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ABSTRACT

Cadmium germanium diphosphide (CdGeP,) crystals, with versatile terahertz-generating properties, belong to the chalcopyrite family of
nonlinear optical materials. Other widely investigated members of this family are ZnGeP, and CdSiP,. The room-temperature absorption
edge of CdGeP, is near 1.72 eV (720 nm). Cadmium vacancies, phosphorous vacancies, and germanium-on-cadmium antisites are present
in as-grown CdGeP, crystals. These unintentional intrinsic point defects are best studied below room temperature with electron paramag-
netic resonance (EPR) and optical absorption. Prior to exposure to light, the defects are in charge states that have no unpaired spins.
Iluminating a CdGeP, crystal with 700 or 850 nm light while being held below 120 K produces singly ionized acceptors (V) and singly { B
ionized donors (Gecd), as electrons move from VZ; vacancies to Ge antisites. These defects become thermally unstable and return to
their doubly ionized charge states in the 150-190 K range. In contrast neutral phosphorous vacancies (V) are only produced with near-
band-edge light when the crystal is held near or below 18 K. The V9 donors are unstable at these lower temperatures and return to the
singly ionized V§ charge state when the light is removed. Spin—Hamiltonian parameters for the Vg, acceptors and V9 donors are extracted
from the angular dependence of their EPR spectra. Exposure at low-temperature to near-band-edge light also introduces broad optical
absorption bands peaking near 756 and 1050 nm. A consistent picture of intrinsic defects in II-IV-P, chalcopyrites emerges when the
present CdGeP, results are combined with earlier results from ZnGeP,, ZnSiP,, and CdSiP,.
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I. INTRODUCTION for CdGeP,. Optical rectification of near-infrared laser pulses
generates broadband terahertz radiation®® and doping with
Mn produces room-temperature ferromagnetism suitable for
spintronics.”™"”

In the present paper, we use electron paramagnetic resonance

Cadmium germanium diphosphide (CdGeP, or simply CGP)
is a tetrahedrally bonded semiconductor analogous to GaP. The
CdGeP, crystals have a direct bandgap near 1.72 eV, positive
birefringence (n.>n,), and a large nonlinear optical coeffi- (EPR), electron-nuclear double resonance (ENDOR), and optical

. 1,2 . . .
c1ent.. T3hey are part of the family of I.I'IV'Vz nonl.lnear op tlc.al absorption to identify and characterize intrinsic point defects
materials.” Unlike the ZnGeP, and CdSiP, crystals widely used in (vacancies and antisites) in a CdGeP, crystal. Initially, in the

optical paramezr}c oscillators to generate tunable output in the  45.grown crystal, the defects are in charge states that have no
3-6um region,”” the phasematching needed for similar applica- unpaired spins, and no EPR signals are observed. Exposing the
tions is not possible in CdGeP, crystals because of a smaller bire- compensated crystal to near-band-edge light while being held at
fringence.”" Other potential applications, however, have emerged low temperature converts the defects to charge states that are
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easily monitored with EPR. The light produces spectra from
singly ionized cadmium vacancies, singly ionized germanium-on-
cadmium antisites, and neutral phosphorous vacancies. Spin-
Hamiltonian parameters (g and hyperfine matrices) obtained
from the angular dependence of the EPR spectra are used to
establish detailed models of the defects. Two photoinduced
optical absorption bands observed at low temperatures are attrib-
uted to these native defects.

By including CdGeP,, our present report significantly
increases the amount of experimental data in the literature describ-
ing native defects in nonlinear II-IV-P, crystals. Earlier EPR and
optical absorption studies focused on defects in ZnGeP,, ZnSiP,,
and CdSiP, crystals."” " The more complete set of experimental
data now available, when coupled with computational modeling
efforts using advanced density-functional-theory (DFT) methods,”'
is expected to lead to a comprehensive understanding of the device-
limiting intrinsic defects in these chalcopyrite materials. This, in turn,
should provide guidance to crystal growers attempting to maintain
stoichiometry, either during growth or with post-growth diffusion and
annealing treatments.

Il. EXPERIMENTAL DETAILS

An undoped CdGeP; crystal was grown by the horizontal gradient
freeze method at BAE Systems (Nashua, NH). The process previously
developed at BAE Systems to grow ZnGeP, and CdSiP, crystals was fol-
lowed.>® A transparent furnace was used and the starting materials
were synthesized from high-purity elements. The melting point of
CdGeP; is near 800°C.”” A small rectangular-shaped crystal suitable
for optical and EPR experiments was cut from the larger boule. The
approximate dimensions of this crystal were 2.7 x 2.0 x 3.5 mm”, with
[110], [110], and [001] directions perpendicular to the faces.

