.18 upg per Fe atom when measured at 5 and 300 K, respectively.

The calculated value of the effective magneton number for Fe*™ is 5.4 [8, Table 31.4].

The rotation to remove background diamagnetism serves not only to provide a
clearer view of what is happening, but also to allow more accurate measurement of H,
values. There is an artifact of the background subtraction that causes larger values of
H. to be calculated from the corrected data because the legs of the hysteresis loop are
tilted relative to the zero-magnetization line. In this set of samples, however, the tilt is
roughly equivalent among the various annealing conditions, so the relative strength of
H. can be determined with respect to the other annealing conditions used. The error
does, however, manifest itself in that the 300-K measurements are more stretched out

upon rotation and hence show higher H, values than do the 5-K measurements.

Figure 7.23 shows the values of H. determined for ZnO/(c-Al;O3):Fe. The

numerical results bear out the data gleaned from inspection of the variable field
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Figure 7.22  Magnetic hysteresis data for ZnO nanotips grown on ¢-Al,O3 implanted

with Fe and annealed as indicated in the figure in a 25 sccm flow of O,. Linear
diamagnetic influences have been removed from this data.
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Figure 7.23  Coercive field strengths at 5 and 300 K for various annealing conditions
of Fe-implanted ZnO nanotips grown on sapphire. Data that is suspect due to a
virtually non-magnetic characteristic in hysteresis is partially obscured.

measurement data: the strongest H. occurs in the sample annealed at 700 °C for
20 minutes. The values, especially from the 300-K measurement, from the sample
annealed at 725 °C are anomalous due to the almost non-magnetic character of the
corrected measurements. The fact that the hysteresis loop lies almost flat along the
x axis means that a measurement along the zero magnetization line will have a long

distance inside the hysteresis loop. This data is partially obscured in figure 7.23.

Remanent field (Bg) values are also determined from the variable field measure-
ments on ZnO/(c-AlyO3):Fe. These numbers are presented graphically in figure 7.24.
Fortunately, B values are far less sensitive to errors induced from background sub-
traction, but Mg is still affected, so the Bi data is not presented as a percentage of
Mg. By far, the strongest remanent fields are obtained when the sample is annealed

at 700 °C for 20 minutes.
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Figure 7.24  Remanent field strengths at 5 and 300 K for various annealing con-
ditions of Fe-implanted ZnO nanotips grown on sapphire substrates. Data that is
suspect due to a virtually non-magnetic characteristic in hysteresis is partially ob-
scured.

All of the evidence from variable field measurements points to annealing at
700 °C for 20 minutes as the best annealing condition. The fact that this sample

alone demonstrates magnetic properties favorable for DMS fabrication suggests that

a longer annealing time may be necessary to activate Fe implanted into ZnO nanotips

on C—A12 03 .

7.2.2.2  Temperature-Dependent Magnetization

Temperature-dependent measurements of Fe-implanted ZnO nanotips grown on
c-Al,O3 were taken, and the results are shown in figure 7.25. For every annealing
condition, the low temperature FC and ZFC magnetization track upward together,
which is generally an indicator of ferromagnetism. However, the strength of ferro-

magnetism is generally indicated by the magnitude of the difference between FC and
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Figure 7.25 Temperature-dependent magnetization for ZnO nanotips on ¢-Al,O3
implanted with Fe. Samples are annealed as indicated in a 25 sccm flow of Os.
Note that the y axis spans the same range of magnetic moment despite the fact that
background offset causes a difference in absolute values.
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ZFC magnetization. By this indication, the strongest ferromagnetism is present in
the sample annealed at 700 °C for 20 minutes. Because of the small (less than for the
as-implanted sample) FC-ZFC difference, the samples annealed at 675 °C for 20 min-
utes, 700 °C for 5 minutes, and 725 °C for 10 minutes are basically indicating that
they are paramagnetic. The temperature-dependent magnetization measurements
show that the indications of ferromagnetism in ZnO/(c-AlyO3):Fe annealed at 700 °C
for 20 minutes seen in hysteresis measurements truly are the product of ferromagnetic

ordering in the material.

7.2.2.83  Optical Measurements

PL measurements on the as-grown ZnO/(c-Al;O3) sample shows features that
are inherent to bulk ZnO. This indicates that, as expected, the size of the ZnO
nanotips is too large to induce appreciable quantum confinement effects. The primary
peak at 3.3691 eV is attributed to an ionized donor-bound A exciton [14]. The
secondary peak at 3.32 eV is attributed to a two-electron satellite (TES) transition of
a donor-bound A exciton [122]. The regular ~90-meV spacing of further subordinate

peaks identifies them as phonon replicas. These PL spectra are shown in figure 7.26.

Implanting Fe into ZnO nanotips grown on ¢-Al,O3 causes an almost total sup-
pression of photoluminescence. PL emission is not recovered in the samples annealed

at 675 °C for 20 minutes or 700 °C for 5 minutes.

Not surprisingly, the near band-edge luminescence is recovered, albeit at much
lower intensity, in the sample annealed at 700 °C for 20 minutes. This recovery indi-
cates that Fe is being incorporated into the ZnO lattice, which will allow interaction
with the band structure and hence true DMS behavior in this material. PL of ZnO/(c-
Al;O3):Fe annealed at 700 °C for 20 minutes also reveals a broad green luminescence
centered around 2.4 eV. This feature is attributable to oxygen vacancies [11], which

would be more prevalent in a longer anneal such as the one under discussion.

There is also a stronger, broad, blue luminescence in ZnO/(c-AlyO3):Fe annealed

at 725 °C for 10 minutes. This PL feature can be attributed to Zn vacancies in much
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Figure 7.26  Photoluminescence spectra taken at ~10 K from ZnO nanotips grown
on ¢-Al,O3, implanted with Fe and annealed as indicated in the figure in Os flowing
at 25 scem.
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the same manner that yellow luminescence in GaN is attributed to Ga vacancies
[57]. Note that the discontinuity on the low-energy side of this broad peak is due
to insertion of a low-pass filter in the optical path to prevent replication of shorter

wavelength features from the diffraction grating in the spectrometer.

The photoluminescence measurements taken on Fe-implanted ZnO nanotips
grown on c-Al,O3 substrates show that the best crystal lattice damage recovery oc-
curs when the sample is annealed at 700 °C for 20 minutes. This fact, along with the
variable field and temperature measurements, shows that ferromagnetism is present
in ZnO/(c-Al;O3):Fe, but only under specific annealing conditions. The exclusivity
of magnetic properties to these annealing conditions, in addition to indications from
other ZnO nanotip samples, suggests that further study of this material should in-
volve annealing conditions that span a range of temperatures and use a 20-minute

annealing time.

7.8 Iron-Implanted Zinc Ozide Nanotips on Glass

ZnO nanotips were grown on a glass substrate and implanted with iron to a
level of 5 x 106 2% with an implantation energy of 200 keV at room temperature.
Mn-implantation was also attempted, but a communication error between the crystal
growers and Implant Sciences caused the manganese to be implanted directly into the
glass substrate rather than into the ZnO nanotips. While interesting from a magnetic
coordination standpoint, the Mn-doped glass is decidedly not a DMS. An image of

these particular ZnO nanotips is shown in figure 7.27.

The Fe-implanted ZnO nanotips grown on glass show paramagnetism at 5 K and
slight diamagnetism at room temperature. While subtracting these backgrounds does
make magnetic saturation visible in ZnO/(glass):Fe, the saturation magnetization is
so slight that the material should be considered basically non-magnetic. Temperature-
dependent measurements confirm the essentially non-magnetic character of the mate-
rial. Photoluminescence spectra reveal no strong band-edge recovery, which indicates

no significant implant damage reversal, so it may be that annealing conditions exist
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Figure 7.27 An SEM image of ZnO nanotips as-grown on a glass substrate.

outside of those used in this experiment which will render Fe-implanted ZnO/(glass)

ferromagnetic. As tested in this work, though, this material shows no utility as a

DMS.

7.8.1 Magnetic Hysteresis Measurements

Variable field measurements of ZnO/(glass):Fe are presented in figure 7.28. In
this case, the samples had strong paramagnetic backgrounds at 5 K and mild diamag-
netic influences at 300 K. The dominance of these background contributions, most

likely arising from the glass substrate, is apparent in figure 7.28.

The coercive fields (H.) for Fe-implanted ZnO nanotips grown on glass are
relatively weak. This is clearly seen by the lack of hysteretic behavior in the variable
field measurements, which indicates that the ferromagnetic properties of this material
are very weak. There is also a lack magnetic saturation visible in the hysteresis loops.
These observations point to the conclusion that ZnO/(glass):Fe is a non-magnetic

material under the annealing conditions used in this experiment.
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Figure 7.28 Raw data from magnetic hysteresis SQUID measurements of Fe-
implanted ZnO nanotips grown on glass and annealed as indicated for 10 minutes
in Oy flowing at 25 sccm.

Even though the dominant characteristic of the measurements presented in fig-
ure 7.28 is paramagnetism at 5 K and diamagnetism at 300 K, it is still worthwhile
to remove these linear magnetic influences in an attempt to deconvolve the factors

contributing to the material’s magnetic characteristics. Background subtraction is
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accomplished by making the linear portion of magnetization curve above saturation

parallel with the x axis.

In figure 7.29, the data gathered during the variable field measurements are
shown with linear magnetic influences removed. This allows the presence of saturation
and separation of the legs of the hysteresis loop to be observed if they are at all
present. It also allows the data to be viewed on a much smaller scale: note the
vertical (magnetization) scale in figure 7.28 is five times larger than that for the

background-subtracted data in figure 7.29.

Without the linear magnetic backgrounds, the ZnO/(glass):Fe samples show
saturation, but still fail to demonstrate any appreciable separation between positive-
and negative-going legs of the hysteresis loop. Of course, this indicates a lack of
ferromagnetism in the material. The only way to categorize these samples is super-
paramagnetic for most of them since there is clear magnetic saturation. The samples
annealed at 675 and 725 °C do not show a clear linear magnetic saturation region
when measurements are taken at 5 K at up to 10-kOe applied magnetic field, so these
samples are classified as mostly paramagnetic in nature at low temperatures. The
sharper appearance of saturation onset in the 300-K measurements for the samples
annealed at 675 and 725 °C is a scaling issue. It occurs due to the fact that a max-
imum applied magnetic field of 10 kOe was used to test saturation behavior in the
5-K measurement and a maximum applied magnetic field of 5 kOe was used in the

other measurements.

