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ABSTRACT

Zinc germanium diphosphide (ZnGeP2) is a ternary semiconductor best known for its nonlinear optical properties. A primary application is
optical parametric oscillators operating in the mid-infrared region. Controlled donor doping provides a method to minimize the acceptor-
related absorption bands that limit the output power of these devices. In the present study, a ZnGeP2 crystal is doped with selenium during
growth. Selenium substitutes for phosphorus and serves as a deep donor. Significant concentrations of native defects (zinc vacancies, germa-
nium-on-zinc antisites, and phosphorous vacancies) are also present in the crystal. Electron paramagnetic resonance (EPR) is used to estab-
lish the atomic-level model for the neutral charge state of the selenium donor. The S = 1/2 signal from the neutral donors is produced at 6 K
by illuminating with 633 nm light (electrons excited from doubly ionized Zn vacancies convert SeþP donors to Se0P donors). A g matrix, with
principal values of 2.088, 2.203, and 1.904, is extracted from the angular dependence of the EPR spectrum. The principal-axis direction asso-
ciated with the 1.904 principal value is close to a Se–Ge bond. This indicates an asymmetric distribution of unpaired spin density around
the selenium ion and thus predicts the deep donor behavior.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0205739

I. INTRODUCTION

Zinc germanium diphosphide (ZnGeP2 or simply ZGP) is a tet-
rahedrally bonded indirect-gap semiconductor (the conduction band
is 1.99 eV above the highest valence band). These crystals are widely
used in optical parametric oscillators (OPOs) to generate tunable
coherent output at high power levels in the mid-infrared region.1,2

Unfortunately, the performance of the OPOs is often adversely
affected by unwanted optical absorption bands that overlap the pump
and/or idler wavelengths. Native defects, unintentionally present in
the ZnGeP2 crystals, are responsible for the residual absorption
bands. Singly ionized zinc vacancies (V�

Zn) have been identified as the

primary defect causing the dominant unwanted absorption.3,4 Efforts
to remove these vacancies during growth have yielded improved mate-
rials, but large concentrations of zinc vacancies still remain in many
of the ZnGeP2 crystals grown today. An alternative approach to mini-
mizing the unwanted absorption is to use donor doping to place all
the zinc vacancies in the doubly ionized charge state (V2�

Zn ).
Absorption bands have not been associated with this latter charge
state of the zinc vacancy. Sulfur and selenium, substituting for phos-
phorus, are candidates for controlled donor doping.5

In the present report, we use electron paramagnetic resonance
(EPR) to identify and characterize neutral selenium donors in a
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ZnGeP2 crystal. Exposing a crystal doped with selenium to 633 nm
light while being held at 6 K produces the EPR signal from neutral
selenium donors. All the selenium donors are in the singly ionized
charge state (SeþP ) in the as-grown crystal (i.e., before light) and
have no unpaired spins. The light converts these donors to the
S = 1/2 neutral charge state (Se0P) by moving electrons from zinc
vacancies to selenium. At 6 K, the neutral donors thermally decay
in a few seconds after removing the light. A g matrix (principal
values and principal-axis directions) is obtained from the angular
dependence of the EPR spectrum. This matrix suggests that the
donor’s unpaired spin has an asymmetric distribution about the
selenium ion, with considerable spin density near one adjacent ger-
manium ion. As is usual for II-IV-P2 crystals, EPR also reveals the
presence of significant concentrations of native defects in the
ZnGeP2 sample.6–22

The present work indicates that the neutral selenium donor is
deep, although not as deep as the neutral phosphorous vacancy. In
the infrared absorption study of Giles et al.,5 a band peaking near
0.3 eV (∼4.1 μm) is assigned to the transition of an electron from a
neutral selenium donor to the conduction band. For perspective,
neutral selenium donors are hydrogenic in GaP, the III-V analog of
ZnGeP2.

23

II. EXPERIMENTAL DETAILS

A selenium-doped ZnGeP2 crystal was grown by the horizon-
tal gradient freeze method at BAE Systems (Nashua, NH).2,24 The
presence of Se in the crystal was verified with x-ray fluorescence
(XRF). A transparent furnace was used for growth and the starting
materials were synthesized from high-purity elements. The Se
doping level in the starting material was approximately 100 ppm
(not all the Se may have entered the crystal). A small rectangular-
shaped sample suitable for EPR experiments was cut from the
larger boule. Its dimensions are 3.1 × 3.1 × 5.5 mm3. The ZnGeP2
crystals have a tetragonal structure (space group I�42d) with

c = 10.71Ả and a = 5.46Ả.25 The c axis is the unique [001] direc-
tion and the two equivalent a axes are the [100] and [010] direc-
tions. Each zinc has four phosphorous neighbors, each germanium
has four phosphorous neighbors, and each phosphorus has two
zinc neighbors and two germanium neighbors. Figure 1 shows the
phosphorous site (occupied by a selenium ion) and its four neigh-
bors. References 18 and22 provide more complete descriptions of
the ZnGeP2 chalcopyrite structure.