The EPR spectra were acquired with a Bruker EMX spectrom-
eter operating near 9.39 GHz. An Oxford Instruments ESR-900
helium-gas flow system controlled the sample temperature and a
Bruker NMR gaussmeter provided corrections for the small differ-
ence in the magnetic field at the sample and the Hall sensor
located on a magnet pole cap. The intrinsic defects were converted
to their paramagnetic charge states with either 700 or 850 nm light
from an LED (Thorlabs Models M700L4 and MS850L3). The
approximate bandwidths (FWHM) of the LEDs were 20 and
30 nm, respectively. The concentrations of defects were obtained by
comparing their spectra (intensities, linewidths, and number of
lines) to a Bruker standard pitch sample. ENDOR spectra were
taken with a Bruker Elexsys E-500 spectrometer operating near
9.48 GHz. Frequency modulation (at 12.5kHz) of the radio-
frequency source gave first-derivative ENDOR signals. A
ThermoScientific Nicolet 8700 FTIR spectrometer and an ultra-
broadband fused-silica wire-grid polarizer (Thorlabs Model
WP25M-UB) were used to take optical absorption spectra in the
700 nm to 2.5um region. The white light source and a quartz
beamsplitter were used for all wavelengths, while a silicon detector
was used for wavelengths less than 900 nm and a DGTS detector
was used for longer wavelengths. A cryostat from Cryo Industries
(Model 110-637-DND) and a temperature controller (LakeShore
Model 335) were used to obtain absorption data below room
temperature.

ARTICLE pubs.aip.org/aip/jap

lll. CRYSTAL STRUCTURE

The CdGeP, crystals have a tetragonal structure (space
group [42d). Lattice constants at room temperature are given in
Table T (values from CdSiP, and ZnGeP, are included for
comparison).””™** There are four formulas per unit cell in
AUBYVCY chalcopyrite materials. As shown in Fig. 1, each
cadmium has four phosphorous neighbors, each germanium has
four phosphorous neighbors, and each phosphorus has two
cadmium neighbors and two germanium neighbors. Positions of
the atoms in units of (a,a,c) lattice constants are

11
Cd:(0, 0, 0), <0, = —),
2 4

and

( 11)< 31) (3 7) (l 7)
Plu — <, [-w— <) (w2 ), (5 —uw <)
48 48 4 8 4 8

Small rotations of the four phosphorus atoms surrounding
each cadmium and germanium atom are described by the parame-
ter u (see Ref. 28 for an illustration of this effect). These rotations
are caused by the different sizes of the cadmium and germanium
atoms. In an ABC, chalcopyrite crystal where the A and B atoms
are the same size, u=1/4 and c=2a. For CdGeP,, however, u is
slightly greater than 1/4 and c is less than 2a. Instead of being
equally spaced from its four immediate neighbors, each phosphorous

TABLE |. Room-temperature lattice constants for CdGeP,, CdSiP,, and ZnGeP,
crystals (taken from Refs. 39-42). Separation distances and angles are included.
Multiplicity refers to the number of occurrences within a tetrahedron.

Multiplicity ~ CdGeP, CdSiP, ZnGeP,
Lattice constants
a (A) 5.740 5.680 5.46
c(A) 10.773  10.431 10.71
u 0.283 0.2967 0.2582
ca 1.877 1.836 1.962
AP, tetrahedra (A is Cd or Zn)
A-P (A) 4 2.55 2.561 2.375
P-P (A) 4 4.08 4.064 3.856
P-P (A) 2 4.34 4.407 3.924
ZP-A-P 4 106.2° 105.0° 108.5°
ZP-A-P 2 116.3° 118.8° 111.4°
BP, tetrahedra (B is Si or Ge)
B-P (A) 4 2.33 2.247 2.324
P-P (A) 4 3.81 3.674 3.792
P-P (A) 2 3.80 3.661 3.798
ZP-B-P 4 109.5° 109.7° 109.3°
£P-B-P 2 109.3° 109.1° 109.6°
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FIG. 1. Schematic representation of the tetrahedrally bonded CdGeP, crystal.
Cadmium atoms are purple, germanium atoms are green, and phosphorous
atoms are red.

atom shifts by an amount Ax=(u—1/4)a along an a direction
toward the two germanium neighbors and away from the two
cadmium neighbors. A complete set of bond lengths and bond
angles for CdGeP,, CdSiP,, and ZnGeP, is given in Table I. GeP,
and SiP, units in these materials are very close to regular tetrahedra
(with equal P-P separation distances and bond angles near 109.47°).
The CdP, and ZnP, units, however, are distorted tetrahedra, with
two of the P-P distances significantly larger than the remaining four
P-P distances. Tetrahedral covalent radii (1.173, 1.128, 1.225, 1.225,
and 1.405 A for Si, P, Zn, Ge, and Cd, respectively) provided by Van
Vechten and Phillips* predict, with good agreement, the experimen-
tal Cd-P, Ge-P, Si-P, and Zn-P separation distances in Table I.

Density-functional-theory (DFT) calculations of the electronic
structure of CdGeP, by He et al.** show that Cd-P interactions are
dominant at the top of the valence band and Ge-P interactions
dominate the bottom of the conduction band. Specifically, the top
of the valence band is formed primarily from P-3p and Cd-4p
states, with a small contribution from Ge-4p states, whereas the
conduction band is formed primarily from P-3p, Ge-4s, and Ge-4p
states, with a small contribution from Cd-4p states.