The background subtraction process normally facilitates more accurate mea-
surement of H., but in this case, the values determined will be erroneously large for
all samples because the low saturation magnetization (Mg) values and high back-
ground para- or dia-magnetism cause an effective stretching of the hysteretic separa-
tion. Since this effect is anticipated to be similar for all of the ZnO/(glass):Fe samples,
H. values are still determined and presented in figure 7.30 for comparison purposes

among the annealing conditions used for this sample set.
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Magnetic hysteresis data for ZnO nanotips grown on glass, implanted
with Fe and annealed as indicated in Oy flowing at 25 sccm for 10 minutes. Linear
dia- and para-magnetic influences have been removed from this data. Note that the
samples annealed at 675 and 725 °C were subjected to a maximum applied magnetic
field of 10 kOe in an attempt to find magnetic saturation in them, which affects the
scaling and appearance of these measurements relative to the others in the figure.
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Figure 7.30  Coercive field strengths at 5 and 300 K for various annealing conditions
of Fe-implanted ZnO nanotips grown on glass.

H. is comparable for samples annealed at 675 and 700 °C for 10 minutes. This
holds true at 5 K and room temperature. The fact that these two annealing temper-
atures produce similar magnetic properties suggests that the annealing temperature
that will maximize what little coercivity may exist lies between 675 and 700 °C.
There may be some true ferromagnetism as a source for these H. values since they
are stronger than those for the as-implanted sample, but despite the numbers deter-

mined, these coercive fields are not as great as those found in other samples.

The remanent fields (Bg) measured from the ZnO nanotips implanted with Fe
are shown in figure 7.31 as a percentage of saturation magnetization. By values are
far less sensitive to the background subtraction algorithm than H, values because the
large difference in scales between the x and y axes means that the values near zero
applied magnetic field translate far less along the y axis with rotation than the values

near zero magnetization move along the z axis with the same rotation. Since the
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Figure 7.31 Remanent field strengths as a percentage of saturation magnetization
at 5 and 300 K for various annealing conditions of Fe-implanted ZnO nanotips grown
on glass. Values that are erroneously small due to large Mg values are partially
obscured in the figure.

data presented in figure 7.31 are shown as a percentage of Mg, the values presented
are sensitive to the determination of Mg. For this reason, the 5-K measurements of
samples annealed at 675 and 725 °C for 10 minutes will show erroneously small values
since Mg was unclear and a large value was chosen for it. The data that is affected

in this way is partially obscured in figure 7.31.

It is clear from figure 7.31 that the annealing conditions that produced maxi-
mum H, are also those that produce the greatest By in these samples: 675 to 700 °C
for 10 minutes. While consistent, the ferromagnetic signatures in this material are
extremely weak. The strength of ferromagnetism necessary for DMS-based devices is
still under investigation, but if a weak signal indicates a lack of interaction between
the implanted Fe and the ZnO band structure, then ZnO/(glass):Fe will not be a
useful DMS.
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7.3.2  Temperature-Dependent Magnetization

The data gathered for FC and ZFC conditions during temperature-dependent
magnetization measurements on ZnO/(glass):Fe are shown in figure 7.32. Even though

FC and ZFC magnetization measurements track together at low temperature, there
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Figure 7.32  Temperature-dependent magnetization for ZnO nanotips grown on glass
and implanted with Fe. Samples are annealed as indicated in a 25 sccem flow of O for
10 minutes. Note that the y axis spans the same range of magnetic moment despite
the fact that background offset causes a difference in absolute values.
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is very little separation between the two across the whole range of the temperature
sweep. This is another indication that the sample is dominated by paramagnetism.
The separation between FC and ZFC measurements is also used as a metric of fer-
romagnetic properties because it inherently subtracts background magnetism [44].
Therefore, the lack of FC-ZFC separation in these samples indicates that the mag-
netic properties in them are arising from the background and not necessarily from
the ZnO nanotips. The data shown in figure 7.32 is the best example presented in
this work of the temperature-dependent magnetic qualities of a non-ferromagnetic

material.

7.3.8  Optical Measurements

PL spectra taken from the ZnO nanotips grown on glass, implanted with Fe,
and annealed under various conditions are shown in figure 7.33. The as-grown sample
shows features that are inherent to bulk ZnO. This indicates that, as expected, the
size of the ZnO nanotips is too large to induce appreciable quantum confinement
effects. The primary peak at 3.3663 eV is attributed to a donor-bound A exciton.
The secondary peak at 3.3204 eV is attributed to a two-electron satellite (TES)
transition of a donor-bound A exciton [122]. The regular ~90-meV spacing of further
subordinate peaks identifies them as phonon replicas of the TES transition. The as-
grown ZnO/(glass) also shows a small, broad luminescence centered around 1.9 eV.

The red luminescence is attributed to oxygen vacancies in the ZnO [64].

Implanting Fe into the ZnO/(glass) causes suppression of PL intensity across the
spectrum. The as-implanted sample shows a remnant of the band-edge luminescence,
but it is weak and broad, which is expected due to ion implantation damage. The
shoulder at 2.5 eV in the as-implanted sample is attributed to singly ionized oxygen
vacancies [132]. A broad green luminescence centered around 2.7 eV arises in the
sample annealed at 650 °C for 10 minutes. The 2.7-e¢V (blue-violet) peak shifts in
energy closer to 2.8 eV when Fe-implanted ZnO/(glass) is annealed at 725 and 800 °C.

This feature is attributed to a transition from neutral oxygen vacancies [146].
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Figure 7.33  Photoluminescence spectra, collected at ~10 K, of ZnO nanotips grown
on glass, implanted with Fe, and annealed as indicated in the figure in O, flowing at
25 scem.
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The near-band-edge luminescence in ZnO/(glass) is not recovered by any of the
annealing conditions used in this experiment. From the sample annealed at 675 °C
for 20 minutes, it is apparent that even longer annealing time does not necessarily im-
prove implant damage recovery. The fact that there were no annealing conditions for
which implantation damage was recovered suggests that Fe was not well-incorporated
into the ZnO nanotips. The lack of Fe incorporation along with the SQUID measure-
ments discussed above leads to the conclusion that the magnetic properties of this
material are a result of background properties and do not arise from interaction of

the implanted Fe with the host semiconductor.

7.4 Conclusions
7.4.1 General Conclusions

As a group, ZnO nanotips perform worse than their thin-film counterparts.
There are several reasons why this may occur discussed below, but only one of them

rules out the use of ZnO nanotips as a DMS material.

One reason for the generally poorer performance of ZnO nanotips may be their
increased sensitivity to annealing conditions. In ZnO nanotip samples, where the ratio
of surface area to crystal volume is very high, annealing conditions will play a larger
role. The additional surface area can allow oxygen to escape the crystal lattice. It
could also allow repair of native or ion-implantation-induced oxygen vacancies in the
lattice when annealing takes place in a pure oxygen environment (as is the case in this
work). Further research into which mechanism is dominant would allow the design of
an experiment that limits damage or maximizes enhancement of crystal quality using

annealing conditions.

Second may be the more extreme dilution, perhaps below some critical level,
of the implanted transition metal (TM). Because TMs implanted into ZnO nanotips
end up well distributed across the entire volume of the semiconductor material [45],

the concentration is far less than the peak concentration just below the surface of
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TM-implanted thin films. If there is a minimum concentration of the TM that must
be present in order to make the semiconductor exhibit magnetic coordination, then
the TM concentration in ZnO nanotips may be too low for ferromagnetic behavior.
An experiment involving a higher implantation dose would reveal whether TM con-

centration is a limiting factor in this material.

Third could be the lack of coordination between implanted TMs to allow for
magnetic ordering. The physical separation of ZnO nanotips will not allow coordina-
tion between the TMs implanted to cause ferromagnetism in the samples. If magnetic
ordering is necessary over a longer range than ~50 nm, then ZnO nanotips will not
facilitate DMS behavior. It is doubtful that this is the case because of the short range
of most magnetic effects in semiconductors and the bulk-like behavior observed in PL

characterizations.

7.4.2  Specific Findings

One of the most promising materials found in this research is ZnO nanotips
grown on c-Al,O3, doped with Fe, and annealed at 700 °C for 20 minutes. This
material showed a coercive field width (H.) of 317 Oe at 5 K and 209 Oe at 300 K.
The remanent fields (Bgs) in this material are 19 and 12% of saturation magnetization
(Mg) for measurements made at 5 and 300 K, respectively. Annealing at 700 °C for
20 minutes also produces the greatest separation and low-temperature tracking in

temperature-dependent measurements on Fe-implanted ZnO nanotips grown on c-

Al Os.

The ZnO nanotips grown on quartz and implanted with Fe or Mn show signs of
ferromagnetism, but neither are consistent. In Fe-implanted ZnO/(quartz), H. values
of 452 and 396 Oe for 5- and 300-K measurements, respectively, occur when the sample
is annealed at 650 °C for 10 minutes. This annealing condition also produces Bgs of
24 and 20% at 5 and 300 K, respectively. The inconsistency alluded to occurs because
similar values are obtained from the sample annealed at 800 °C for 10 minutes, but

lower values are obtained for the samples annealed at temperatures between 650 and
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800 °C. The Mn-implanted ZnO/(quartz) show signs of ferromagnetism in variable
field measurements with H.s of 344 Oe (5 K) and 267 Oe (300 K) and Bgs of ~27% of
Mg at both 5 and 300 K. Unfortunately, in both Fe- and Mn-implanted ZnO/(quartz),
the temperature-dependent magnetization measurements do not confirm the findings

of the variable field measurements.

The ZnO nanotips also produced two of the least useful materials, from a DMS
device perspective, seen in this work. The ZnO nanotips grown on ¢-Al;O3 and im-
planted with Mn showed superparamagnetism (clear saturation, but little hysteretic
separation) resulting from the dominance of a spin-glass phase across the range of
annealing conditions. The Fe-implanted ZnO nanotips grown on glass were the most

purely paramagnetic (at 5 K) and diamagnetic (at 300 K) samples seen in this work.

