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Abstract

Low temperature photoluminescence (PL) and electroluminescence (EL)
measurements were used to study the excitation of erbium- and neodymium-implanted
GaAs and AlGa;As (x=0.1, 0.3) pn-junctions. The rare-earth (RE) emissions were
investigated as a function of ion dose, aluminum mole fraction, laser excitation power,
and applied forward bias voltage for the implanted samples. Low temperature PL was
also measured from Er doped silicon grown by the metalorganic chemical vapor-phase |
deposition (MOCVD) method using various growth parameters.. The MOCVD-grown Si
samples were studied as a function of metalorganic source temperature, silane (SiHa)
flow, growth time, and hydrogen presence during growth. PL peaks, observed near 1.54
um for Er-implanted GaAs and AlyGa,.cAs and Er-doped Si, and near 1.11 um for Nd-
implanted samples, can be attributed to the crystal-field-split spin-orbit transitions of
4113/2—9411 52 and 4F3/2——>419/2, respectively. Photoluminescence of the ion-implanted pn-
junctions revealed that the luminescent intensity is highest, and increases with dose when
the Er’* peak concentration falls in the p-type region, but PL of the N d** demonstrated
only a slight preference for the n-type region. The luminescent signal is much stronger
for an aluminum mole fraction of 0.1 than for 0.3. Observed for the first time, to the best
of our knowledge, was Nd** electroluminescence at ~1.11 pm from pn- and np- junctions
having a dose of 1x10" cm. The strongest PL peaks located near the 1.54 m were
observed in the Si:Er when a high flow rate of silane‘ (5.0 sccm) and a longer growth time
(70 min) were utilized in the factorial study of the MOCVD samples grow\n at 5 mTorr

with a substrate temperature of 420 °C.
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PHOTOLUMINESCENCE AND
ELECTROLUMINESCENCE OF ERBIUM

AND NEODYMIUM IMPLANTED SEMICONDUCTORS

I. Introduction

The rare-earths (RE), those elements numbered fifty-eight through seventy-one in
the periodic table of elements, have enjoyed increased popularity due to the nature of their
optical properties. The unique property of the RE atom is that the outer shell electrons
shield the partially filled 4f-shell from the host lattice’s crystal field and temperature
effects. As a result, a relatively narrow, spectrally unshifted peak is the signature of an
intra-4f emission. The importance of this characteristic can be realized in producing solid
state optoelectronic devices, such as narrow-band light emitting diodes or diode lasers.
As an example, erbium intra-4f-shell transitions yield a luminescent peak near 1.54 pum
(4113/2—>4115/2), which is the wavelength where the least amount of attenuation in silica
based fiber optics occurs. If one were able to fabricate a high efficiency device capable of
emitting a burst of sufficiently high intensity at this wavelength, the amount of applied
photonics seen in industry would take a giant leap forward. The Air Force could benefit
from this explosion immensely. Because the RE emissions show very little spectral shift
over a range of temperatures, photonic circuits could be placed in higher temperature
environmeﬁts, such as closer to jet engines, and not suffer from signal loss due to
temperature caused spectral line shifts. Aircraft weight could be cut down by using

fiberoptic cable, instead of wire, connected to a GaAs:Er’* controller device. And with a




lighter aircraft, the resulting savings the Air Force and the other service branches in fuel
alone could potentially be quite vast.

However, most previous studies on REs in semiconductors have been in the area
of photoluminescence (PL). The resulting shortfall in information on observed
electroluminescence (EL) in the REs has left this area ripe for research. The goal of this
investigation is to study low temperature PL and EL of the rare-earths erbium, which has
its strongest intensity peak at the 4113/2—>4115/2 transition, and neodymium, which has its
strongest intensity peak at the *F3,—%Io, transition. In order to better understand the
nature of the EL observed, PL measurements were taken on the same sample groups and
compared.

Very little has been documented regarding EL of Er-implanted II-V
semiconductors and even less for Nd. In one study, Klein et al. (1 ) demonstrated Er EL
despite the fact that they expected freeze-out of the dopant at 4 K. In another study,
Chang and Takahei also demonstrated forward and reverse biased Er EL of Metalorganic
Chemical Vapor-phase Deposition (MOCVD)-grown GaAs (2 ). However, EL of ion-
implanted AlyGa,.xAs has not been reported.

In this study, EL and PL measurements were performed on Er and Nd implanted
Al,Ga;xAs (x=0.1, 0.3) pn-junctions and GaAs pn- and np- junctions. In addition, PL
measurements were made on Er doped silicon. The University of Vermont provided the
erbium-doped MOCVD-grown silicon samples which were measured as part of a
MOCVD growth-method cdmparison. The GaAs and AlGa;<As samples were ion

implanted at an ion energy required to put the peak concentration at the pn- interface with




Er and Nd ion doses of both 1x10'* and 5x10'* cm™.

The Rapid Thermal Annealing
(RTA) process was used to anneal the samples at 750 °C.

The first part of the experimental process consisted of measuring the PL of the
erbium doped silicon (Si:Er). This data provided a comparative baseline of luminescent
intensity since it was the combination which has been most thoroughly investigated and,
hence, more thoroughly understood, for example Namavar successfully fabricated a room
temperature Si:Er light emitting diode (3). Once that was accomplished, the
photoluminescence of the GaAs and AlyGa,.«As diodes was obtained to establish a base
of luminescent intensity for the pn- and np-junctions against which the EL data could be
compared. Previous studies have shown that the luminescent intensity resulting from
optical excitation of RE doped GaAs and Al,Ga;.xAs, n- or p-type, compounds are too
low to show promise for optoelectronic devices (4 ). The EL of rare-earth implanted
devices has been shown from previous studies to produce even lower intensities and thus
even less promise (1). This phenomenon could possibly be explained in part by the fact
that it has only been within the past few years that thorough studies have been completed
which determine the optimum fabrication conditions for obtaining maximum PL signal
strength from rare-earth implanted III-V semiconductors. Building on thése results, it
may now be possible to develop a diode with sufficient luminescent signal for use in an
electrically driven device.