EPR spectra were acquired with a Bruker EMX spectrometer
operating near 9.375 GHz. An Oxford Instruments ESR-900
helium-gas flow system controlled the sample temperature. The
native defects and the selenium donors were converted to paramag-
netic charge states with 633 nm light from a He–Ne laser.
Time-decay data were taken with the spectrometer operated in a
kinetics mode (a time sweep with a fixed magnetic field corre-
sponding to a peak in the EPR spectrum). Estimates of the concen-
trations of defects, with absolute values valid within a factor of two
and relative values good to 10%, were obtained by comparing their
spectra (intensities, linewidths, and number of lines) to a Bruker
standard pitch sample.

FIG. 1. Selenium on a phosphorous site in ZnGeP2, with its two zinc neighbors
and two germanium neighbors. The [001] direction is the unique c axis and the
[100] and [010] directions, in the basal plane, are the two equivalent a axes.

FIG. 2. EPR spectra acquired with the magnetic field along the c axis.
(a) Spectrum taken at 60 K without light showing only the singly ionized zinc
vacancy (V�Zn). (b) Spectrum taken at 60 K with 633 nm light showing the
increase in the singly ionized zinc vacancy (V�Zn) and the appearance of the
singly ionized germanium-on-zinc antisite (GeþZn). (c) Spectrum taken at 6 K with
633 nm light showing the neutral phosphorous vacancy (V0P) and neutral sele-
nium donor (Se0P). (d) Spectrum taken at 6 K after removing the 633 nm light
showing the neutral phosphorous vacancy donor (V0P) has decreased and the
neutral selenium donor (Se0P) has disappeared.
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III. EPR RESULTS

A. Native defects

Three native defects (one acceptor and two donors) are unin-
tentionally present in the as-grown ZnGeP2 crystal. These are zinc
vacancies, germanium-on-zinc antisites, and phosphorous vacan-
cies.6,7,10 The EPR spectrum in Fig. 2(a), taken at 60 K with the
magnetic field along the c axis, shows that singly ionized zinc
vacancies (V�

Zn) are present in the as-grown crystal. This spectrum
was obtained before an exposure to laser light. The 60 K tempera-
ture was chosen because it maximizes the V�

Zn signal without intro-
ducing microwave power saturation effects. Doubly ionized zinc
vacancies (V2�

Zn ) are also present in the as-grown crystal, as demon-
strated by the subsequent increase of V�

Zn vacancies during illumi-
nation. The doubly ionized zinc vacancies are not seen with EPR as
they have no unpaired spins. There are three lines in the V�

Zn spec-
trum, with relative intensities of 1:2:1, representing equal hyperfine
interactions with two of the phosphorous ions adjacent to the
vacancy.6 In Fig. 2(a), the concentration of V�

Zn acceptors is
approximately 5.8 × 1018 cm−3.

The spectrum in Fig. 2(b) was then taken while the crystal was
exposed to 633 nm light. These data were also acquired at 60 K
with the magnetic field along the c axis. Spectrometer settings were
the same in Figs. 2(a) and 2(b), so the two spectra can be directly
compared. Signals from germanium-on-zinc antisite donors (GeþZn)
have appeared and the intensity of the V�

Zn acceptor spectrum has
increased. Before light, the antisites are doubly ionized (Ge2þZn ). The
633 nm light moves electrons from zinc-vacancy acceptors to the
doubly ionized germanium-on-zinc antisite donors, thus forming
the paramagnetic GeþZn donors. As illustrated by the stick diagram,
the GeþZn donor spectrum consists of three lines caused by equal
hyperfine interactions with two of the phosphorous neighbors.10

In Fig. 2(b), the concentrations of V�
Zn acceptors and GeþZn donors

are approximately 9.4 × 1018 and 6.2 × 1018 cm−3, respectively. The
number of GeþZn donors formed is greater than the increase in V�

Zn

acceptors. This suggests that neutral zinc vacancies (V0
Zn), with no

unpaired spins, may also be produced during illumination.
Next, the crystal was cooled to 6 K and the spectrum in

Fig. 2(c) was obtained while exposing the crystal to 633 nm light.
A signal from neutral phosphorous-vacancy donors (V0

P) is seen,7

as well as the signal we assign to neutral selenium donors (Se0P).
The small sharp line near 334 mT is from the cryogenic glassware.
The V�

Zn acceptors and GeþZn donors observed at 60 K in Fig. 2(b),
although present at 6 K, are severely saturated with microwave
power at this lower temperature and do not make significant con-
tributions to the EPR spectrum in Fig. 2(c). When the temperature
is above 10 K, the V�

Zn lines are much larger, and the underlying
selenium donor line cannot be monitored. In Fig. 2(c), the concen-
trations of the V0

P and Se0P donors are approximately 1.0 × 1018 and
1.7 × 1018 cm−3, respectively. The V0

P linewidth is 4.5 mT and the
Se0P linewidth is 6.1 mT.