Nanotips will continue to play a role in DMS research. The reasons for this
include their ease of growth, uniformity of implanted dopant concentration, and po-
tential application in devices where electrical isolation is desired in a DMS. Further
work with this material should involve a more comprehensive search for optimal im-

plantation and annealing conditions.
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VIII. Conclusions

8.1 Summary of Results

The goal of this research is to fabricate dilute magnetic semiconductor (DMS)
material by implanting a variety of transition metals into wide bandgap semicon-
ductors. The wide bandgap semiconductors used were p-GaN, Al 35GaggsN, ZnO
thin films and ZnO nanotips grown on quartz, sapphire, and glass, and the transition
metals implanted were Mn, Cr, Ni, and Fe. Through magnetic hysteresis measure-
ments using superconducting quantum interference device (SQUID) magnetometry,
it has been found that some of the material combinations clearly showed strong ferro-
magnetism, others showed marginal evidence of ferromagnetism, and several did not
demonstrate ferromagnetism at all, rather they were superparamagnetic or diamag-
netic. The experiments accomplished in connection with this research show that there
are a variety of options available for implantation-based fabrication of DMS material
with ferromagnetism persisting to room temperature. Among the various measured
samples, the most promising materials for creating spintronic devices using ion im-
plantation are Mn-implanted p-GaN, Cr-implanted Aly35GagesN, and Fe-implanted
Zn0O nanotips grown on sapphire. In these three cases, the implantation of a transition
metal and subsequent annealing produce signatures of above room temperature fer-
romagnetism that far outstrip any signs seen in the as-grown samples. The optimum
anneal temperatures found in these samples were also confirmed by photolumines-

cence (PL) or cathodoluminescence (CL) measurements.

The specific findings from this work are as follows.

1. In Mn-implanted p-GaN, a coercive field width (H.) as high as 468 Oe and a
remanent field (Bg) over 20% of the saturation magnetization (Mg) of 1.75 x
107° emu were achieved at 5 K for the sample implanted at 200 keV with a dose
of 5 x 1016 % and annealed at an optimum annealing temperature of 725 °C
for 5 minutes in flowing nitrogen gas (N3). The ferromagnetism of this sample

persisted with H, and By values of 186 Oe and 11% of the Mg of 3.2 x 107° emu,
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respectively, at room temperature, and the the Curie temperature (T¢) is es-
timated to be above 350 K. The ferromagnetic dilute mangetic semiconductor
behavior has been confirmed by the temperature-dependent field-cooled (FC)

and zero-field-cooled (ZFC) magnetization measurements made on this sample.

. For Cr-implanted Alj 35Gagg5N, coercive fields of 414 and 249 Oe were obtained
through magnetic hysteresis measurements at 5 and 300 K, respectively, on a
sample implanted with 5x 106 22 at 200 keV and annealed at an optimal anneal
temperature of 775 °C for 5 minutes in flowing Ny. The remanent field also
remained greater than 20% of the Mg of 107 and 6 x 10™° emu at 5 and 300 K,
respectively, and T for this sample is estimated at or just above 350 K for this
sample. FC and ZFC magnetization measurements of this sample also confirm

the presence of DMS-based ferromagnetism persisting to room temperature.

. Fe-implanted ZnO nanotips grown on c-Al;O3 showed coercive field widths of
317 Oe at 5 K and 209 Oe at 300 K for the sample implanted at 200 keV to a
dose of 5 x 1016 L‘% and annealed under optimal annealing conditions of 700 °C
for 20 minutes in flowing oxygen gas (O3). The remanent fields in this material
are 19 and 12% of Mg (7.1 and 2.3 x107° emu) for measurements made at 5
and 300 K, respectively. Temperature-dependent magnetization measurements
confirm that this material demonstrates ferromagnetism consistent with that
expected from a dilute magnetic semiconductor of good quality. T¢ for this

material is believed to be above 350 K.

. Mn-implanted Alg 35GaggsN showed H, of 409 and 199 Oe at measurement tem-
peratures of 5 and 300 K, respectively, when implanted at 200 keV to a dose
of 5 x 10" and annealed at 775 °C in flowing nitrogen. Bpg values at 5
and 300 K were 14 x 1075 and 7 x 10~¢ emu, respectively, for this sample. Al-
though the temperature-dependent magnetization measurements show signs of
ferromagnetism, they also indicate that there may be a weak spin-glass phase
present in the material. Therefore, further study is necessary to determine the

nature and usefulness of this material from a spintronic perspective.
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5. Several other cases show signs of ferromagnetism and in fact demonstrate in-
creased ferromagnetism over the as-grown and as-implanted samples, but they
are not as convincing as the most promising samples. They do not demonstrate
a clear trend of coercive or remanent field strength as a function of anneal-
ing temperature, and thus show no optimum annealing temperature. However,

these materials have potential for use in DMS-based devices. They include

(a) Cr-implanted p-GaN: This has maxima in H, at each end of the range of
annealing temperatures (650 — 775 °C) and Br maxima occur at different
anneal temperatures of 750 and 700 °C for 5 and 300 K measurements,

respectively.

(b) Fe-implanted ZnO nanotips grown on quartz: The highest coercive and
remanent fields occur at both ends of the annealing temperature range
of 650 to 800 °C with lower values at temperatures between these. The
temperature-dependent magnetization also shows variable separation be-
tween FC and ZFC magnetization that does not seem to be sensitive to

annealing conditions.

(¢) Mn-implanted ZnO nanotips grown on quartz: They show coercive and re-
manent field maxima at both 5 K and room temperature when the sample
is annealed at 750 °C for 10 minutes. Unfortunately, this sample shows lit-
tle FC-ZFC separation, indicating that the observed ferromagnetism may

be due to background effects rather than arising from the ZnO nanotips.

A more detailed description of magnetization behavior in the materials discussed

above is provided in Appendix C.

6. The following samples show signs of ferromagnetism, but slow onset of satura-
tion or low Mg values prevent meaningful determination and comparison of the
strength of ferromagnetism among samples annealed at various temperatures.

These samples can be characterized as ferromagnetic, but engineering DMS-
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based devices with these materials will be impeded by the lack of useable H,

and By values and the variability in Mg.

(a)

Alg.35Gag.gsN implanted with Ni at 200 keV to a dose of 3 x 1016 225 This
material shows hysteretic behavior, but accurate coercive and remanent
fields cannot be determined due to low magnetic saturation values in the

725 to 750 °C annealing temperature range.

The second epitaxial ZnO wafer implanted with Mn: This material shows
hysteresis and FC-ZFC magnetization separation that exceed those seen
in the as-grown sample, but these phenomena do not occur at the same

annealing temperature.
The ZnO thin film implanted with Cr: Background diamagnetism distorts

the hysteresis loop of the samples annealed at 675 and 700 °C so that

accurate H. and Bpr values cannot be determined.

More detailed magnetization information concerning these samples is available

in Appendix C.

. The following samples showed signs of ferromagnetism that were not consistent

across the different indicators of ferromagnetism in that an annealing condition

that produces a strong coercive field is the same condition that gives the weakest

remanent field or FC-ZFC divergence. This is a signal that these materials are

not useful for DMS device fabrication under the conditions used in this work.

(a)

Ni-implanted p-GaN: Annealing this material at 725 °C produces a strong
coercive field and wide FC—ZFC separation, but there is also divergence at
low temperature between FC and ZFC magnetization, which indicates the

possible presence of a spin-glass phase.

Zn0 from the first epitaxial growth implanted with Mn: In this material,
the sample annealed at 675 °C for 20 minutes is the only one with signifi-
cant FC-ZFC separation, but it shows the weakest coercive and remanent

fields.



()

ZnO implanted with Ni to a dose of 3 x 106 %: This material, while
some annealing conditions produce respectable coercive and remanent field
values, does not show any trending of these numbers as a function of
annealing temperature, which suggests that the ferromagnetism present

may arise from something other than incorporation of the implanted Ni

into the ZnO crystal lattice.

Appendix C provides further detail concerning the magnetization data gathered

for these samples.

. The following samples did not show indications of magnetic ordering. One

showed only linear magnetic properties (diamagnetism and paramagnetism) and

two others showed superparamagnetism (saturation without hysteretic separa-

tion), which most likely results from the presence of a spin-glass phase where

magnetic ordering is “frozen” in a non-equilibrium configuration at low temper-

atures. These materials do not have properties that are useful for fabricating a

room-temperature DMS-based device.

(a)

ZnO nanotips grown on sapphire and implanted with Mn to a level of
5% 10" 122 show mostly spin-glass behavior, and only the sample annealed

at 750 °C for 10 minutes shows hysteretic separation at low temperature.

The epitaxial ZnO from the first growth that is implanted with Fe to a level
of 5x 106 % shows divergence of FC and ZFC magnetization curves at low
temperature confirming that this material contains a spin-glass magnetic

phase which dominates any ferromagnetism that might be present.

The sample in which ferromagnetism is most glaringly absent is the ZnO
nanotips grown on glass and implanted with Fe to level of 5 x 106 %
Because the paramagnetic background is so dominant at low temperatures,
values of H, and By for these samples are meaningless. Temperature-

dependent magnetization measurements confirm that this sample does not
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demonstrate magnetic ordering by the lack of separation between FC and

ZFC magnetization for all annealing conditions.

More detailed information concerning the magnetic behavior of these samples

is provided in Appendix C.

All the results described above lead to the conclusion that DMS-type ferromag-
netism is possible in TM-implanted wide-bandgap semiconductors. Although there
are certain pitfalls and some materials that show a lack of ordering, based on the
results of this research, materials can be fabricated with reasonable effort that will

allow spintronic devices to be realized.

For those attempting to find a workable theory of magnetic ordering in dilute
magnetic semiconductors, one of the most germane discoveries in this work involves
the sensitivity of ferromagnetism to the quality of the semiconductor crystal. While
intuitively obvious and long expected to be a factor in DMS fabrication, the de-
pendence of ferromagnetism on crystal quality is scarcely reported in the sort of
head-to-head test conducted in this research. The comparative experiment involves
Mn being implanted at the same dose (5 x 10' %) into ZnO thin films grown by
the same method in the same growth chamber at different times. The higher quality
crystal (grown later, which lends the advantages of a less contaminated growth cham-

ber and a more experienced crystal grower) shows more consistency across annealing

conditions and behavior commensurate with the presence of ferromagnetic ordering.