This thesis is broken into five major chapters. After this brief introductory
chapter, Chapter II will give a short synopsis of the semiconductor physics that describe

the luminescence under observation as well as an overview of previous




photoluminescence work done with rare-earth implanted M-V compounds. Chapter I
describes the experimental apparatus used for each characterization method, response of
the apparatus, and general procedures for obtaining spectra from the samples in question.
Analysis of the spectra will be covered in Chapter IV. The first part of Chapter IV will
present the results of the Si:Er from the University of Vermont along with a discussion of
which MOCVD growth method produced the best results. Differences in luminescent
signal related to differing doses in the pn- and np-GaAs and pn-AliGa;<As will be
discussed in second part of Chapter IV. The effects of different mole fractions in the
AlcGa;«As will be covered towards the end of Chapter IV. The end of Chapter IV
discusses the results of the electroluminescence measurements of the erbium and
neodymium-implanted GaAs and Al,Ga;.xAs. Lastly, a summary of experimental results
will be given in Chapter V as well as possible directions for future research in achieving

the goal of a viable rare-earth implanted electroluminescent device.




II. Background and Theory

Semiconductors and Band Theory

There are three main classes of materials relevant to electronic devices. These are
conductors, insulators, and semiconductors. Conductors ha?e partially filled conduction
bands and, therefore, conduct even at low temperatures. An Insulator’s conduction bands
are completely filled at low temperatures. Since they have a relatively large band gap,
they remain nonconducting even above room temperature, however, when raised to high
enough temperatures they will eventually conduct. The last class to be considered is the
semiconductor and it displays some interesting characteristics.

Semiconductors are insulators near zero degrees Kelvin, but when heated
sufficiently, electrons can overcome the bandgap. Therefore, semjcbnductors start to
conduct at much lower temperatures than insulators. However, when thé right impurity is
found in the lattice structure of a semiconductor the conductivity can rise (this is not true
in all cases; a Zn implant can make n-type GaN an insulator). This phenomenon can be
explained by the band theory of solids. Atoms in a semiconductor lattice have
wavefunctions that overlap and form quasi-continuous bands of allowed electronic energy
states. These allowed bands are separated by a forbidden band, called the bandgap. .Near
zero Kelvin, the so called valence band is completely filled. When the lattice temperature

is raised, the wavefunction’s thermal energy can allow electrons to gain enough energy to




overcome the forbidden gap and occupy the so-called conduction band. Impurities often
form energy states within the forbidden band. The thermal energy necessary for an
impurity to overcome the separation of the nearest band is much smaller than the energy
required for an electron in the valence band to overcome the bandgap energy and make a
transition into the conduction band. At low temperatures the electrons fill the allowed
energy bands from the lowest energy to the highest energy. The band structure for
conductors, insulators, and semiconductors (both doped and undoped) is presented in

Figure 1.

CONDUCTOR INSULATOR
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VB
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B | l ELECTRONS
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Figure 1. Band diagrams of conductors, insulators, and undoped and doped
semiconductors at low temperatures.




When an allowed band is completely filled or completely empty it will not
conduct. For a higher temperature, the electrons in a particular band (usually the topmost
band) will gain enough energy to jump up to the next highest band across the energy gap
leaving a hole behind (5 :458-464). A hole is an absence of an electron and is treated like
a positively charged electron. With electron-hole pairs now created, the conductivity of

the material will start to rise, increasing with the growing number of electron-hole pairs.

With a semiconductor at a low enough temperature, all the lower electron energy
states of the valence band will be filled. When an applied voltage or incident photon hits
the material with sufficient energy an electron will transition to the next higher band and
leave a hole in the lower energy state. When an electron-hole pair binds together via
Coulombic forces it is called an exciton. Once the exciton is formed, several different
things can now occur. The exciton’s electron and hole can recombine with the energy
going into the lattice, the energy can be given to another electron in an Auger process, the
electron and hole can recombine to emit a photon, or a combination of these processes
can occur in series. These emitted photons are what is detected in the PL and EL

processes.

Impurities in the Lattice

Now that the basics of band structure have been explained, we look at the

impurities and the particular lattices into which the impurities were injected. This work




focused on two main lattice types. For silicon, the lattice structure is of the diamond type,
for GaAs and Al,Ga;,As it is zincblende or sphalerite. These lattices are shown in
Figure 2 (6:10,12). The shaded atoms in (b) indicate where the Gé and Al atoms are
placed and the clear atoms show As placement. The dashed lines in both diagrams define

the lattice basis cell and the parameter “a” is the unit cell edge length.

w
[ih

Figure 2. The lattice structure for (a) silicon and (b) GaAs and Al,Ga;.<As.

As Figure 2 shows, the two lattice types are identical in form with the difference
between them being that the diamond lattice is composed entirely of silicon atoms and the
zincblende lattice is composed of two or more types of atoms (in this case Ga, As, and
Al). With Al,Ga;xAs, the Al replaces some of the Ga atoms. With this in mind, we can
look at the effect of impurities such as the addition of a rare-earth ion to the lattice. The
position of a particular rare-earth impurity, such as Er or Nd, in the lattice can be
classified as either an interstitial site, i.e. occupies one of the empty spaces in the lattice,

or a substitutional site, replaces a lattice atom. In most cases, the REs will be found on




both interstitial and substitutional sites. Impurities are not likely to be found along a host
lattice bond, since this would mean an unstable energy state resulting from a repulsive
Coulombic potential. Where these impurities reside depends on the gfowth process of the
lattice, in the case of silicon, or implantation of the impurities and subsequent annealing
conditions of the lattice in the case of GaAs and AlyGa;.xAs. Takahei, Taguchi, and
Horikoshi have found in their work with Er implanted GaAs that the intensity of the
luminescence depends on the concentration of the RE>* ions residing in the zincblende

lattice’s tetragonal interstitial sites rather than on the concentration at substitutional sites

(7).