IV. CADMIUM VACANCIES (ng)
A. EPR results

Figure 2 shows the EPR spectra from singly ionized cadmium
vacancies (Vg,) and singly ionized germanium-on-cadmium anti-
sites (Gely) in the CdGeP, crystal. In Fig. 2(a), the magnetic field
was along the [001] direction. In Figs. 2(b) and 2(c), the field was
along the [100] and [110] directions, respectively. These spectra
were acquired at 60 K while the crystal was exposed to 700 nm light

ARTICLE pubs.aip.org/aip/jap
T 1 Gezd
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V(_;d 1
(b)
- ol
VCd
(c)
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L 1 1 1 | 1 Il 1 | 1 1 1 | 1
300 320 340 360

Magnetic Field (mT)

FIG. 2. Photoinduced EPR spectra from the singly ionized cadmium vacancy
(Voq) and the singly ionized germanium-on-cadmium antisite (Gely) in a
CdGeP, crystal. These spectra were taken at 60 K during exposure to 700 nm
light. The microwave frequency was 9.393 GHz. (a) Magnetic field was along
the [001] direction in the crystal. (b) Magnetic field was along the [100] direction.
(c) Magnetic field was along the [110] direction. The two small lines identified
with an asterisk (*) symbol in the [001] spectrum represent Cd hyperfine.

(850 nm light produced the same spectra). After removing the
light, the intensities of the two spectra decreased by approximately
23% over several minutes, as electrons and holes on spatially close
Ge, donors and V¢, acceptors recombined via tunneling. This left
only well-separated Gel, donors and V¢, acceptors to contribute
to the spectra. Although the remaining Gel; donors and Vg,
acceptors are stable in the dark at 60 K, they were destroyed in a
few seconds when the crystal was exposed at this temperature to
1064 nm laser light. In Fig. 2, the EPR lines from cadmium vacan-
cies are between 325 and 341 mT. The antisite donors have outer
lines near 313 and 355mT and a third centerline near 334 mT
under the cadmium vacancy signals. Lines assigned to the defects
are identified in the figure by “stick” diagrams. An estimate of the
concentration of Vg, acceptors in Fig. 2 is 1.5x 10" cm™,
A similar number of Ge; donors are present.

There were no detectable EPR signals before exposure to light,
indicating that the cadmium vacancies and antisites are in doubly
ionized charge states in the as-grown crystal. The following are
possible mechanisms that allow the 700 or 850 nm light at 60 K
(as in Fig. 2) to produce Vg, acceptors and Ge(, donors. The light
may (1) move electrons from the valence band to the conduction
band with the “free” electrons and holes then trapped at Gegj
donors and Vég acceptors, (2) move electrons from VZCE acceptors
to the conduction band with the electrons trapped at Gexj
donors, (3) move electrons from the valence band to Gechi donors
with the holes trapped at VZ; acceptors, or (4) move electrons
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J. Appl. Phys. 133, 245703 (2023); doi: 10.1063/5.0156144
© Author(s) 2023

133, 245703-3


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

from the valence band to Vlf donors (see Sec. V) with the elec-
trons transferring to deeper GeZ; donors and the holes trapped at
V&, acceptors.

In Fig. 2(a), the S =1/2 EPR spectrum from the singly ionized
cadmium vacancies (V) consists of one set of three lines with rel-
ative intensities of 1:2:1. Equal hyperfine interactions with two of
the phosphorous nuclei adjacent to the vacancy are responsible
for the three lines (the *'P nuclei have an I=1/2 spin and are
100% abundant). This establishes a model for the Vg, acceptor
that has the unpaired electron shared by two phosphorous neigh-
bors and not one or four phosphorous neighbors. Similar three-
line EPR spectra have been reported for singly ionized zinc vacan-
cies (Vz,) in ZnGeP, and ZnSiP, crystals”’26 and cadmium
vacancies (V) in CdSiP, crystals.28 [Note: The small outer lines
marked with asterisks in Fig. 2(a) are part of the Vg, spectrum.
They are tentatively assigned to hyperfine interactions with
nearby Cd nuclei.] In Fig. 2(b), the V4 spectrum consists of two
sets of three lines. In Fig. 2(c), the spectrum consists of one set of
three lines. The complete angular dependence of the EPR spec-
trum from V¢, acceptors is shown in Fig. 3. Spectra were taken at
various angles as the direction of the static magnetic field was
rotated from [100] to [001] and from [001] to [110]. Overlapping
EPR lines were not resolved at some of the angles because of the
large linewidths (>2.0 mT).

As illustrated in Fig. 4, there are four crystallographically
equivalent orientations (or sites) adjacent to a cadmium vacancy
for the pairs of phosphorous atoms that share the unpaired spin.
The P;-P, pair is the labeled site 1, the P,-P; pair is site 2, the
P;-P, pair is site 3, and the P,~P; pair is site 4. The unpaired spin
is not shared by P, and P; atoms or P, and P, atoms. This prefer-
ential trapping of the hole on one of the four adjacent pairs,

332

Magnetic Field (mT)

324

[100] 30 60

[oo1] 30 60
Angle (degrees)

[110]

FIG. 3. Angular dependence of the EPR spectrum from singly ionized cadmium
vacancies (V). The discrete points are experimental data taken at 60 K. “Best
fit"” parameters in Table Il were used to generate the solid lines.

ARTICLE pubs.aip.org/aip/jap

instead of all six, is a result of the compression of the lattice along
the ¢ axis (i.e., ¢/2a being less than 1). As seen in Table I, the P,-P;
and P,-P, separations are larger than the separations of the other
four pairs of phosphorous atoms surrounding the cadmium
vacancy. The increased separation makes these two pairs energeti-
cally less favorable for trapping the hole. When rotating from [100]
to [001] in Fig. 3, the spectra from sites 1 and 3 are degenerate and
give one set of three hyperfine lines (the black set of lines), whereas
the spectra from sites 2 and 4 are not degenerate, with each giving
a set of three lines (the red set and the blue set, respectively). For
rotation from [001] to [110] in Fig. 3, the spectra from sites 1 and
4 are equivalent and give the blue set of lines and the spectra from
sites 2 and 3 are equivalent and give the red set of lines.