Another unexpected finding is the enhanced dependence of ferromagnetism on
annealing time found in ZnO nanotips. The sensitivity is explained by the increased
surface area of the ZnO nanotips, and hence the increased exposure to the Oy gas

environment in the annealing furnace.

Notwithstanding certain inconsistencies and unexpected results, the preponder-
ance of this work shows that ion implantation of transition metals into wide-bandgap
semiconductors is a viable process for fabricating DMS material. Although scattered

reports of successful DMS fabrication by transition metal implantation have been
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made, this work shows the broad effectiveness of this method for creating DMS ma-
terial. As progress is made toward realizing practical spintronic devices, the work
reported in this document will be useful for determining material combinations and

implantation conditions that will yield the needed materials.

8.2 Future Work
8.2.1 Devices
8.2.1.1 Spin-LED

Transition metal (TM) ions implanted at 200 keV have a peak concentration
in ZnO and GaN approximately 100 nm below the surface of the host semiconduc-
tor. A p-n junction formed by doping during crystal growth and placed 175-200 um
below the surface of the semiconductor would allow radiative recombination of car-
riers injected through the magnetically active layer formed by TM implantation and
subsequent annealing. This would result in a device similar to those discussed in sec-
tion 2.2.1 and depicted in figure 2.4. If sp-d hybridization is present the in TM-doped
region, electroluminescence from such a device could be analyzed for preferential cir-
cular polarization, which would indicate injection of spin polarized carriers. This is
similar to the magneto-optical experiment described in section 8.2.2.1, and analysis
of the resultant radiation would be identical. Spin-LEDs provide another method of
testing for sp-d hybridization in DMS materials. Additionally, these devices could be

used as integrated polarized light emitters and detectors with low power consumption.

8.2.1.2 Spin-Transitor

The ability to modulate a spin-polarized current is essential to using spintronic
devices for computing. The seminal theoretical work in spin-based transistors was
contributed by Datta and Das [23]. The structure of their proposed device, which uti-

lizes a narrow-bandgap semiconductor and Fe contacts, is illustrated in figure 8.1(a).

A similar device could be constructed using the DMS materials reported in this

research. The device could consist of a GaN/AlGaN heterojunction where portions
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Figure 8.1  Schematics of a proposed structures for utilizing electron spin to mod-
ulate current output. (a) The device proposed by Datta and Das [23]. (b) A similar
device using wide-bandgap semiconductors and fabricated using ion implantation.

of the material are doped with transition metals and made ferromagnetic so that
they are able “to preferentially inject and detect specific spin orientations” [23]. The

proposed structure for such a device is shown in figure 8.1(b).

The device structure depicted in figure 8.1(b) is enabled by ion implantation

because of the lateral control available using this technique. A device fabricated as
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shown in figure 8.1(b) has several advantages over the type pictured in figure 8.1(a).
First, the lack of a metal-semiconductor junction at the point of polarized electron
injection allows for a greater degree of spin polarization [104]. Second, the device
proposed in figure 8.1(b) can be fabricated without the necessity for etching, which
ensures higher quality material as well as easing the deposition of contacts because
the surface is kept planar. These advantages warrant an investigation of spintronic

transistors fabricated using ion implantation techniques.

8.2.2  Further Characterization
8.2.2.1 Magnetic Circular Dichroism (MCD)

One tool that is available to determine whether the magnetic properties of a
given DMS candidate result in meaningful effects on the semiconductor’s electronic
structure is MCD. The experiment is similar to photoluminescence (PL), but the sam-
ple is subjected to a magnetic field during measurement and the radiation emanating
from the sample is analyzed to determine whether it is polarized preferentially toward
right- or left-circular polarization. Interaction between the d-shells of the implanted
TM and the conduction or valence band should produce an energetically preferred
spin state in the DMS. Carrier annihilation from the two spin states cause light to
be emitted in the opposite senses of circular polarization. If there is a preferred spin
state, then one of the senses of circular polarization will dominate and circular dichro-
ism will be apparent. Preparations for MCD experiments are being made and the

materials reported in this work will be characterized in this way.

The MCD experiment involves applying a magnetic field to a sample and then
exciting it with above-bandgap radiation. A photoelastic modulator will be used to
convert one sense and then the other of circular polarization into linearly polarized
light aligned with a linear polarization analyzer. The analyzer output will be pro-
cessed by a spectrometer to determine the difference in right- and left-hand circular
polarization at each step across a range of wavelengths. A difference in the intensity

of radiation, particularly near the band edge, indicates that the optically-injected
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carriers in the material have a preferential spin polarization. A difference in MCD
measurements between transition-metal-doped and as-grown semiconductors will al-
low the spin polarization to be attributed to the interaction of charge carriers in the

material with the d-shells of the implanted transition metal.

8.2.2.2  Carrier-Dependent Magnetization

In order to examine the effects of carrier type and concentration on magnetic
ordering in semiconductors, an experiment should be constructed in which magneti-
zation is measured as a function of these parameters. Such an experiment would be
conducted by injecting either free electrons or holes into the material and measuring

any resulting change in the magnetic moment emanating from the sample.

The best candidate device for testing carrier-dependent magnetization is a
metal-insulator—semiconductor (MIS) diode. The MIS diode offers several advan-
tages: there is no current flow, so carrier movement will not cause false magnetic
measurements, and the contacts need not be ohmic, so a non-magnetic metal can be
used without compromising performance. The device could be fabricated by implant-
ing a lightly p- or n-doped wide bandgap semiconductor with a transition metal and
annealing under conditions that will produce magnetic behavior. The magnetic mo-
ment present in the sample can then be measured with the free carriers present (zero
bias) and with a depletion region enveloping the TM-implanted region. The experi-
ment could also be accomplished over a range of temperatures to determine the effect
of carrier freeze out and whether there exists a point of diminishing returns where
additional free carriers cease to enhance magnetic ordering. Energy band diagrams
of the proposed MIS diodes are presented in figure 8.2 to illustrate the presence of

free holes or electrons in the TM-implanted region.

8.2.2.83 Characterize Background Diamagnetism

In order to understand the nature and causes of the background diamagnetism

of most of the samples studied in this work, an attempt can be made to remove it by
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Figure 8.2  Real space energy band diagrams of metal-insulator-semiconductor
diodes that could be used to test the carrier dependence of magnetic ordering in
transition-metal-implanted semiconductors. Presented are an n-type device with (a)
no gate bias and (b) a large negative gate bias. A p-type device is also illustrated
with (c¢) no gate bias and (d) a large positive gate bias.

annealing prior to TM implantation. To this end, one could anneal p-GaN, AlGaN,
or ZnO at high temperatures before ion implantation. An initial study should be
made in which portions of the as-grown samples of p-GaN and Al 35GaggsN used in
this work are annealed and then characterized using SQUID magnetometry to find
the annealing conditions which remove background diamagnetism most effectively. If
annealing conditions are found that effectively remove the diamagnetic background, a

wafer of the same material could then be annealed under these conditions after growth
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and before ion implantation. Removal of the diamagnetic background will allow better
characterization of magnetic properties of the semiconductor after transition metal

implantation.

8.2.3 Dopant Distribution Uniformity in Nanotips

Ion implantation of ZnO nanotips leads to uniform distribution of the implanted
species throughout the semiconductor [45]. This is advantageous because it avoids
variability in composition and concentration gradients of the material. There are two

ways in which these advantages can be leveraged.

8.2.3.1 Determine Optimal Dopant Concentration

Nanotips of ZnO (and other materials such as p-GaN if desired) can be im-
planted with TMs at various doses in an attempt to find an optimum doping level
for producing ferromagnetism. In TM-implanted thin films, there are a variety of
concentrations of the implanted species present, so it is difficult to determine exactly
what concentration is optimal. In nanotips, the uniform dopant concentration result-
ing from ion implantation allows for magnetic measurements of a single concentration
in a specific semiconductor. This information will allow persons interested in spin-
tronic device fabrication to choose a TM concentration that will maximize magnetic

properties that are desirable for their devices.

8.2.3.2  ZnO Nanotip Recrystallization

The uniform dopant distribution in ZnO nanotips could also be used to produce
thin films with a uniform TM distribution. ZnO nanotips tend to melt together and
form a film after annealing at temperatures of 800 °C and higher. If this melting
and merging can be controlled in a way that will allow a monocrystalline thin film
to form, then this technique may prove to be an efficient method of forming DMS
material with precisely controlled dopant concentration. The problems surrounding
this fabrication method may, however, prove intractable. High-temperature annealing

tends to cause clustering of the implanted TM as well as increasing vacancies of the
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anions in wide-bandgap semiconductors. The tendency of the melting ZnO nanotips
to form a single crystal is another unknown—the conditions required to induce crystal
ordering may be impractical, inefficient, or non-existent. Despite these difficulties,
the utility of this method may be great enough, especially where DMS-based devices

are concerned, to justify at least a preliminary study into its efficacy.

8.2.4 Materials Warranting Further Investigation

Because of the poor crystal quality evident in the epitaxial ZnO wafer into
which Fe ions were implanted, determination of the viability of ZnO:Fe as a DMS was
not conclusive. The Mn-implanted ZnO proved to be sensitive to crystal quality and
showed signs of ferromagnetism when Mn was implanted into a ZnO wafer of higher
quality. The same improvement of ferromagnetic properties is likely to be observed
if Fe is implanted into a higher-quality ZnO thin film. Based on the results in ZnO
nanotips, it will be worthwhile to implant Fe into epitaxial ZnO. It may also be

worthwhile to implant Fe ions into GaN or AlGaN.

Mn-implanted Alg35GagesN showed clear signs of ferromagnetism when an-
nealed at 775 °C for 5 minutes. This material also showed evidence of a spin-glass
phase in temperature-dependent magnetization measurements. The ferromagnetic
properties of the semiconductor suggest that it will prove useful in spintronic device
fabrication, but a determination must be made concerning how well such a device can
work in the presence of a competing spin-glass phase. This material provides a good
opportunity to make such a determination. Furthermore, future work should address

ways to control and limit the formation of the undesired spin-glass phase.