Metalorganic Chemical Vapor-phase Deposition

The MOCVD method of growth incorporates impurities during the growth of the
lattice. The basic procedure for the MOCVD process using silicon as the host lattice is to
flow a metalorganic gas and silane (SiH,) over a hot substrate surface. The hot substrate
accumulates Si:Er layers by breaking the molecular bonds of the metalorganic gas and
silane. Once the bonds are broken, the metal and silicon fall to the substrate and the
residual gas is pumped out of the chamber. For the MOCVD-grown samples used in this
study, the sample chamber was held at 5 mTorr and the metalorganic used with the silane
was composed of tri-(bis dimethyl silyl amido) Er.

The result of such a growth process leads to a more uniform distribution of the
Er’* ions in desired positions in the lattice and less lattice defects compared to other

techniques, such as ion implantation. The resulting material can be used as-is or further




processing, such as annealing, can be performed to optimize the erbium signal for
luminescent studies. The Si:Er samples studied in this thesis were prepared by MOCVD

by Professor W. Varhue at the University of Vermont (8 )

Ion Implantation

In order to incorporate the REs into GaAs and AlGa;4As host lattices, ion
implantation was used. Ion implantation takes a RE source and energizes it, usually by
heating, causing dislocations, and then accelerates the dissociated atoms by an electric
field into the surface of the host material with sufficient energy to embed the atom at a
precalculated depth in the material. In this study, the depth to which the atoms where
implanted was roughly the depth of the interface of the p and n host materials. Table 1.
gives the ion, energy and calculated depth of the ion implants. The depth calculations
were performed using the Ion Beam Profile Code software, version 2.1 by Implant
Sciences Corp.(9 ). The host materials themselves, GaAs and AlGa;xAs, where grown
by the Liquid Encapsulated Czochralaski/Vertical Gradient Freeze (LEC/VGF) process.
This method incorporates silicon and carbon into the resulting n- and p-type layers of the
material, respectively, as it is grown in order to form the pn-junction of the final

luminescent devices.
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Ion implantation depths and energies.

Table 1.

Erbium Neodymium
Peak Peak
Implant | Concentration | Straggling | Implant | Concentration | Straggling
Host Material | Energy Depth (A) (A) Energy Depth (A) (A)
np-GaAs 1150 2096.9 593.2 910 2619.4 809.3
pn-GaAs 1150 2096.9 593.2 910 2619.4 809.3
pn-Al ;GagAs 1150 2123.3 595.4 910 2653.6 812.6
pn-Al 3Ga ;As 1150 2228.0 613.0 910 2787.6 837.4

A major drawback of the ion implantation process is that it introduces severe
lattice damage to the host material which can quench the desired RE luminescence. In
order to repair the lattice, annealing must be performed. Kozanecki et al (10 ) found that
after implantation in GaAs, most Er’* jons occupy interstitial sites. Annealing moved
these ions to substitutional Ga sites, but in the process optical activity decreased. In one
study by Elsaesser et al. (11 ), the optimum peak heights obtained for Nd and Er dopants
in plain GaAs and AlGa;.«As occurred when the Rapid Thermal Annealing (RTA)
process was used. The study determined that the best temperature for RTA is 750 °C with
an optimized dose of 5x10'* cm™ for both Er and Nd. Results of these studies show that
that there is a target concentration of RE ions in interstitial sites. One point to remember,
however, is that these results were for n-, p-, or semi-insulating host lattices, not for pn-
junctions. The question of whether there might be a better annealing temperature for

GaAs and Al Ga;.xAs pn- and np-junctions is a direction for future research.
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Luminescence of the Rare-earths

There are only a discrete number of energy levels in any atom that an electron can
jump up into before it decays back down to its unexcited state. These states are dictated
by quantum mechanical selection rules. Since the REs are shielded from the crystal field
by the outer shell electrons, the selection rules of a free ion should still apply (12 :333).
The resulting allowed energy levels for trivalent rare-earth ions in LaCls are shown in
Figure 3 (13 :14). The actual placement of the RE energy levels with respect to the host
GaAs or AlGaAs is unknown. Figure 4 shows a possible placement of the energy levels
of Er’* (a similar diagram could be drawn for Nd** in GaAs and AlGaAs as well)
(14 :15). Note that the width is of the energy levels is larger in the Er’* than the host
bandgap.

With this understanding of the structure of the actual samples used, we now look
to the processes used to measure the luminescent properties of the REs. Analyzing the
luminescence from RE transitions is performed with a monochromator which can
distinguish which wavelength was emitted. This process is the crux of the research at
hand. The impurity and lattice will be energized from its thermal equilibrium energy
state and the output of the decay processes will be measured and analyzed. The two
analytical methods that were utilized in this study were photoluminescence and

electroluminescence.
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Photoluminescence

Photoluminescence was the first method used to obtain spectra from RE
emissions. One advantage of PL is that sample preparation is less time consuming.
Samples for PL were ready for measurement right after the host material was cut into
small enough pieces (¥4 X **). Even the samples that were ion implanted only required
two extra steps (implantation and annealing) before they were ready for measurement.

The physics involved in the excitation of the Er** ion in Si and ITI-V compounds
is only now beginning to be understood (15 ), while Nd* in the same host materials has
almost been neglected. However, some success has been seen in Nd doped materials by
Nakagome and Takahei‘(16 ). The photo-excitation of these ions can happen directly and

indirectly through the excitation of outer shells.