The following spin-Hamiltonian is used to analyze the Vg,
angular dependence in Fig. 3. Electron Zeeman, hyperfine, and
nuclear Zeeman terms are included,

H=pS-g-B+ 1,-A;-S+ I,-A,-S — gBy(l, + L) -B.
(1)

Subscripts 1 and 2 represent the two equivalent phosphorous
nuclei. The principal-axis directions of the g, A;, and A, matrices
are collinear, and the A; and A, matrices have the same principal
values. Euler angles (o, B, and v), defined in the EasySpin EPR sim-
ulation program™*° and earlier by Rose"” and Arfken and Weber ™
are used to describe the directions of the principal axes. Referring
to site 2 in Fig. 4, a principal axis labeled x is in the (010) plane
(near the [101] direction), a second principal axis labeled y is along
the [010] direction, and a third axis labeled z is near the [101]
direction in the (010) plane. The z principal axis direction for this
site is close to the line from P; to P,. There are seven parameters to

[001]

“T

FIG. 4. Model of the singly ionized cadmium vacancy (V) in CdGeP,. The
unpaired spin is equally shared by two phosphorous atoms adjacent to the
vacancy. The four possible orientations of the trapped hole (labeled 1 through 4)
correspond to four equivalent pairs of phosphorus atoms with shorter separation
distances.

-
J
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TABLE II. Spin-Hamiltonian parameters for the singly ionized cadmium vacancy
(Vgg) in CdGeP,. The directions of the principal axes are given for site 2 in Fig. 4.
The Euler angles (o, B, and vy) for the collinear g and A matrices are 0°, 44°, and
0°, respectively (see Ref. 45 for definitions of these angles). Uncertainties are esti-
mated to be +£0.001 for the g values, £2.0 MHz for the A values, and +2° for the
angles.

Principal values Principal-axis directions

g matrix

8 1.9956 134° from [001], in the (010) plane
gy 2.0023 Along [010]

g, 2.0556 44° from [001], in the (010) plane

A, and A, matrices

Ay 131.4 MHz 134° from [001], in the (010) plane
Ay 107.0 MHz Along [010]
A, 88.6 MHz 44° from [001], in the (010) plane

be extracted from the angular dependence (three principal values of
the g matrix, three principal values of the A matrices, and the
angle B between the z principal axis of the matrices and the [001]
direction).

The spin-Hamiltonian in Eq. (1) was rewritten as an 8 x8
matrix, and values for the seven parameters were determined using
a least-squares fitting program. Input data consisted of 40 of the
experimental line positions in Fig. 3 and their corresponding
microwave frequencies. The energy eigenvalues of the Hamiltonian
were repeatedly calculated as the seven parameters were systemati-
cally varied. In the fitting program, the predicted line positions
(obtained from the eigenvalues) were compared to the measured
line positions. Table II contains the best-fit values for the seven
parameters that describe the singly ionized cadmium vacancy V¢,
in CdGeP,. These final parameters were used to generate the solid
curves in Fig. 3. Our g and A parameters for the cadmium vacancy
are similar to parameters previously reported for zinc vacancies in
ZnGeP, and ZnSiP, and the cadmium vacancy in CdSipP,." %%

B. ENDOR results

Electron-nuclear double resonance (ENDOR) experimentsd‘g‘so

provide a high-resolution survey of a defect’s hyperfine interactions,
often revealing couplings that are not resolved in the EPR spectra.
In ENDOR experiments, the magnetic field is held constant at the
center of an EPR line while a radio frequency (rf) source is swept
at a constant rate through frequencies of interest. ENDOR signals
occur at frequencies where the rf “flips” a nuclear spin coupled to
the defect’s unpaired electron spin. For an S=1/2, I=1/2 spin
system, the selection rules give, to first order, pairs of ENDOR lines
at rf frequencies f; and f,,

f1, = A/2 + vy (if vy is less than A), 2)

f1, = v~ £ A/2 (if vnis greater than A). 3)

The “free” nuclear resonance frequency vy is uBnB/hI, where I
is the nuclear spin, By is the nuclear magneton, x is the nuclear
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magnetic dipole moment in units of the nuclear magneton, h is
Planck’s constant, and B is the magnitude of the magnetic field.
In experiments, observing a pair of ENDOR lines (at f; and f,) pro-
vides values for vy and A, with vy identifying the responsible
nucleus and A representing the hyperfine coupling.

Figure 5 shows an ENDOR spectrum from Vg, acceptors in
CdGeP,, taken at 17 K after exposing the crystal to 700 nm light at
this temperature. The microwave frequency was 9.484 GHz, and the
magnetic field was along the [110] direction and fixed at 342.4 mT,
a position that corresponds to the highest field EPR line in
Fig. 2(c). Using this fixed value of the magnetic field and the
known nuclear magnetic moments from Ref. 51, the corresponding
free nuclear resonance frequencies vy are 5.907, 0.510, 3.105, and
3.248 MHz for the *'P, 7>Ge, '"'Cd, and "*Cd nuclei, respectively.
In Fig. 5, lines from three 31P interactions and one 7>Ge interaction
are present as well as “distant” ENDOR lines from uncoupled
"L3Cd and *'P nuclei. Figure 6 shows the locations around the
Cd vacancy of the nuclei responsible for the ">Ge interaction and
the three °'P interactions. The phosphorous sites are labeled P,
PB) and Pc.