The Cr-implanted p-GaN, and the Mn- and Fe-implanted ZnO nanotips grown
on quartz show magnetic saturation and hysteresis in variable field measurements that
is indicative of ferromagnetism. These samples also show signs of ferromagnetism in
temperature-dependent magnetization measurements. However, a clear trend in these

properties as a function of annealing temperature is not detected. This suggests that
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these materials are capable of producing a ferromagnetic DMS, but that more study is

needed to determine the optimal conditions to bring this about with high regularity.

8.3 Finale

Spintronics promise to improve the state of current computation and sensor
technology. Whether this improvement is evolutionary in the form of non-volatile
memory and faster clock speeds or revolutionary in the form of quantum computing,
this technology will be built upon dilute magnetic semiconductors that are useable
at room temperature. This work was undertaken to test a cost-effective and precise
method for fabricating these materials and has proven that ion implantation is a
viable method for producing ferromagnetism in wide-bandgap semiconductors. Ion
implantation lends itself especially well to device fabrication and will be key to the
practical implementation of spintronic devices in the future. The preponderance of
the evidence presented in this document shows that DMS material with magnetism
persisting to room temperature can be fabricated by implanting transition metal ions

into wide-bandgap semiconductors.
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Appendiz A. Prior FExperimental and Theoretical Results for GalN

and ZnO Doped with Transition Metals

Table A.1 shows materials and dopants that have been investigated both theoretically

and experimentally as wide-bandgap DMSs. This table is presented to provide the

reader a sense of the amount of research performed on each material system. The

quality and results of the experimental research cited in table A.1 are discussed in

section A.2 and are the basis for the prioritization of materials and dopants for this

research. Note that if there is no citation in table A.1 or mention in section A.l

or section A.2, then there is currently no theoretical or experimental report in the

literature for that particular combination of material and dopant.

Table A.1

Materials and transition metal dopants reported in literature (as cited

in the appropriate block) for useful properties as a DMS.

Material
’ Dopant ZnO GaN
Scandium (Sc) 5]
Titanium (Ti) 5]
Theoretical [100]
Vanadium (V) [5,99,120] [62]
Theoretical [100,131]
Chromium  (Cr) [5,47,102,120,128| [43,62,85, 147
Theoretical [100,131]
Manganese (Mn) 5,20,36,37,47,50] [4,59,63,83,94,95,111-113,116]
53,103,120, 128, 142] (117,123,125, 126, 144, 145]
Theoretical Theoretical
[28-30, 100,101, 131] 28,30, 34, 131]
Tron (Fe) 21,42, 47, 142] [1,59,63, 124, 126]
Theoretical [100,101,131] Theoretical [34]
Cobalt (Co) | 5,21,47,54, 61,97, 120, 128, 142] [62]
Theoretical [100,101,131]
Nickel (ND) [5,120, 128, 134]
Theoretical [100,101]
Copper (Cu) [5,42]

Theoretical [100]




A.1 Theoretical Calculations

Calculations have been made to determine the propensity of certain transition
metal dopants to cause room-temperature ferromagnetism in ZnO and GaN. The
following sections briefly summarize the results of those calculations as well as any

notable features or assumptions of the calculations themselves.

A.1.1 Zinc Oxide Theoretical Calculations

Titanium: Sato and Katayama-Yoshida report the results of ab initio calculations
using the local density approximation. They assumed a transition metal doping
of 25 at.% and determined the propensity for ferromagnetism based on which
alignment, ferromagnetic (FM) or antiferromagnetic (AFM), between neighbor-
ing cells yielded the lowest system energy. According to their calculations, Ti
did not show a preference for either state or a magnetic moment, so one would

expect paramagnetic behavior [100].

Vanadium: In the case of V, Sato and Katayama-Yoshida report the largest energy
preferences for ferromagnetic state of any of the transition metals for which

calculations were performed [100].

Uspenskii et al. also performed ab initio calculations concerning the
energy-related preference of a DMS to be ordered either ferromagnetically or
antiferromagnetically. They used the tight binding approximation to calculate
the local spin density approximation (LSDA) for a 64 atom supercell. These
calculations were performed for Zn;_,V,O (z = 0.03,0.06,0.125,0.25), but
results were only reported for the x = 0.125 case, with no mention of discrep-
ancies for the other cases. In the case of Zngg75V(.1250 ferromagnetic ordering

was predicted to be the lowest energy configuration [131].

Chromium: Sato and Katayama-Yoshida also reported an energy preference for

ferromagnetic ordering in Zn; ,Cr,O (z = 0.25) [100].



In the case of Cr-doped ZnO, Uspenskii et al. found the preferred mag-
netic ordering to be ferromagnetic. In the case reported, where transition metals
comprised 12.5 at. % of the supercell, they calculated the greatest energy pref-

erence for ferromagnetism in the Cr-doped case [131].

Manganese: The most detailed calculation reported by Sato and Katayama-Yoshida
was for the case of Zn;_,Mn,O. They noted that without any carrier doping
or with electron doping (gallium (Ga) substituted on zinc (Zn) sites), the low-
est energy state involved antiferromagnetic ordering was preferred. However,
they also noted that hole doping (nitrogen (N) substituted on oxygen (O) sites)
caused stabilization in the ferromagnetic state [100]. These calculations are
confirmed in their later work for Zn;_,Mn,O (z = 0.05, 0.10, 0.15, 0.20, 0.25)
by the same calculation methods [101].

Uspenskii et al. also reported a ground state preference for antiferro-

magnetic ordering for the case of Zngg7sMng 1250 [131].

Dietl et al. have performed several calculations concerning Mn-doped
Zn0O. The first, using the Zener Model, predicts room temperature ferromag-
netic ordering for ZnggsMng 50 doped to contain 3.5 x 1020%‘? [28]. These
calculations are also cited along with predictions of T, which only Dietl seems

to publish, in other articles [29, 30].

Iron: The ab initio calculations of Sato and Katayama-Yoshida also showed an
energy preference for ferromagnetic ordering in Zn;_,Fe,O (z = 0.25) [100].
This calculation was later expanded to confirm the results for Zn;_,Fe,O (z =
0.05 — 0.25). This expanded report of their results also showed increasing pref-
erence for ferromagnetic ordering as Ga doping was increased up to 25% sub-
stitution on Zn lattice sites. Finally, they also showed that a spin-glass state is
induced with light hole doping. However, in the Zng g5Feq 050 and Zng goFeq 100,
the ground state reverts to ferromagnetic ordering with N concentrations above

10% [101].



The LSDA calculations of Uspenskii et al. agree that ferromagnetic or-

dering yields the lowest energy configuration for Zng gz5Feg 1250 [131].

Cobalt: Again, Sato and Katayama-Yoshida find that the ground state of Zn;_,Co,O
(x = 0.25) is ordered ferromagnetically [100]. These results are confirmed and
expanded for x = 0.05 — 0.25 and the energy preference for ferromagnetism
increases with electron doping. In the case of Zn;_,Co,O the spin-glass state is
not the lower energy state until a N concentration greater than 5% is reached

at all levels of Co doping [101].

Uspenskii et al. obtained similar results for Zng g75C00.1250 finding that

ferromagnetic ordering is the lower energy state.

Nickel: According to Sato and Katayama-Yoshida, Zn;_,Ni,O (z = 0.25) was sec-
ond only to V in its energy preference for ferromagnetic ordering [100]. Their
later calculations confirm this result and show that ferromagnetic ordering be-
comes more preferred with increasing electron concentration up to about 10%
Ga substitution on Zn sites in Zn;_,Ni,O (z = 0.05 — 0.25). With increasing
hole concentration only Zngg5Nig 050 falls into the spin-glass state before hole

(N) concentration rises above 5% [101].

Copper: Just as with Ti, Sato and Katayama-Yoshida predicted no preference of
ordering for Zng 75Cug.250. Again, this implies that one would expect paramag-

netic behavior rather than any sort of magnetic ordering [100].

A.1.1.1 Gallium Nitride Theoretical Calculations

Manganese: Uspenskii et al. report LSDA calculations using the tight binding
approximation for GaggsMnggsN. The results show a strong preference for fer-
romagnetic ordering in this compound and the energy difference between ferro-
magnetic and antiferromagnetic ordering that they calculate qualitatively agrees
with a reported T of 940 K [117]. They also calculated that co-doping GaN
with Mn and O to add electrons results in an energy preference for antiferro-

magnetic ordering in Gao'ggMH0.0GOO.(mN [131]
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Dietl et al. have used the Zener Model to calculate ordering preference
and T¢ for GagesMng ;N with 3.5 x 102029 These calculations showed that

p-type Gag.gsMng o5N should have a T¢ well above room temperature [28,30].

The linear muffin-tin orbital-tight binding (LMTO-TB) method of cal-
culation was employed by Fong et al. to determine whether (Ga,Mn)N would
demonstrate magnetic properties. They found that when substituted for Ga

atoms, Mn atoms do prefer ferromagnetic alignment [34].

Iron: Fong et al. performed the same LMTO-TB calculations for Fe-doped GaN.
Their results were similar with the prediction that Fe substituting on Ga sites

would cause an even greater magnetic moment than Mn substitution [34].

A.2  Summary of Experimental Results

The transition metals listed below and noted in table A.1 have been used as
dopants in ZnO and GaN to attempt to induce magnetic behavior. Each section de-
tails the available results along with growth methods and characterization techniques

(details concerning these techniques are given in Chapter I1I).

A.2.1 Zinc Oxide FExperimental Results

Scandium and Titanium: Ando et al. performed an experiment whereby pulsed
laser deposition (PLD) was used to grow Zn;_,Sc,O (z = 0.026) and Zn;_,Ti,0
(x = 0.016). The resulting films were characterized by measurements of their
spectra of magnetic circular dichroism (MCD). The experiments showed “[njo
enhancement of the MCD amplitude as compared with that of ZnO” for Zn;_,Sc,O
and Zn;_,Ti,O [5].

Vanadium: Ando et al. repeated the experiment detailed above for Sc and Ti using
V as the magnetic dopant. Their results were similar: no enhancement of the

MCD amplitude for Zn;_,V,O (z = 0.016) [5].