Electroluminescence

EL studies require more complex fabrication of the samples. Sample preparation
for this procedure now involves use of mesa diode lithography which will be outlined in
Chapter III. In EL, a voltage is applied to a pn-junction which effectively alters the
alignment of the band structures of the two materials. At the interface of the two
materials, some of the electrons from the n-type material travel into the p-type material
and fill the holes they find there, causing a region with neutral charge or a “depletion
region.” Uﬁder unbiased conditions, or thermal equilibrium conditions, the energy band

structure looks like Figure 5(a) (17 :71) and (18 :179).
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Figure 5. Energy bands at a pn-junction under (a) thermal equilibrium and (b) a forward
bias.

When forward biased as in Figure 5(b), the p-type region’s holes recombine with injected
electrons and the width of depletion region is reduced. As a result, the n-type region’s
band structure effectively shifts upward. With enough applied forward bias, the electrons
in the conduction band and the holes in the valence band are able to overcome the energy

barrier of the depletion region and flow to the opposite side of the junction. The exact
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nature of the RE excitation is unknown at this time since the exact relative position of the
RE’* energy levels is unknown. From Figure 3, one sees that any number of excitation
mechanisms could be possible. Some work has been done in trying to ascertain the
energy level positions by Thee and Colon but much uncertainty still remains in the exact
positions (14 and 15). Some of the kinetic energy of the electrons is transferred to the RE
atoms in the depletion region and excitation occurs. The outcome can be classified as
either radiative, with the energy emitted in the form of photons, and nonradiative, with
the energy lost in the form of multiphonon emissions, Auger processes, or recombination
at non-radiative defects (19 :6-7). The radiative and nonradiative losses can excite other
atoms, both host material and impurity before emission from the sample occurs, but
electrons taking part in such processes are undetectable and call for indirect detection
methods to be used. The important phenomenon is the radiative transition that emits
photons which then escape into the local environment where they can be detected and
utilized. Depending on the excitation and de-excitation processes characteristic of the
host lattice and impurity, the detected signal may be nonexistent or very weak to very
strong. One would, of course, like to have a junction that emits strongly when minimal
voltage is applied, but as is more often the case, a weak signal is detected under a
moderate strength voltage, on the order of a volt. With these types of devices, increased
voltage usually means more transferred electron kinetic energy and, thus, a resulting
stronger detected signal. The excitation can only be seen when enough voltage is applied
so that the energy bands shift closer together and the electrons become able to traverse the

depletion region, recombine, and excite luminescence.

17




Following this rudimentary look at PL and EL, the method of luminescence

detection and the equipment used is presented in the next chapter.




III. Experimental Procedure

Sample Preparation

The unimplanted pn/np-GaAs and pn-AliGaj.«As (x=0.1, 0.3) wafers were grown
at Epitronics Corporation using the LEC/VGF process. Once received, they were diced
into ¥4 X ¥4 square samples. All samples were then sent to Universal Energy Systems for
Er and Nd implantation. Two different doses were desired (1x10" and 5x10" cm), and
so a total of four different implantations were performed (see Table 1 for implant energies
and depths). Once the implantation was finished, the samples were annealed using the
RTA process. The samples were rapid thermal annealed for 15 seconds at 750 °C based
on Elsaesser’s work (11). After making an identifying scribe mark on the back of each
sample, half of the samples were set aside for immediate PL. measurements. The other
half were processed for EL using mesa diode lithography.

Mesa diode lithography is a multistep process yielding quality diode packages.
The first step is to perform mesa photolithography which places a photoresist mask on the
top of the material. After this has occurred, the mesas are photoetched before a second
mask is put in plaée, which is needed for the ohmic contacts. The ohmic contacts are

then produced and the second mask is photoetched. The need for the second mask is to

prevent metallic “hairs” from being formed around the circumference of the mesa during

the ohmic contact placement, which have the potential of shorting the diode. The second
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ohmic contact which forms the base contact is then deposited. An alloy anneal for
deposited metalization is performed before the sample is diced into smaller pieces. Each
piece is diced so as to contain about eight working diodes. The pieces are placed in a
diode package which is more convenient form to work with and provides a strong
protective backing to help prevent the semiconductor from breaking. This process yields
about four diode packages from one *5* X 5 piece. The best diode package is used for
the measurements, and the rest provide backup samples in case the primary sample
becomes shorted or open and, therefore, unusable.

The final product of the lithographic process is a set of pn- and np-diode
packages. A typical pn-diode package is shown in Figure 6. The wire contacts from the
package casing to the mesa are made of a gold-zinc alloy for the contact to the p-type side
and a nickel-germanium-gold alloy for the contact to the n-type material.

After each diode package was received, its voltage vs. current characteristics , or
I-V curve, was checked on a Tektronix model 577 Curve Tracer. 4 Because the diodes
were to be connected in parallel, each diode in the package was checked to make sure it
was not shorted or open, and also to determine if it was a leaky diode. This study was
mainly concerned with forward biased diodes so the reverse bias characteristics of the
diodes will not be given here, however, the reverse bias characteristics were investigated
on the I-V curve to ensure that they were in fact diodes. A typical I-V curve is shown in

Figure 7 for some of the diodes seen in this work.
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Figure 6. A package of mesa diodes used in electroluminescence measurements.
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(a) )]

(©) (d)

Figure 7. I-V curves of (a) a properly working diode, (b) an open diode, (¢) a shorted
diode, and (d) a leaky diode.