The pair of ENDOR lines, near 44.07 and 56.49 MHz in
Fig. 5, corresponds to the case described by Eq. (2) and is due to
1P nuclei at P, positions in Fig. 6. These two atoms share much of
the unpaired spin and are responsible for the resolved hyperfine
observed in the EPR spectra of the Vg, acceptor (see Fig. 2).
The small barely resolved 0.4 MHz splitting within each of these
lines in the high-frequency region of Fig. 5 is a result of the indirect
coupling of equivalent *'P nuclei.”” The lines are separated by

—1 P nuclei

—f—— Pgnuclei

Pa nuclei

1

prml

i
f

[}
Ge nuclei
free Cd
nuclei \
free P nuclei
L 1 1 1 | 1 ! 1 | ! 1 T T T N B T W |
0 10 20 40 50 60
ENDOR frequency (MHz)

FIG. 5. ENDOR spectrum of the singly ionized cadmium vacancy (V) in
CdGeP,. The temperature was 17K, and the microwave frequency was
9.484 GHz. The magnetic field was along the [110] direction and fixed at
342.4 mT. Labels identify the responsible nuclei.
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FIG. 6. Neighbors of the cadmium vacancy in CdGeP,. The cadmium vacancy
is in the rear center “cube,” while left and right front “cubes” have germanium
atoms at their centers. Three pairs of phosphorous nuclei (P, Pg, and P¢) and
one pair of germanium nuclei share the unpaired spin and contribute to the
ENDOR spectrum in Fig. 5.

12.42 MHz, which is only slightly greater than the 2vy value of
11.81 MHz for the *'P nuclei. Second-order effects resulting from a
large A value (greater than 100 MHz) are responsible for the
increased separation.d‘g The ENDOR lines, at 15.44 and 10.80 MHz
in Fig. 5, are caused by 1P nuclei at sites labeled Py and P, respec-
tively, in Fig. 6. These assignments are supported by an earlier
ENDOR study of V. acceptors in ZnGeP,.'® The *'P line at
15.44 MHz is part of a pair described by Eq. (2), with an A value
near 23.63 MHz. Its companion line near 3.5 MHz is not clearly
seen in Fig. 5 because of partial overlap from the uncoupled
MLI3CH nuclei. The 'P line at 10.80 MHz is part of a pair
described by Eq. (3), with an A value near 9.79 MHz. This places
its companion line near 1.00 MHz and, thus, is below the range of
the rf sweep in Fig. 5.

The pair of ENDOR lines at 18.52 and 19.58 MHz in Fig. 5
are due to ">Ge nuclei (7.76% natural abundance) located at the
two Ge sites shown in Fig. 6. The lines are described by Eq. (2)
where vy is less than A. Unlike *'P and ''"''*Cd nuclei with
nuclear spins 1= 1/2, the ”’Ge nuclei have a nuclear spin I=9/2
and are expected to exhibit nuclear electric quadrupole splittings in
an ENDOR spectrum. Only the m;=+1/2 to m;=—1/2 transition
for the two values of Mg, however, are seen in Fig. 5 because either
the electric field gradient at the Ge nucleus is too small to produce
measurable splittings or the quadrupole-split lines are too broad to
observe. The two lines are separated by 1.06 MHz, which is only
slightly greater than the 2vy value of 1.02 MHz for the ">Ge nuclei
(when the magnetic field is 342.4 mT). The A value obtained from
the mid-point of the pair of Ge lines is 38.1 MHz. Nuclei responsi-
ble for additional ENDOR lines in Fig. 5, near 17 and 21 MHz, are
not identified in the present study.

V. PHOSPHOROUS VACANCIES (V)

Figure 7 shows EPR spectra taken at 18 K from the CdGeP,
crystal. The microwave frequency was 9.392 GHz, and the magnetic
field was along the [110] direction. The spectrum in Fig. 7(a) was
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obtained with 700 nm light on the crystal. The light was then
removed and the spectrum in Fig. 7(b) was taken within a few
seconds. In Fig. 7(a), signals from both singly ionized cadmium
vacancies (Vg;) and neutral phosphorous vacancies (V9) are
present as well as lines from germanium-on-cadmium antisites
(Geéd). [Note: The Vg, acceptors and the Geéd donors are easily
saturated with microwave power at 18 K because of long spin-lattice
relaxation times. The V% donors, with much shorter relaxation
times, are not saturated at this temperature.]

After removing the 700 nm light, all the neutral phosphorous
vacancies quickly decay at 18 K and only the V; and Gel, spectra
are left in Fig. 7(b). A small portion of these V; acceptors and
Gel, donors also decayed when the light was removed, similar
to the decrease that occurred at 60K after removing the light
(see Sec. IV A). Two possible mechanisms could explain the decay
of neutral phosphorous vacancies at 18 K. If they are sufficiently
close to V4 acceptors, then direct donor-acceptor recombination
could account for the decay of V9§ donors. It is also possible that
VY donors are shallow and revert to singly ionized V; donors at
18K by thermally releasing an electron to the conduction band.
The report by Hoglund et al’” that the neutral phosphorous
vacancy in GaP has a state close to the conduction band supports
the second mechanism.