Saeki et al. also fabricated Zn;_,V,O by PLD. They used much higher

concentrations of Vanadium (z = 0.05 — 0.15) and varied the concentration
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to determine the effect of V concentration on magnetic behavior. Magnetic
properties were measured using a SQUID magnetometer. The magnetometer
revealed positive magnetization signals up to 350 K in the most heavily doped
conductive material. Incidentally, the ZnO films were all n-type [99]. This
research group at Osaka University also produced p-type V-doped ZnO films
by growing material in an excited Ny atmosphere. These films showed similar

results: ferromagnetic properties were stronger with increasing V concentration

and T¢ s above 350 K [120].

Chromium: Ando et al. fabricated films of Zn;_,Cr,O (z = 0.012), but again
found no increase in the amplitude of the MCD signal [5].

Although their experiments with V showed ferromagnetic behavior, Tabata
et al. found that the Zn;_,Cr,O (z = 0.05 — 0.15) they grew did not exhibit
ferromagnetic behavior [120].

43

Jin et al. grew Zn;_,Cr,O samples “with different doping concentra-
tions” by combinatorial laser molecular beam epitaxy (CLMBE) [47]. The
samples were characterized by magnetic resonance (MR). Positive MR was ob-
served for Cr-doped ZnO, which indicates strong s-d exchange coupling causing

spin splitting. They concluded, however, that this was not an indication of

ferromagnetism [47].

Ueda et al. grew Zn;_,Cr,O (x = 0.05—0.25) by PLD. The material was
made n-type by co-doping with aluminum (Al). Magnetic properties were mea-
sured by SQUID magnetometry, but Zn;_,Cr,O failed to exhibit ferromagnetic
behavior [128].

Satoh and Kobayashi also grew n-type Zn;_,Cr,O (xz = 0.3) by PLD.
Magnetic measurements were made using a SQUID magnetometer, and showed
that magnetization persists to temperatures above 400 K in the more conductive

samples [102].



Manganese: In their growth of Zn;_,Mn,O (z = 0.010), Ando et al. a sizeable
MCD peak near the bandgap energy of ZnO (3.4 eV). This result indicates
strong sp-d exchange interactions, which means that the material is a DMS.
This characteristic was present at 5 K, but data concerning higher temperatures

was absent for the Mn-doped sample [5].

The PLD-grown films of Tabata et al. did not show ferromagnetic be-
havior when doped with Mn for x = 0.05 — 0.25 [120]. Ueda et al. reported a

lack of ferromagnetism for a very similar material [128].

Similarly, Jin et al. did not observe ferromagnetism in Zn;_,Mn,O with

unspecified doping concentrations despite positive MR readings [47].

Early work by Fukumura et al. grew films of Zn;_,Mn,O (z < 0.35)
co-doped with Al. The only magnetic measurements made on these films were
MR measurements, which revealed “spin splitting enhanced by s-d exchange
interaction” [37]. The article stopped short of making any claims concerning
ferromagnetic ordering in the material. Later work by Fukumura et al. used
SQUID magnetometry to evaluate a film of Zn;_,Mn,O (x = 0.36). This p-

type Zn;_,Mn,O film did show a strong antiferromagnetic interaction [36].

Yoon et al. produced polycrystalline powders of Zn;_,Mn,O (z = 0.05,0.10)
by both solid-state and liquid-phase reactions. Magnetization was measured
using a SQUID magnetometer. The result was a demonstration of antiferro-

magnetic ordering at low temperatures [142].

Cheng and Chien report the growth of Zn;_,Mn,O (x = 0.07) film by
radio freqency (RF) magnetron sputtering. They used SQUID magnetometry
to determine magnetic characteristics, but found no magnetic ordering—only

paramagnetic behavior-even at temperatures as low as 5 K [20].

Sawicki et al. report measurements made with their self-constructed
SQUID system on films of n-type (Al-doped) Zn;_,Mn,O (x = 0.07). The au-

thors conclude that the paramagnetic behavior exhibited is the result of com-
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pensating ferromagnetic and antiferromagnetic ordering at temperatures below

liquid helium (LHe) [103].

Jung et al. report the growth of Zn; ,Mn,O (z = 0.1,0.3) by laser
molecular beam epitaxy (LMBE). The films were not co-doped with acceptors
or donors resulting in insulating electrical properties. The magnetic properties
of the films were measured by SQUID magnetometry and T s of 30 K and
45 K were observed for Zn;_,Mn,O with z = 0.1 and x = 0.3, respectively.
A pronounced hysteresis curve was also observed at 5 K for both concentra-
tions, although more pronounced for the more heavily Mn-doped sample, which

indicates ferromagnetic behavior in this DMS [50].

D. S. Kim et al. from Dongguk University recently reported the growth
of Zn;_,Mn,O (z = 0.04,0.07) films by RF magnetron sputtering. Magnetic
properties were measured using a SQUID magnetometer. A magnetic hysteresis
curve is observed for the Zn;_,Mn,O (z = 0.07) film at 5 K and a T¢ of 70 K
is observed for this film. The Zn;_,Mn,O (x = 0.04) film showed a lower T¢ of
55 K [53)].

Iron: Jin et al. grew Zn,_,Fe,O with unspecified doping concentrations. Their MR
measurements indicated a negligible s-d exchange interaction, and no evidence

of ferromagnetism [47].

The polycrystalline Zn;_,Fe,O (z = 0.05) powders of Yoon et al. again

only showed an antiferromagnetic interaction at low temperatures [142].

Iron/Cobalt Co-Doped: Using reactive magnetron co-sputtering, Cho et al. pro-
duced films of Zn;_,(CogsFep5),O (z = 0.05,0.10,0.15). Rapid thermal an-
nealing (RTA) was also performed under vacuum and found to increase the
spontaneous magnetization of the material as well as make the hysteretic be-
havior more pronounced for the Zn;_,(CogsFeq5),O (z = 0.15) material. The

magnetization measurements were made with a SQUID magnetometer at a sam-
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ple temperature of 300 K, thus confirming room temperature ferromagnetism

in this DMS [21].

Iron/Copper Co-Doped: Han et al. formed films of Zng g5_,Fe05Cu,O by stan-
dard ceramic methods in order to study the materials in bulk rather than as thin
films. The Cu co-doping, introducing free holes, allowed them to achieve a T¢
of 550 K as indicated by a plot of magnetization versus temperature generated

by SQUID magnetometry [42].

Cobalt: Ando et al. prepared films of Zn; ,Co,O (x = 0.012,0.016) by PLD. These
films showed negative MCD spectral peaks at 5 K which disappeared by 270
K, indicating a strong sp-d exchange interaction at low temperatures. Effective
values for the Landé splitting factor (g) were obtained of 4 and 9 for z = 0.012
and x = 0.016, respectively. The authors attribute the small magnitude of these

gvalues to their use of lattice mismatched substrates [5].

Tabata et al. also grew Zn;_,Co,O (x = 0.05 — 0.25) films by PLD.
They achieved a T of 300 K for Zn;_,Co,O (x = 0.15) and a T¢ of 280 K for
x = 0.05,0.25. They also noticed a hysteresis loop for the Zn;_,Co,O (z = 0.05)
sample at 6 K. Unfortunately, their results were not consistent: “reproducibility
of the method was poor (less than 10 %)” [120]. The similarly produced and
characterized Zn;_,Co,O (z = 0.05 — 0.25) by Ueda et al. showed virtually
identical results [128].

The CLMBE-grown Zn;_,Co,O (x=7) films of Jin et al. showed MR
peak fields decreasing with increasing temperature between 2 K and 5 K. This
indicates a strong s-d exchange coupling, but does not indicate ferromagnetism

in this sample [47].

Zn;_,Co,O (x = 0.25) was grown by J. H. Kim et al. using PLD.
The inhomogeneous films were measured by a vibrating sample magnetometer
(VSM), and a well-defined magnetic hysteresis loop was observed at 300 K, but

this may have been due to ferromagnetic Co precipitates [54].
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The polycrystalline Zn;_,Co,O (z = 0.05 — 0.15) powders synthesized
by Yoon et al. again failed to show the expected ferromagnetic behaviors. In
fact, at low temperature their powders are characterized by SQUID magnetom-

etry as an antiferromagnetic interaction [142].

H.-J. Lee et al. formed Zn;_,Co,0O (0.05 < x < 0.25) powders by sol-gel
processing. Their measurements taken with a SQUID magnetometer showed
magnetization and hysteresis curves for all Co concentrations between 5 and

25% inclusive at temperatures up to 350 K.

Most recently, Rode et al. used PLD to produce thin films of Zn;_,Co,O
(x = 0.25). The magnetic properties of these films were measured by SQUID
magnetometry. A pronounced magnetic hysteresis was apparent at 10 K and

magnetization of the sample remained evident up to 300 K [97].

Nickel: Ando et al. used PLD to form films of Zn;_,Ni,O (z = 0.030). An enhanced
MCD signal was detected for this material, indicating a strong sp-d exchange
interaction, but again no measurements were made that could confirm ferro-

magnetic behavior [5].

Tabata et al. reported that their PLD-grown, p-type films of Zn; _,Ni, O
(x = 0.05 — 0.15) did not show any indications of ferromagnetism [120]. For
n-type, PLD-grown films of Zn;_,Ni,O (z = 0.05 — 0.25), Ueda et al. reported
identical results [128].

Wakano et al. have also fabricated films of Zn; ,Ni,O (z =0.01, 0.03,
0.05, 0.10, 0.25) doped n-type with Al or lithium (Li) by PLD. SQUID mea-
surements confirmed that Zn;_,Ni, O (z = 0.03 — 0.25) showed ferromagnetism

at 2K and maintained superparamagnetism up to 300 K for all films [134].

Copper: The Zng g97Cug 0030 PLD-grown films of Ando et al. also showed a pro-
nounced MCD signal near the bandgap of ZnO. This signal indicates sp-d
exchange interaction, but magnetic measurements to confirm ferromagnetism

were not made [5].
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A.2.2  Gallium Nitride Ezperimental Results

Vanadium: J. S. Lee et al. studied the the effect of transition metal ion implantation
on magnesium (Mg) doped (p-type) GaN. The implantation doses were 3 X
10%ecm=2 and 5 x 10'%m™2 resulting in peak concentrations of 3 and 5 at.
%, respectively. Their fabrication process includes a short annealing step to
mitigate implantation damage without formation of TM clusters. Magnetization
measurements taken using a SQUID magnetometer indicate only paramagnetic

behavior for the V-doped material [62].