Equipment Setup

Once the diodes were checked for integrity, the good diodes were connected in
parallel, mounted on beryllium oxide to prevent electrical shorting to the cold finger on
which it was mounted, and inserted into a Janis Model 10DT Supervaritemp Optical
Cryostat. The samples were then cooled to four degrees Kelvin with liquid helium that
had a vacuum being applied to it so as to reach an operating temperature of ~2 K at which
point the liquid helium becomes quiescent. As a result the sample chamber was

maintained at about ~20 mTorr. Since the photon collection method for both PL and EL
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is the same, we shall first describe the sample excitation for each method before
describing the collection of data.

For PL, the 5145 A line from a Spectraphysics, model 2085A;20, argon ion laser
was used to excite the sample. Care must be taken to tilt the sample so that the reflected
laser beam does not go directly into the monochromator. The orientation of the sample
surface was about ~92° to the incoming beam in the direction of the monochromator
entrance slit. This prevented the beam from entering the slit and it also gave the highest
luminescent signal. To attenuate unwanted plasma lines from the laser and prevent these
lines from showing themselves in the data, a 514 nm + 10 nm bandpass filter was placed
before the laser entrance port of the cryostat and a 100 nm longpass filter was also used in
front of the monochromator entrance slit. Before the beam entered the sample chamber,
it was modulated with a chopper connected to a Stanford Research Systems model SR540
Chopper Controller to provide the detector with a sampled input. A diagram of the PL

experimental apparatus is depicted in Figure 8.

23




argon ion laser  filter  chopper sample chamber
I T __x/~sample
i —
lenses —
. filter

water power laminar T |

supply supplyflow | : |
muon | ; |
filter N
datalink | AR
autoloc | o
] Lo h
N
ersonal
gomput or voltage detector
source monochromator

Figure 8. Experimental setup for photoluminescence.

For EL, after the diode package was inscﬁed into the cryostat sample chamber, it
was oriented with its surface directly towards the monochromator entrance slit. A voltage
was applied with a Keithley model 238 High Current Source Measurement Unit until a
signal was detected with a handheld FJW Optical Systems, Find-R-Scope® infrared
viewer. The current source was routed through a Keithley model 8006 Component Test
Fixture which converts a three lug triax input to a two lug coax output to the package. In
the EL case, the chopper was placed in front of the entrance slit. This setup is shown in

Figure 9.
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Figure 9. Experimental setup for electroluminescence.

Collection of emitted photons is the same for both EL and PL. So, once the
luminescence is emitted from the sample it enters the Spex 750 Monochromator (600
grooves per millimeter, 1.25 um blaze angle) and is absorbed by the Applied Detector
Corporation’s Model 403 I-R liquid nitrogen-cooled germanium detector which is
connected to the NorthCoast Model 829B Muon Filter and the NorthCoast Model 823A
Bias Supply. A responsivity curve for the germanium detector can be found in Figure 10

(20). The signal is then fed through the chopper controller into the Lock-In Amplifier
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and finally routed through the DM3000 monochromator controller where the measured

results can be plotted vs. wavelength.

1.0 -

0.8 1

0.2 f

Wavelength (microns)

Figure 10. Responsivity curve for the NorthCoast Germanium IR detector. The vertical
axis is in percent responsivity.

The signal itself can be maximized by adjustment of the sample orientation with
respect to the entrance slit in conjunction with an adjustment in the position of the
focusing lenses. This and the power applied to the sample, either laser excitation or
applied voltage, affects signal strength. For EL, an initial signal is obtained by applying a
forward biaé equal to the previously measured room temperature turn-on voltage from the
[-V curve tracer and then increasing it in increments (usually to near 100 mA for the

samples used in this study).
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Calibration

Once the equipment is arranged as stated in the previous section, the next step is
to calibrate the detector with a known source. The simplest method of calibrating the
detector is by using the second order peak (12656 A) from a low power HeNe laser. This
peak is close to the Er’* (14000-17000 A) and Nd** (15000-12000 A) regions of interest,
so confidence that the detector/grating response is not skewed in one direction or another
can be attained. This method is used for daily calibrations to provide a quick check to
make sure the monochromator-detector wavelength axis is the same as the day before.
The laser is sent through the chopper and into a fiber optic cable which effectively
diffuses the beam. The diffuse light passes through the last of the focusing lenses and
into the monochromator entrance slit. Even though it is diffuse, the laser is of sufficient
intensity to damage the detector so either a filter has to be placed in the beam or the slit
width of the monochromator is decreased. Because high resolution of the spectra was
desired, the slits were closed down to between 10 and 30 microns anyway, thereby
decreasing the incident intensity and increasing the spectral resolution in one step. The
resulting 12656 A peak can be scanned and its position on the wavelength axis will
indicate if the detector is misaligned. Subtractions and additions to the wavelength axis
are then performed to correct for this misalignment. This short calibration is performed
every day before actual rare-earth measurements are taken. With this short wavelength-
axis correction performed, a thorough calibration of the system response can be
accomplished. In order to do this calibration, an Electroptical Industries, Inc. Model

WS 143 Blackbody Source operating at 1273 K connected to an Electroptical Industries,
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Inc. Model 215B Temperature Controller is placed in front of the entrance slit to verify

the responsivity curve provided by the manufacturer of the detector. Since the detector

counts photons, we need to know the photon spectral radiance. This can be calculated by

2C 1
L(?\”T)':F._——hc B (1)
o™ _1

where h is Planck’s constant, k is Boltzmann’s constant, ¢ is the speed of light, T is
temperature of the blackbody in degrees Kelvin, and A is the wavelength (21 :49). The
measured blackbody data, which is affected by the combination of the detector response
and monochromator grating, can then be compared to the calculated curve to determined
the efficiency of the detector as a function of wavelength.  This work is primarily
concerned with the wavelength range of 10500 A to 17000 A, where the loss in efficiency
in the RE peaks is minimal. If we were interested in wavelengths near the drop-off points
of the detector efficiency we could obtain a correction factor based on the difference in
the two blackbody curves. The measured and calculated blackbody curves are presented

in Figure 11.
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Figure 11. A comparison of the measured to calculated photon speetral radiance for a
1273 K blackbody source for the detector and grating equipment combination.