To isolate the spectrum from the Vg donors in CdGeP,, the
difference spectrum in Fig. 7(c) was generated by subtracting the
spectrum in Fig. 7(b) from the spectrum in Fig. 7(a). Before sub-
traction, the spectrum in Fig. 7(b) was multiplied by a factor of 1.2
to account for the decrease in the number of Vi, acceptors when

Vag
@)
(b)
© ~
Ly
L 1 1 1 | 1 1 1 | 1 1 1 | 1
300 320 340 360

Magnetic Field (mT)

FIG. 7. EPR spectra from CdGeP,, taken at 18 K with the magnetic field along
the [110] direction. (a) Spectrum taken with 700 nm light on the crystal. (b)
Spectrum taken immediately after removing the 700 nm light. (c) Difference
spectrum, generated by subtracting the “after light” spectrum from the “with
light” spectrum. The difference spectrum contains two EPR lines from the
neutral phosphorous vacancy (V‘F’,).
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FIG. 8. Angular dependence of the EPR spectrum from the neutral phospho-
rous vacancy (V?,) in CdGeP,. The discrete points are experimental data
obtained from “difference” spectra. The solid lines are generated using the “best
fit" parameters in Table |II.

the light was removed. For this [110] orientation of the magnetic
field, the difference spectrum in Fig. 7(c) contains two equally
intense lines from the V9 donors, identified by the lower stick
diagram. The concentration of V% donors in this spectrum is
approximately 8.7 x 10'® cm™>. This concentration of photoinduced
phosphorous vacancies is a factor of five less than the concentration
of photoinduced cadmium vacancies in Fig. 7(a). These results,
however, do not necessarily suggest that there are fewer phospho-
rous vacancies in our crystal, as not all the vacancies may have
been converted to their paramagnetic form.

The angular dependence of the V3 EPR spectrum is shown in
Fig. 8 for rotation of the static magnetic field from [100] to [001]
and from [001] to [110]. There are four distinguishable orientations
of the defect. At each angle where data were obtained, a spectrum
was first taken with 700 nm light on, then a spectrum was taken
after removing the light, and finally, a difference spectrum was gen-
erated to identify the V9 lines. Large linewidths and overlapping
lines prevented usable data from being acquired at some of the
angles. Since the EPR spectrum showed no resolved hyperfine, an
S =1/2 spin-Hamiltonian containing only an electron Zeeman term
(H= BS-g-B) was used to analyze the angular dependence in
Fig. 8. The g matrix has six independent parameters, three princi-
pal values and three Euler angles (o, B, and v) that describe the
directions of the principal axes. After writing the spin Hamiltonian
as a 2x2 matrix, values for these parameters were determined
using a least-squares fitting program. Input data consisted of the 30
experimental line positions in Fig. 8 and their corresponding
microwave frequencies. Table IIT contains the best-fit values for the
parameters that describe the neutral phosphorous vacancy (V9).
These parameters were used to generate the solid curves in Fig. 8.
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TABLE Ill. The g matrix for the neutral phosphorous vacancy (V3) in CdGeP,.
Euler angles (o, B, and ) for the g matrix are 62.7°, 41.2°, and —5.7°, respectively
(see Ref. 45). Polar and azimuthal angles (6 and &) are also used to describe the
principal-axis directions. Uncertainties are estimated to be +0.001 for the g values
and +2° for the angles.

Principal-axis directions

Principal values 0 )
g 1.967 49.2° 552°
2 2.052 86.0° 148.7°
g3 2.092 41.1° 243.3°
Line from Ge atom to 54.7° 49.0°
P vacancy

To allow the principal axes to be more easily visualized, the direc-
tions are expressed in polar and azimuthal angles in Table III. The
polar angle 6 is defined relative to [001], and the azimuthal angle ¢
is defined relative to [100] with a positive rotation from [100]
toward [010] in the plane perpendicular to [001]. Our g-matrix
parameters for the phosphorous vacancy in CdGeP, are similar to
those obtained for the phosphorous vacancy in ZnGeP,.'* In
ZnSiP, and CdSiP,, only the g. value was reported for the phos-
phorous vacancy.””**

In a DFT study, Jiang et al.”’ predicted that the unpaired spin
associated with the neutral phosphorous vacancy (V%) in ZnGeP,
is shared by the two neighboring Ge atoms. These investigators™
also found that the formation of the neutral anion vacancy was
accompanied by a significant relaxation of the surrounding lattice,
with the Zn atoms moving away from the vacancy and the Ge
atoms moving toward the vacancy. In CdGeP,, the experimentally
determined directions of the principal axes of the g matrix in
Table III suggest that the phosphorous vacancy’s unpaired spin is
localized on one adjacent Ge atom. The direction of the principal
axis associated with g; is close to the line from a Ge atom to the
center of the vacancy (i.e., the direction of the sp® lobe extending
out from the Ge atom). The polar and azimuthal angles (6 and ¢)
for this latter direction in the unrelaxed lattice are included in
Table III. If the unpaired spin were shared by two adjacent Ge
atoms, one of the principal axes should be close to the line joining
the two Ge atoms. None of the g-matrix principal-axis directions,
however, is close to the Ge-Ge internuclear axis.