Chromium: Cr-implanted p-GaN was also fabricated by J. S. Lee et al. at the same
implant doses and peak concentrations as noted above for V. The magnetization
measurements for these samples indicated strong exchange interactions, but
did not indicate ferromagnetism in the classical sense because of low carrier
concentrations in these samples. The magnetization manifested in (Ga,Cr)N

persisted to a temperature of 320 K [62].

Hashimoto et al. were the first to report the growth of Ga;_,Cr,N
(unreported Cr concentration) by electron-cyclotron-resonance (ECR) plasma-
assisted MBE. The magnetization versus magnetic field (M-H)) plots obtained
by SQUID magnetometry clearly show hysteresis and saturation at 300 K and
the magnetization of the material persists to the temperature limit of the mea-

suring system, 400 K [43].

Park et al. report the growth of Gagg7CrgosN single crystals by the
flux method. Magnetic measurements were taken using a SQUID system and
indicated a T of 280 K. Magnetic hysteresis curves were also evident at 150 K

and 250 K in this material [85].

Ga;_,Cr,N with an unreported Cr concentration was grown using ECR
plasma-assisted MBE by Zhou et al. Magnetic measurements were made using

a SQUID system and a T greater than 400 K (equipment limit reached) was
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reported and magnetic hysteresis and saturation were observed at all tempera-

tures investigated between 10 and 400 K [147].

Manganese: Theodoropoulou et al. report the formation of Ga;_,Mn,N (x =
0.001 — 0.05) by ion implantation into p-GaN films and subsequent annealing.
SQUID magnetometry showed magnetic hysteresis curves at low temperatures
and T¢ < 250 K for implantation doses resulting in peak concentrations between
3 and 5 at. % [126]. This confirms their earlier work, where ion-implanted p-

GaN shows a T¢ of about 250 K for Mn concentrations of 3-5 at. % [125].

K. P. Lee et al. also doped p-GaN with Mn to about 0.1-5 at. % by
ion implantation and annealing. The more heavily doped samples displayed
ferromagnetic behavior, as measured by a SQUID magnetometer, below ap-

proximately 250 K [63].

Kuwabara et al. grew Ga;_,Mn,N (z < 0.02) by RF-plasma-assisted
MBE. SQUID magnetometer measurements, however, indicated only paramag-

netic behavior for (Ga,Mn)N, probably due to a lack of free carriers [59].

Zajac et al. grew films of Ga;_,Mn,N (x < 0.1) by the ammono-thermal
technique [31] as well as by reactions of bulk crystals at high temperature in an
ammonia atmosphere. Using SQUID magnetometry, they observed paramag-
netic behavior from 2-300 K. There was also some AFM ordering noted [145].
Zajac et al. report identical results for their earlier production of Ga;_,Mn,N

(x < 0.005) by the ammono-thermal method [144].

Reed et al. formed films of Ga;_,Mn,N (concentrations unreported) by
diffusion doping. They used VSM and extraordinary Hall effect (EHE) mea-
surements to determine magnetic characteristics. These measurements showed
ferromagnetic behavior up to room temperature (~275 K) [94]. Later work by
Reed, etal used EHE on similarly produced samples to achieve T¢ s up to 370
K depending on diffusion conditions [95].
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Sonoda et al. grew Ga;_,Mn,N (z = 0.06,0.09) by MBE. SQUID mag-
netometry was used to determine the magnetic nature of these samples. The
Gag.g4Mng ggN showed ferromagnetic behaviors at 300 K. Ferromagnetism per-
sisted in Gag.giMnggeN up to 750 K, the temperature limit of the measurement
equipment, and the estimated T¢ = 940 K [117]. In later work by Sonoda et
al. they grew Ga;_,Mn,N (x < 0.068) doped p-type by Ammonia-MBE. They
report ferromagnetism, as evidenced by hysteresis curves obtained from SQUID

magnetometry, that persists to 400 K in Gaggz2Mng gssN [116].

Gaj;_Mn,N (z = 0.03 — 0.12) was grown using MBE by Thaler et al.
SQUID magnetometry revealed ferromagnetic behavior, even clear hysteresis,

at temperatures up to 300 K [123].

Shon et al. implanted a thin film of GaN with Mn ions to obtain a film
of Gag ggsMngo7N . SQUID magnetometry at 5 K was used to measure the mag-
netic properties of this film, and showed magnetic hysteresis. The researchers
blame this rather weak performance on incomplete decomposition of Mn clus-
ters during implantation [111]. Further implantation/annealing work by Shon et
al. had a better result with ferromagnetic behavior persisting to ~270 K [112].
Further work by Shon et al. with similar samples (MOCVD GaN implanted
with Mn ions) confirmed this result as well as using photoluminescence (PL) to

characterize implantation damage and annealing repair [113].

Ando et al. grew Gagg32Mng gesN by the AMMONO method [31]. They
used low-temperature MCD to determine that there is significant s,p-d exchange
interactions. These indications were supported by SQUID measurements that

showed ferromagnetic (hysteretic) behavior at 300 K [4].

Overberg et al. report on the characteristics of n-type GaggzMng o7 N
grown by MBE. SQUID magnetometry revealed hysteretic behavior at 10 K and
EHE measurements confirmed ferromagnetic behavior. Although the anoma-

lous Hall effect vanished at 25 K (indicating 10 K<Ts <25 K), this display of
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ferromagnetism was significant because it demonstrated that electrons in this
n-type material could mediate the exchange interaction [83].

Iron: Films of Ga;_,Fe,N with Fe concentration ~ 10"%cm,

were grown using
ECR MBE by Akinaga et al. Magnetic measurements were made using a
SQUID magnetometer and showed a ferromagnetic contribution in the most

highly doped film at temperatures below 100 K [1].

Theodoropoulou et al. implanted films of p-GaN with Fe to peak con-
centrations of 0.1 to 5 at. % and subsequently annealed them. For the samples
doped with 3-5 at. % Fe, SQUID magnetometry again showed a clear hysteresis
curve at 10 K and T¢ < 150 K [126]. Later work by this same group reported
Te ~ 250 K for similarly fabricated Gagg7Feg 03N [124].

K. P. Lee et al. fabricated films of Ga;_,Fe,N (z = 0.001—0.05) by ion
implantation into p-GaN and subsequent annealing. SQUID magnetometery
revealed ferromagnetic behavior below 200 K with T falling with lower Fe

concentrations [63].

The MBE-grown Ga;_,Fe,N (z < 0.02) films of Kuwabara et al. did
show some saturation behavior when subjected to a magnetic field, but only
show remanent magnetization at temperatures at or below 10 K. The authors
attribute this behavior to superparamagnetic inclusions in the in the doped

epitaxial layer [59].

Cobalt: J. S. Lee et al. also performed experiments involving the implantation of
Co into GaN at 3 and 5 at. %. Much as in their Cr-doped material, SQUID
magnetometry of Co-implanted samples revealed ferromagnetic-like behavior
up to 270 K, although (Ga,Co)N did show a higher magnetic moment than

(Ga,Cr)N at the lowest temperatures explored [62].
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Appendixz B. Secondary Phase Concerns in

Transition-Metal-Implanted ZnO, GaN, and AlGaN

Type of Magnetic Transition
Compound | Magnetism Displayed | Temperature (K) | Reference(s)
For ZnO:Mn
Mn Antiferromagnetic 100 [75]
MnO Antiferromagnetic 122 [15,121]
MnO, Antiferromagnetic 84 [121]
Antiferromagnetic 17 [39]
Weakly Ferromagnetic 44 [39]
Mn304 Ferromagnetic 1443 [136]
Ferromagnetic 42 [75]
Ferrimagnetic 46 [39]
ZnMny,0y Ferromagnetic 1298 [136]
Znp 9oMng ;0 Ferromagnetic 30 [50]
Zny zMng 30 Ferromagnetic 45 [50]
MnZn Ferromagnetic 150 [121]
(15% Mn)
For ZnO:Cr

Cr Antiferromagnetic 311 [82]
CrO, Ferromagnetic 387 [141]
ZnCry0y Antiferromagnetic 14.4 [143]
Cry03 Antiferromagnetic 308 [110]
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Type of

Magnetic Transition

Compound | Magnetism Displayed | Temperature (K) | Reference(s)
For ZnO:Ni
Ni Ferromagnetic 631 [108]
NiO Antiferromagnetic 525 [76]
Niy O3 Antiferromagnetic 523 [96]
For ZnO:Fe
Fe Ferromagnetic 1043 [108]
Fey O3 Ferromagnetic 893 [108]
Fe304 Ferrimagnetic 848 7]
Fe,O Antiferromagnetic 200 2]
ZnFe,0y4 Paramagnetice [115]
For GaN:Mn or AlGaN:Mn
Mn Antiferromagnetic 100 [75]
Mn,Ga Ferromagnetic 690 [82]
e-Mn3Ga Ferromagnetic 743 [82]
¢-Mn5Gag Ferromagnetic 210 [82]
(Mng6Gag.4)
MnGa Ferromagnetic > 300 [82]
MnyN Ferromagnetic 745 [82]
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Type of

Magnetic Transition

Compound | Magnetism Displayed Temperature (K) Reference(s)
For GaN:Cr or AlGaN:Cr
Cr Antiferromagnetic 311 [82]
CrN Antiferromagnetic 273 [82]
CryN Ferromagnetic(?) Not Ferromagnetic Between [82]
85 and 500 K
CrGa Antiferromagnetic 300-650 [60]
Depending on Ga Content
CrAl Antiferromagnetic 200-900 [60]
Depending on Al Content
For GaN:Ni or AlGaN:Ni
Ni Ferromagnetic 627 [108]
NizAl Ferromagnetic 41 [13]
NizGa Similar to NizAl [13]
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Appendiz C. Detailed Summary of Magnetic Behauvior

This appendix provides a more detailed numerical results overview of the data sum-
marized in section 8.1, particularly the samples that showed weak or conflicting indi-

cations of ferromagnetism (items 5-8 below).