When this system calibration has been completed, we know what spectral data
corrections must be implemented. With this in mind, we now turn to the results of this

work.
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IV. Results and Discussion

The main thrust of this work is the comparison of observed PL data with observed
EL data. First, the PL measurement results of the MOCVD-grown Si:Er will be
presented, followed by results of the PL measurements of the RE’* implanted samples,

and finally, the results of the EL measurements

Photoluminescence of MOCVD-Grown Er-doped Si Samples

The MOCVD-grown samples supplied by University of Vermont were initially
grown as part of a fractional factorial study, where a set of variables is defined and
assigned either a HI or a LO value in a given sample. The parameters varied were (A)
metalorganic source temperature -- a LO level being 130 °F, a HI level being 140 °F, (B)
silane (SiH4) flow -- LO: 2.5 sccm and HI: 5.0 scem, (C) hydrogen presence during
growth -- LO: no and HI: yes, and (D) growth time -- LO: 35 minutes and HI: 70 minutes.
Figure 12 shows the PL results for samples 68-78. The sample reference notation is as
follows: an a, b, ¢, or d after the sample number indicates that particular parameter was

held HI and an L indicates all parameters were held LO for that sample.
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Figure 12. Photoluminescence measurements of MOCVD-grown Si:Er.
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From Figure 12, one can see that samples PA78, PA77, PA73, PA72, and PA71
have the highest intensities of the entire group with a descending order. These samples
were fabricated using the HI setting of growth time (70 min) which appears to be the
dominant variable in this growth process. Another subset of samples from the group
were those grown with a 5.0 sccm silane flow rate. From Figure 12, one can see that
most of the samples grown with the HI silane setting (PA78, PA77, PA73, and PA69)
display luminescence but the luminescent intensity is not as strong as from those samples
grown at the HI setting for growth time. Actually, it agaiin appears that the growth time of
the sample is the most dominant factor in the process. All of the samples grown at the HI
setting of 70 minutes produce at least a noticeable signal, while an increased silane flow
rate, which appears to be the second most important factor in the process, only mildly
enhances the Er’* emissions when grown at the LO setting of 35 minutes. The strongest
intensity sample, PA78, was grown under both of these conditions. It’s possible that the
longer growth time increased the Er’* dose while the increased silane flow rate prevented
the Er’* jons from occupying substitutional sites resulting in a higher concentration of
interstitial ions and higher intensity PL. In order to verify this proposed process, a sample
with a HI growth time and all other factors LO would be needed. Unfortunately, a sample

with these characteristics was unavailable.
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Photoluminescence of Er- and Nd-Implanted GaAs and Al,Ga, As pn-Junctions

Host Excitation Results

In order to adequately compare signals produced from the RE implanted samples,
a knowledge of the PL spectra of the host material is required. Figure 13 shows the
background signal obtained from illuminating the target sample with 47 mW from an Ar

ion 5145 A laser line.
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Figure 13. Photoluminescence spectra obtained from illuminating unimplanted np- and
pn-GaAs and pn-Al,Ga,xAs with 47 mW from an Ar ion 5145 Aline.

33




From Figure 13, we see that there is a sufficiently high intensity from the host Al,Ga; xAs
itself to be a potential problem, i.e. if the host material itself produces too much
background luminescent intensity it may drown out the RE signal. There is some signal
from the GaAs samples but comparatively much less than the Al,Ga;.xAs. The origin of
the sudden intensity decrease around 12400 A is unknown but suspected to be related to

the blaze of the monochromator grating.

Photoluminescence vs. Rare-Earth Ion Dose and Al Mole Fraction

Since we now have an idea what to expect from the host material itself, a
comparison of the different doses of Er in np-GaAs, pn-GaAs, and pn-AliGa;jAs
structures can be made. Figure 14 and Figure 15 show the relative luminescent intensities
for different Er’* doses in the np- and pn-GaAs. Relative luminescent intensities for Er’*

in np- and pn-AlGaAs is likewise shown in Figure 16 and Figure 17.
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Figure 14. Photoluminescence spectra measured from Er implanted np-GaAs with doses
of 1x10" cm and 5x10" ¢cm™.
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Figure 15. Photoluminescence spectra measured from Er implanted pn-GaAs with doses
of 1x10" cm™ and 5x10" cm™.
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Figure 16. Photoluminescence measured from Er implanted pn-type Al ;GaggoAs with
doses of 1x10" cm™ and 5x10' cm™.
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Figure 17. Photoluminescence measured from Er implanted pn-type Aly3Gag7As with

doses of 1x10"® cm™ and 5x10' cm™2.
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In all cases for Er implanted GaAs and Al,Ga,As, the 5x10"* cm™ dose produced
a stronger luminescent signal than the 1x10" cm™ dose. By increasing the Al mole
fraction from 0.1 to 0.3, the background from the host lattice increases to the point where
the erbium peaks are almost completely obscured by the lattice signal. Comparing the
relative peak intensities of the 5x10" cm™ dose, as is shown in Figure 18, it appears that
the strongest signal comes from the pn-GaAs. The second most intense signal comes
from the pn-Alg1GagoAs and then from the pn-Alp3Gap7As. These results hint that
stronger luminescence is emitted from pn- materials rather than np- materials. Since the
peak concentration of the RE ions are calculated to be in the n-type regions for the pn-
junctions, we could hypothesize that the incoming photons transfer energy in a more
direct path to the 4f-shell electrons than in the p-type material. Possibly, if the RE ions
were in the p-type region, incoming photons would have to excite host lattice electrons:

into all the local holes before transferring energy to the RE 4f-shell.
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Figure 18. Photoluminescence measured from an Er dose of 5x10" cm™ in the np- and
pn-GaAs and pn-AlGa;.<As.
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Neodymium-implanted GaAs and AliGa;<As show much of the same
phenomenon. In Figures 19, 20, 21, and 22, we find that the luminescence from samples
with a 1x10" cm™ dose is lower in intensity than that for their 5x10" cm™ counterparts.
The effect of Al on the luminescent center is quite dramatic in Figure 21 and Figure 22,
as the RE signal is very weak in the Al ;GagoAs:Nd for a dose of 1x10" cm™, not
present at all in the Alp ;Gag9As:Nd for a dose of 5%10" cm'z, and is barely discernible
in Alp3Gag7As. Again, the host signal increases when the dose is increased from 1x10"
cm to 5x10" cm™ but seems to remain the same when increasing the Al mole fraction

from 0.1 to 0.3
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Figure 19. Photoluminescence measured from Nd implanted np-type GaAs with doses of

1x10"* cm? and 5x10" em™.
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Figure 20. Photoluminescence measured from Nd implanted pn-type GaAs with doses of
1x10" cm™ and 5x10" cm™.
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Figure 21. Photoluminescence measured from Nd implanted pn-type AlpGaggAs with
doses of 1x10"® ¢cm? and 5x10" cm™.
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Figure 22. Photoluminescence measured from Nd implanted pn-type Alg3Gag7As with

doses of 1x10'? cm™ and 5x10" cm™.
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The RE dose that produced the strongest intensity signal was again 5x10'* ¢m™,
The spectra obtained from all four materials implanted with Nd is shown in Figure 23.
Here, we find slightly different results from the Er-implanted samples. Now the np-GaAs
produces a stronger signal than the pn-GaAs. In the Aly;GaggAs, there is a cluster of
peaks that resemble those of Nd but which are grossly reduced in energy and much
smaller in intensity compared to the GaAs samples. The most probable explanation is

that they are noise.
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Figure 23. Photoluminescence results from the np- and pn-GaAs and pn-AlGa;_ As with
a Nd dose of 5x10" cm™.
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Excitation Power vs. Luminescent Output

Significant energy barriers may be present in the lattice which must be overcome
in order to excite the RE ions. In order to obtain a high intensity signal, it is necessary to
find the optimum input laser power to gét the most RE luminescence. The samples
showing the strongest PL, pn-GaAs:Er, Nd 5%10" cm™ were selected and were subjected
to input laser powers of 70 mW, 300 mW, 600 mW and 900 mW. The spectra of
unimplanted pn-GaAs along with the RE-implanted pn-GaAs results are shown in Figures

24,25, and 26.
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Figure 24. Photoluminescence measured from the unimplanted pn-GaAsas d function of
laser excitation power-
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Figure 25. Photoluminescence measured from the pn-GaAs implanted with Er at a dose
of 5x10"* cm™.
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Figure 26. Photoluminescence measured from the pn-GaAs implanted with a Nd at a

dose of 510" cm™.
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These figures imply that the sample luminescent intensity reaches a saturation
limit at around 600 mW input laser power for the unimplanted samples as well as for the
implanted samples. However, subsequent measurements using smaller power increments

*

revealed that the saturation limit is in fact closer to 800 mW than 600 mW.

Electroluminescence of RE-implanted GaAs and Al,Ga; 4As pn-Junctions

The EL measurements in general did not show a strong luminescent signal. None
of the Er’* implanted samples showed any luminescence and only two of the Nd**
implanted diode packages displayed luminescence. First, a comparison of the
electroluminescence of the unimplanted diode packages is presented. Then an ion dose
comparison is given for Er’* and Nd** is made. Finally, an applied voltage study of the
Nd** device that had initially demonstrated EL will be presented. Figure 27 shows the
electroluminescent signal produced from the four unimplanted host materials under
sufficient applied voltage to draw about ~100 mA through the diode. In the figure, we
see that the GaAs and AlGa,.«<As EL spectra are essentially the same as those from the
samples used for PL (they are presented with a reduced amplitude so to fit all four data
sets in the same graph). The fact that there are no spectral peaks tells us that we can have
confidence that in subsequent implanted sample measurements that none of the spectral
peaks observed were due to optically active contaminants present in the host material

(this will become important for the Er** implanted devices).
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Figure 27. Electroluminescence signal produced from unimplanted diode packages.
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Next, a quick overview of the Er’* doped diodes is presented. These results are
compared in Figure 28. As before, each diode packages was tested for opens and shorts,
and the I-V curve was examined to determine the quality of the diode. Ail diodes were
leaky to some extent. Although no EL was observed from Er ions there appears to be a
peak at 1.5303 pm. This peak was found in all samples and its origin is unknown.
However, several possibilities as to its origin suggest themselves, such as a lattice damage

center or a carbon peak from the p-type material of the diode, but were not investigated.
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Figure 28. Electroluminescent spectra obtained from Er’* implanted GaAs and
Al Ga;_<As with ion doses of 1x10" and 5x10" cm™.
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The np-GaAs exhibited the 1.5303 um peak (the luminescent intensity from

5x10"* cm™ dose being stronger than that for the 1x10'> cm™ dose in all cases), but the
strongest intensity came from the pn-GaAs. The Aly;Gag7As sample with Er at a dose of
1x10"* ecm™ does not exhibit the peak at all, but in the 5x10'® ¢cm™ dose, a broadened
1.5303 um line appears (the 1x10" cm? dose Alp 1GaggAs was lost in the lithography
process). This suggests that the Al was quenching the impurity emissions.