VI. GERMANIUM-ON-CADMIUM ANTISITES (Gely)

Figure 2 shows the photoinduced EPR spectrum from the
singly ionized germanium-on-cadmium antisite (Geéd) in the
CdGeP,, crystal. Similar spectra have been reported for cation anti-
site donors (group IV atoms on group II sites) in ZnGeP,, ZnSiP,,
and, CdSiP, crystals.'””**® In the II-IV-P, chalcopyrites, these
antisite donors are easily saturated (especially at lower tempera-
tures), and, thus, are best observed with low microwave power. The
Ge(, spectra in Fig. 2 consist of three lines caused by equal hyper-
fine interactions with two adjacent phosphorous nuclei (the center
line is under the Vg, spectrum). Just as with the Vg, spectra in
Sec. 1V, equal interactions give ratios of 1:2:1 for the lines. The
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germanium atom is smaller than the cadmium atom it replaces,
thus allowing relaxation of the surrounding lattice. A similar situa-
tion occurs in CdSiP, where the silicon atom is considerably
smaller than the cadmium atom. It remains unclear, however, as to
why the unpaired spin is primarily localized on two phosphorous
neighbors, instead of being equally shared by all four phosphorous
neighbors in these antisite defects. In ZnGeP,, the zinc atom is the
same size as the germanium atom, but the unpaired spin in the
Gej, donor is still shared by only two adjacent phosphorous
atoms.'” In Fig. 2, the widths of the Ge(, lines are approximately
6.1 mT. Much of this large width is unresolved hyperfine caused by
overlap of the unpaired spin onto the neighboring atoms.

The EPR spectrum from the Gel, donors exhibits very little
angular dependence (see Fig. 2), and a detailed analysis of g and
hyperfine parameters was not attempted. With the magnetic field
along the [001] direction, the g value is 1.996 and the hyperfine
parameter for each of the two primary *>'P nuclei (spacing between
adjacent lines) is 615 MHz. For the [100] direction, these values are
2.001 and 579 MHz. For the [110] direction, they are 2.004 and
568 MHz. Slightly smaller hyperfine values were reported for Ge;
and Sil; donors'”** in ZnGeP, and CdSiP,, and values approxi-
mately 50% smaller were reported for the Sij, donor™ in ZnSiP,.

For completeness, we draw attention to another antisite donor
(a group V atom on group IV sites) that was observed with EPR in
an early study of ZnGeP, and CdSiP, crystals.”” These P, and P,
donors (i.e, PP, clusters) have a large hyperfine interaction
(~2380 MHz) with the center phosphorous atom and have smaller
equal hyperfine interactions (~244 MHz) with the four surround-
ing phosphorous atoms. Their neutral charge state was formed at
low temperature with near-band-edge light (and decayed in a few
minutes at 20 K after removing the light). The P&, and P donors
have not been detected in crystals grown in recent years by the hor-
izontal gradient freeze technique.

VIl. OPTICAL ABSORPTION

As initially described by Shay et al," CdGeP, crystals have a
direct energy gap near 1.72 eV at room temperature, corresponding
to a transition from the highest of the three valence bands to the
conduction band. Selection rules for this transition require that
light polarized with E || ¢ is preferentially absorbed (i.e., the optical
absorption coefficient when approaching the edge from the long
wavelength side is larger for E || ¢ than for E.Lc¢). Absorption
spectra show an apparent shift of the band edge when using differ-
ent polarizations of the probe light. Shay et al." also confirmed that
the energy gap widens when the crystal is cooled below room tem-
perature, an important behavior for the present study, when
700 nm (1.77 V) light is used to produce EPR spectra.

Figure 9(a) shows the optical absorption spectra obtained at
80K from the CdGeP, crystal. Polarized light (E_Lc) was used.
Corrections were not made for reflection losses. A spectrum was
taken before exposing the crystal to 850 nm light (only light from
the FTIR spectrometer was present). Then a spectrum was taken
with 850 nm light from the LED on the crystal. The additional
850 nm light further increased the absorption across the region
from 2.0 um to 700 nm. We attribute much of the absorption seen
in this region before applying the LED to the effects of the
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spectrometer’s white light source. Figure 9(b) shows the difference
between the “with 850 nm” and the “before” spectra. This differ-
ence spectrum is composed of two broad overlapping bands, as
illustrated by green and blue curves in the figure. The green curve
is a simulation that has a Gaussian shape with a peak at 1.18 eV
(1.05 um). It was generated by matching the simulation to the dif-
ference curve in the 0.7-1.0 eV region. The blue curve in Fig. 9(b),
with a peak near 1.64 eV (756 nm), was then obtained by subtract-
ing the green curve from the difference curve. Although not shown,
a less intense absorption band is seen near 2.0um with light-
polarized E || c.