Through magnetic hysteresis measurements, it has been found that some of the
material combinations clearly showed strong ferromagnetism, others showed marginal
evidence of ferromagnetism, and several did not demonstrate ferromagnetism at all,
rather they were superparamagnetic or diamagnetic. The experiments accomplished
in connection with this research show that there are a variety of options available
for implantation-based fabrication of DMS material with ferromagnetism persisting
to room temperature. Among the most promising materials for creating spintronic
devices using ion implantation are Mn-implanted p-GaN, Cr-implanted Al 35GaggsN,
and Fe-implanted ZnO nanotips grown on sapphire. In these three cases, the implan-
tation of a transition metal and subsequent annealing produce signatures of above
room temperature ferromagnetism that far outstrip any signs seen in the as-grown
samples. The optimum anneal temperatures found in these samples were also con-

firmed by PL or CL measurements.

The specific findings from this work are as follows.

1. In Mn-implanted p-GaN, a coercive field width (H.) as high as 468 Oe and a
remanent field (Bg) over 20% of the saturation magnetization (Mg) of 1.75 x
107° emu were achieved at 5 K for the sample implanted at 200 keV with a dose
of 5 x 1016 fﬁ and annealed at an optimum annealing temperature of 725 °C
for 5 minutes in flowing nitrogen gas (N3). The ferromagnetism of this sample
persisted with H, and By values of 186 Oe and 11% of the Mg of 3.2 x 107° emu,
at room temperature, and the the Curie temperature (T¢) is estimated to be
above 350 K. The ferromagnetic dilute mangetic semiconductor behavior has
been confirmed by the temperature dependent field-cooled (FC) and zero-field-

cooled (ZFC) magnetization measurements made on this sample.
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2. For Cr-implanted Al 35GagesN, coercive fields of 414 and 249 Oe were obtained

through magnetic hysteresis measurements at 5 and 300 K, respectively, on a

16 ions
0 cm?

sample implanted with 5 x 1 at 200 keV and annealed at an optimal
anneal temperature of 775 °C for 5 minutes in flowing No. The remanent field
also remained greater than 20% of the Mg of 107* (5 K) and 6 x 107 emu
(300 K) at both 5 and 300 K, and T¢ for this sample is estimated at or just
above 350 K for this sample. FC and ZFC magnetization measurements of this

sample also confirm the presence of DMS-based ferromagnetism persisting to

room temperature.

3. Fe-implanted ZnO nanotips grown on c¢-Al,O3 showed a coercive field width of
317 Oe at 5 K and 209 Oe at 300 K for the sample implanted at 200 keV to a
dose of 5 x 1016 % and annealed under optimal annealing conditions of 700 °C
for 20 minutes in flowing oxygen gas (Oz). The remanent fields in this material
are 19 and 12% of Mg (7.1 and 2.3 x107° emu) for measurements made at 5
and 300 K, respectively. Temperature-dependent magnetization measurements
confirm that this material demonstrates ferromagnetism consistent with that

expected from a dilute magnetic semiconductor of good quality.

4. Mn-implanted Aly35GaggsN showed H,. of 409 and 199 Oe at measurement tem-
peratures of 5 and 300 K when implanted at 200 keV to a dose of 5x 10'° % and
annealed at 775 °C in flowing nitrogen. Bg values at 5 and 300 K were 14 x 1076
and 7 x 107% emu, respectively, for this sample. Although the temperature-
dependent magnetization measurements show signs of ferromagnetism, they
also indicate that there may be a weak spin-glass phase present in the material.
Therefore further study is necessary to determine the nature and usefulness,

from a spintronic perspective, of this material.

5. Several other cases show signs of ferromagnetism and in fact demonstrate in-
creased ferromagnetism over the as-grown and as-implanted samples, but they
are not as convincing as the most promising samples. They do not demonstrate

a clear trend of coercive or remanent field strength as a function of anneal-
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ing temperature, and thus show no optimum annealing temperature. However,

these materials have potential for use in DMS-based devices. They include

(a) Cr-implanted p-GaN has maxima in H, at each end of the range of anneal-
ing temperatures (650 °C- 775 degC) and Br maxima occur at different
anneal temperatures of 750 and 700 °C for 5 and 300 K measurements,

respectively.

(b) For the Fe-implanted ZnO nanotips grown on quartz, the highest coercive
and remanent fields occur at both ends of the annealing temperature range
of 650 to 800 °C with lower values at temperatures between these. The
temperature-dependent magnetization also shows variable separation be-
tween FC and ZFC magnetization that does not seem to be sensitive to

annealing conditions.

(¢) Mn-implanted ZnO nanotips grown on quartz: They show coercive and re-
manent field maxima at both 5 K and room temperature when the sample
is annealed at 750 °C for 10 minutes. Unfortunately, this sample shows lit-
tle FC-ZFC separation, indicating that the observed ferromagnetism may
be due to background effects rather than arising from the ZnO nanotips.
The sample annealed at 675 °C for 20 minutes shows the greatest difference
FC-ZFC magnetization as well as the best indication of implant damage

recovery as seen in photoluminescence.

6. The following samples show signs of ferromagnetism, but slow onset of sat-
uration or low Mg values prevent meaningful determination and comparison
among among samples annealed at various temperatures of the the strength of
ferromagnetism. These samples can be characterized as ferromagnetic, but en-
gineering DMS-based devices with these materials will be impeded by the lack

of useable H. and By values and the variability in Mg.

(a) Alp35GagesN implanted with Ni at 200 keV to a dose of 3 x 106 122 This

material shows shows clear hysteresis, and maximum coercive field widths
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of approximately 350 and 200 in the 725 to 750 °C annealing range for a
5 minute anneal. Unfortunately, this value can only be estimated because
Mg is lower in this range than in the rest of the samples, which causes

errors when the diamagnetic background is subtracted.

(b) The second epitaxial ZnO wafer implanted with Mn also shows clear hys-
teresis when annealed at 700 °C for 10 minutes, but has a maximum Mg
when annealed at 650 °C for 10 minutes. The separation between FC and
ZFC magnetization was also significantly improved over the as-implanted

sample for annealing at 675 °C for 10 minutes.

(¢) The ZnO thin film implanted with Cr clearly shows magnetic hysteresis
when annealed at 725 and 750 °C for 10 minutes. Unfortunately, the
strength of the diamagnetic background makes it difficult to determine
accurate H. and By values. These samples also fail to demonstrate good
separation and low-temperature tracking of FC and ZFC magnetization
measurements, although the sample annealed at 725 °C does have the
greatest FC-ZFC separation seen in this material. The signs of ferromag-

netism in this material are encouraging for DMS device work.

7. The following samples showed signs of ferromagnetism that were not consistent
across the different indicators of ferromagnetism in that an annealing condition
that produces a strong coercive field is the same condition that gives the weakest
remanent field or FC-ZFC divergence. This is a signal that these materials are

not useful for DMS device fabrication under the conditions used in this work.

(a) Ni-implanted p-GaN showed coercive field widths of 566 and 339 Oe at 5
and 300 K, respectively when implanted with a dose of 3x10'® 122 Ni atoms
at 200 keV and annealed at 725 °C for 5 minutes. By, however, is markedly
lower for this sample than for those annealed at 650, 675 and 750 °C for
5 minutes. The widest separation between FC and ZFC magnetization

occurs in the sample annealed at 725 °C, but the two magnetization curves
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also diverge at low temperature, which contraindicates ferromagnetism.
These indications point to competing magnetic phases in this material,

which will render it difficult to use in DMS-based devices.

(b) ZnO from the first epitaxial growth implanted with Mn at a dose of 5 x
106 % shows coercive and remanent fields across the range of annealing
conditions that do not seem to be sensitive to temperature, with the ex-
ception that the sample annealed at 675 °C for 20 minutes is much weaker
than the rest in both H, and Bg. Although it is weakest in variable field
measurements, the sample annealed at 675 °C for 20 minutes is the only
sample in which FC-ZFC separation appreciably greater than that for the
as-implanted sample is achieved. This inconsistency calls into question the

true nature of the magnetism observed in this sample.

(¢) ZnO implanted with Ni to a dose of 3 x 10122 yiclds maximum coer-
civity when annealed at 725 °C and maximum remanency when annealed
at 700 °C for 10 minutes. These coercive and remanent field values do
not trend with annealing temperature, even though there is variability of
field strengths among the different annealing temperatures. Added to this
is the fact that only the as-implanted and annealed at 650 degC samples
show FC-ZFC tracking at low temperature and that the damage recovery
evident in cathodoluminescence measurements does not trend with anneal-
ing temperature. These inconsistencies indicate that ZnO:Ni fabricated as

described in this work will not produce reliable DMS material.

8. The following samples did not show indications of magnetic ordering. One
showed only linear magnetic properties (diamagnetism and paramagnetism) and
two others showed superparamagnetism (saturation without hysteretic separa-
tion), which most likely results from the presence of a spin-glass phase where
magnetic ordering is “frozen” in a non-equilibrium configuration at low temper-
atures. These materials do not have properties that are useful for fabricating a

room-temperature DMS-based device.
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(a) ZnO nanotips grown on sapphire and implanted with Mn to a level of
5x 106 % show mostly spin-glass behavior, and only the sample annealed
at 750 °C for 10 minutes shows hysteretic separation at low temperature.
None of the other samples show hysteretic separation, although saturation
is clear in all of the annealed samples. The spin-glass behavior is further
confirmed by the fact that magnetic hysteresis decays completely at room-

temperature.

(b) The epitaxial ZnO from the first growth that is implanted with Fe to a
level of 5 x 106 % shows the strongest low-temperature H, and one of
the strongest Bgs observed in this work. Unfortunately, the magnetic
hysteresis properties do not persist to room temperature and in fact H. and
Bg for this sample are lower than for most of the other samples at room
temperature. The divergence of FC and ZFC magnetization curves at low
temperature confirming that this material contains a spin-glass magnetic
phase which dominates any ferromagnetism that might be present.

(¢) The sample in which ferromagnetism is most glaringly absent is the ZnO
nanotips grown on glass and implanted with Fe to level of 5 x 106 %
Because the paramagnetic background is so dominant at low temperatures,
values of H, and By for these samples are meaningless. Temperature-
dependent magnetization measurements confirm that this sample does not
demonstrate magnetic ordering by the lack of separation between FC and

ZFC magnetization for all annealing conditions.

These brief results lead to the conclusion that DMS-type ferromagnetism is
possible in TM-implanted wide-bandgap semiconductors. Although there are certain
pitfalls and some materials that show a lack of ordering, based on the results of this
research, materials can be fabricated with reasonable effort that will allow spintronic

devices to be realized.
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