The next section provides the results from the Nd** EL low-temperature
measurements. The main reason for the lack of RE** emission spectra in most AlGa;.
«As samples is believed to be due to faulty diodes as Nd** emissions were observed from
pn- and np-GaAs at a 1x10" cm™ dose. From the PL measurement results in the
previous section, we would expect the emission intensity to increase with dose.
However, because no spectral lines were obtained at the higher dose, we can’t be sure if
the diode was bad or if the dose was too high. The results from the EL. measurements are

given in Figure 29.
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Figure 29. Electroluminescence measurements of Nd*>* implanted pn- and np-GaAs and
pn-AlcGa;.<As with ion doses of 1x10" and 5%x10" cm™.
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From the above figure, the intra-4f shell emissions of Nd can clearly be seen in
both the 1x10" cm dose np- and pn-GaAs junctions. There also appears to be a similar
group of low intensity peaks in the pn-GaAs package with the 5x10" cm™ dose, however,
these peaks are so low as to be on the order of the noise intensity and no confidence can
be given to them. A comparison of the position of the ~1.11 eV peak found with EL and
PL showed that the two peaks were at the same position as seen in Figure 23 and Figure
29. The rest of the packages did not emit Nd>* luminescence under any circumstances,
including varying the applied forward bias and, as a check, the reverse bias. The two
packages that did luminesce were set aside for a few days and measured again, this time
no luminescence was observed except for an impurity peak at 1130 nm. This impurity
peak was not present during the initial np-GaAs measurements. A possible explanation
for this occurrence could be that frost forming on the diode after it was removed from the
liquid He dewar somehow cracked the diode surface so that a defect luminescent center

developed.
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V. Conclusions and Recommendations for Future Study

The original goal of this research was the investigation of (a) low temperature PL
of the rare earth ER in MOCVD grown Si, and (b) low temperature PL and EL of the rare
earths Er and Nd in GaAs and AlGaAs. The PL studies were highly successful. PL was
observed from the rare earths in all samples studied. The EL studies were less successful.
This lack of success is believed to be primarily due to the quality of the diode structures
rather than the quality of the base material or the implants.

Photoluminescence from the MOCVD grown Si:Er’* samples gave the strongest
intensity luminescence with samples that were grown with a growth time of 70 minutes
and a silane flow rate of 5.0 sccm. Photoluminescence from the ion implanted pn- and
np-junctions gave the strongest luminescent intensity for both Er and Nd implanted GaAs
pn-junctions with a dose of 5%10" cm™ and a 800 mW laser input power (this was also
the power that RE’" luminescence saturated). When the power of the laser was increased
to 900 mW, thermal broadening of the peaks became noticeable. For pn-GaAs:Er, some
of the smaller peaks were lost in the 1.54 um peak when a 900 mW laser excitation
power was used. Since the Nd peaks are further separated from one another than the Er,
this effect was not as noticeable. The aluminum mole fraction variable demonstratéd that
a0.1 Al méJle fraction in the AlyGa,.xAs produced more photoluminescent intensity than

0.3, but more background noise was also observed for x=0.1 than for x=0.3.
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No EL was observed from the GaAs:Er or AlGaAs:Er diode packages. As stated
earlier, this lack of luminescence is suspected to have been caused by faulty diodes. EL
was observed from GaAs:Nd and AlGaAs:Nd the first time the samples were measured
but was not observed on subsequent measurements, again indicating faulty diodes.
Samples displaying initial luminescence were pn- and np-junctions with an implanted Nd
dose of 1x10'* cm™ under an applied voltage of 15 V and 19 V, respectively.

Future endeavors involving rare-earth implanted GaAs and AliGa,.<As devices,
should emphasize the fabrication of quality diode packages. In some cases, the extremely
thin contact wires broke and caused a short or open when the slightest pressure was
inadvertently applied to them (a puff of air to be exact). Manufacturing more diode
packages from which to work with (about 10-20 packages) or making sturdier contacts
would help rectify this problem. Another suggestion would be to dice the initial samples
into larger pieces. Sample size should be increased from %" X %5 to about 1 x 1*. This
helps the technician when performing the mesa diode lithography and follows with the
suggestion of making more samples.

The topic of oxygen codoping should definitely be explored in future work.
Oxygen has been shown to greatly enhance Er and Pr luminescence in n- or p-type
AlyGa;<As (22). Also Takahei and Taguchi have shown that efficient oxygen
incorporation into the lattice occurs with Er present and as a result peak intensities of PL
measured samples are 10 times higher than without oxygen codoping (23 and 24 ). If this
enhancement carries over. to the pn- and np-junctions, then characterization of

luminescent intensity might be performed more easily in PL and may even cause the EL
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measurements to exhibit the 1.54 um peak. What effect oxygen codoping with Nd has on
luminescent intensity has not been documented. If it did have as great an influence on the
luminescence as is does for Er then science would be that much closer to realizing a Nd
diode laser.

Of course, a temperature dependent study of the luminescence for both PL and EL
of the junctions has not been documented so that would be a possible avenue of research
to determine quenching mechanisms. It would be even more feasible if the oxygen
codoping actually increased the luminescence.

A laser excitation power study should also be done on the oxygen coimplanted
samples to determine when input power beginé to thermally broaden the rare-earth peaks
to the point where smaller peaks are lost.

Knowing exactly where the ion implantation placed the RE** would also help in
the understanding of what processes are occurring in the EL measurements. A Secondary
Ton Mass Spectroscopy (SIMS) of the various ion implanted diodes would be helpful in
deciphering data and making future diodes.

A larger range of implant doses should also be considered. Initial work on rare-

2 was the optimum dose.

earth dose in singe n- or p-type material dictated that 5x 107 cm’
This may not be the case with the junctions. The larger dose material showed the greater
intensity. Increasing the dose may also increase the EL signal by providing more rare-

earth atoms to be subjected to the electron injection and subsequently an increased

amount of radiative transitions might occur.
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