The two photoinduced optical absorption bands in Fig. 9(b),
at 1.05um and 756 nm, are associated with native point defects.
In ZnGeP,, a broad band peaking near 1.2 um has been attributed
to singly ionized zinc vacancies,"™”" and in CdSiP,, several broad
bands peaking in the 800 nm to 1.0 um region have been attributed
to singly ionized silicon vacancies.”” By analogy with ZnGeP,, we
suggest that the 1.05um band in CdGeP; is a transition associated
with singly ionized cadmium vacancies (EPR shows that cadmium
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FIG. 9. Photoinduced optical absorption in CdGeP,, taken at 80K with light
polarized E L c. (a) These spectra were taken before and with 850 nm light inci-
dent on the crystal. (b) Difference spectrum obtained by subtracting the “before”
spectrum from the “with 850 nm light” spectrum. The difference spectrum con-
tains two absorption bands. The green band is a Gaussian fit peaking near
1.05 um. The blue band, peaking near 756 nm, represents remaining absorption
after the green band is subtracted from the difference spectrum.
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vacancies are the dominant acceptors in CdGeP,). Possible models
are either an intracenter transition from the ground state to a local-
ized excited state of the V5, acceptor or an acceptor-to-donor tran-
sition involving Vg, acceptors and Ge(, donors. The defect(s)
responsible for the 756 nm band in CdGeP, are not identified in
the present study.

VIl. AN OVERVIEW OF NATIVE DEFECTS IN ZnGeP,,
ZnSiP,, CDSiP,, AND CdGeP,

There is a consistency among the native defects observed in
various II-IV-P, chalcopyrites. Crystals grown for nonlinear optical
applications are usually compensated, with group II and group IV
vacancies being the dominant acceptors and antisites (group IV
atoms on group II sites) and P vacancies being the dominant
donors. The energies of formation for these defects have been cal-
culated by Jiang et al.”” Low levels of unintentional impurities such
as Fe, Mn, Ni, and Cu, coming from starting materials, are also
often present but normally play minor roles.

Group II vacancies: These vacancies are very common in the
II-IV-P, chalcopyrites. They are present in the as-grown crystals as
doubly ionized acceptors but are converted to paramagnetic singly
ionized acceptors (V, and V) by exposure at low temperature to
near-band-edge light. When there is an insufficient concentration
of donors, a portion of the group II vacancies will be in the singly
ionized state in the as-grown crystals. The singly ionized acceptors
have their unpaired spin localized on two of the phosphorous
atoms adjacent to the vacancy. This gives a characteristic three-line
hyperfine spectrum that is easily monitored with EPR at low tem-
peratures. An intracenter transition (ground state to a localized
excited state) of these singly ionized acceptors is responsible for a
broad optical absorption band peaking near 1.0 um.

Group IV vacancies: These vacancies are less common in the
II-IV-P, crystals. The Vg, acceptors are seen with EPR in as-grown
CdSiP, crystals, and their concentration can often be increased by
illuminating at low temperatures with near-band-edge light. In con-
trast, the Vg, acceptors are not seen in as-grown ZnGeP, crystals
but have been formed by displacement events when a crystal is irra-
diated at room temperature with 2 MeV electrons. Thus far, there
have been no reports of group IV vacancies in ZnSiP, and CdGeP,
crystals. Singly ionized group IV vacancies have a characteristic
five-line EPR hyperfine spectrum because the unpaired spin is
equally shared by the four phosphorous neighbors. In CdSiP,, the
Vg, acceptors are responsible for broad optical absorption bands
peaking near 800 nm and 1.0 um.

Antisite donors: The group-IV-on-group-II antisites are a
major donor in II-IV-P, crystals, being seen with large concentra-
tions in all the materials studied thus far. Because of the presence
of acceptors, these antisites are usually doubly ionized (Ge!, Siz',
Sizi, and Gel}) in the as-grown crystals. They are converted to
paramagnetic singly ionized donors with near-band-edge light, as
electrons move from acceptors to donors. The unpaired spin is
equally shared by two of the adjacent phosphorous atoms, thus
giving a widely separated three-line EPR hyperfine spectrum that
has very little angular dependence.

Phosphorous vacancies: These vacancies are the other common
donor in II-IV-P, crystals. They are present as singly ionized

ARTICLE pubs.aip.org/aip/jap

donors (V7)) in as-grown crystals and are only converted to neutral
donors (V3) during illuminations at temperatures below 15-20 K.
After removing the light, the neutral donors quickly decay at these
low temperatures, either by direct transfer of an electron to a
nearby acceptor or by the thermal release of an electron from the
shallow neutral state to the conduction band. The photoinduced
neutral state is paramagnetic but has proven difficult to observe
with EPR, primarily because its spectrum is always obscured by the
acceptor spectrum that is unavoidably present. There is no resolved
hyperfine to aid in identification, and only the anisotropy of the g
matrix allows models to be established.

VIl. SUMMARY

Electron paramagnetic resonance (EPR) has been used to
identify and characterize native defects in CdGeP, crystals. Spectra
from cadmium vacancies (V,), germanium-on-cadmium antisites
(Geé’d), and phosphorous vacancies (Vg) are observed, and their
production conditions are described. The analysis of the angular
dependence of these EPR spectra gives spin-Hamiltonian parame-
ters and allows models to be established. In the case of the V¢,
acceptor, ENDOR gives additional hyperfine information that is
unresolved in the EPR spectra. These ENDOR results verify the sig-
nificant delocalization of the unpaired spin density around the
cadmium vacancy. Broad photoinduced optical absorption bands
peaking near 1.05um and 756 nm in CdGeP, are attributed to
native defects. A final section in the paper provides an overview of
the dominant donors and acceptors experimentally observed in
II-IV-P, nonlinear crystals.
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