Finally, the 633 nm light was removed and the spectrum in
Fig. 2(d) was taken at 6 K after waiting 2 min with the sample in
the dark. The neutral selenium donors decay completely in this
time and the concentration of neutral phosphorous-vacancy donors
is reduced to 0.6 × 1018 cm−3. A strongly saturated singly ionized
zinc vacancy signal is seen near 330 mT in Fig. 2(d). Figure 3
shows the decay of the neutral selenium donor EPR spectrum at
6 K when the 633 nm light is removed (the magnetic field was fixed
at 328.3 mT). For this sample, half of these neutral donors decay in
approximately 2 s. The mechanisms responsible for the decay in
Fig. 3 have not been established. Direct donor–acceptor recombina-
tion involving zinc-vacancy acceptors and selenium donors is
likely, and crystals with different concentrations of native defects
are expected to have different decay times for the neutral selenium
donors when the light is removed.

FIG. 3. Thermal decay of the neutral selenium donor (Se0P) after removing the
633 nm light. These data were obtained by monitoring the intensity of the EPR
signal at 6 K. The magnetic field, fixed at 328.3 mT, was along the c axis.

FIG. 4. Difference spectrum obtained by subtracting the spectrum taken after
removing the 633 nm light from the spectrum taken with the light on. The tem-
perature is 6 K and the magnetic field is along the c axis. In the difference spec-
trum, the intensity of the neutral selenium donor (Se0P) is enhanced relative to
the intensity of the neutral phosphorous vacancy (V0P).
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B. Selenium donors

The g matrix of the neutral selenium donor (Se0P) was
extracted from the angular dependence of its EPR spectrum.
Because of interference from overlapping V0

P lines, difference
spectra were used to generate the needed angular data. As an
example, the c axis spectrum in Fig. 4 was produced by subtracting
the “after-light” spectrum in Fig. 2(d) from the “light-on” spectrum
in Fig. 2(c). This subtraction leaves the Se0P signal as the larger con-
tributor to the EPR spectrum in Fig. 4 (i.e., the V0

P signal has been
reduced by approximately half ). Difference spectra (“light-on”
minus “after-light”) were obtained at 6 K for various directions of
the magnetic field, with the Se0P lines always being larger than the
V0
P lines. The Se0P donor’s angular dependence is shown in Fig. 5

for the rotation of the magnetic-field direction in the c–a plane.
Although the effect was minimized, interference from V0

P lines still
prevented precise measurements of the Se0P lines at some of the
angles. There are eight crystallographically equivalent orientations
(or sites) for the Se0P donor in the ZnGeP2 lattice. Degeneracies
reduce this to four distinguishable sites in the c–a plane, thus
explaining the four curves in Fig. 5. These sites arise because struc-
turally identical defects can occur with different orientations within
a crystal.26 The g matrices for the different sites have identical prin-
cipal values but different symmetry-related orientations of their
principal axes.

An S = 1/2 spin-Hamiltonian with only an electron Zeeman
term (H ¼ βS � g � B) describes the Se0P lines near g = 2.0 (i.e., the
290–360 mT region). A least-squares fitting program was used to
extract the six g matrix parameters from the angular dependence in
Fig. 5. These are the three principal values and the three Euler
angles describing the directions of the principal axes. The zyz

convention, defined in the EasySpin EPR simulation program,27,28

is used for the (α,β,γ) Euler angles. Input data for the fitting were
the 22 experimental line positions in Fig. 5 and their corresponding
microwave frequencies. Energy eigenvalues of the Hamiltonian
were repeatedly calculated as the six parameters were systematically
varied. In this iterative process, the predicted line positions
(obtained from the eigenvalues) were compared to the measured
line positions until a “best fit” was achieved.

Table I contains the final g matrix parameters for one orienta-
tion (or site) of the Se0P donor. These parameters were used to gen-
erate the solid curves in Fig. 5. The directions of the principal axes
for the other orientations are obtained by applying the crystal’s
symmetry elements. In Table I, the final Euler angles (α = 34.2°,
β = 45.8, and γ = 32.3°) have been converted to polar and azimuthal
angles (θ and f) to allow easier visualization of the principal direc-
tions. Here, θ is defined relative to the c axis and f is defined as a
rotation in the basal plane from [100] toward [010]. As demon-
strated in the third and fourth rows in Table I, the principal direc-
tion associated with the g3 principal value is near the bond joining
a germanium ion to the selenium ion (on a phosphorous site). In
Fig. 1, this is the bond between the lower-rear Ge ion and the Se
ion. The small deviation of the principal direction of g3 from the
Ge–Se bond direction suggests that the second Ge adjacent to the
Se ion may, to a much lesser degree, also share unpaired spin
density.

It is reasonable to expect that a significant portion of the
defect’s unpaired spin density will be on a Ge ion adjacent to the
Se ion. In an analysis of the polarities of ZnP and GeP bonds in
ZnGeP2, Harrison29 found that the effective charges of the Zn, Ge,
and P ions are 0.60, 1.28, and −0.94, respectively. When these
results are applied to the neutral selenium donor, the large positive
effective charge of the Ge ions means that they will attract the
donor electron more than the Zn ions and, thus, share the unpaired
spin with the Se ion on the P site. Lattice relaxation may account
for the preferential localization on one Ge neighbor. The relative
amounts of spin density on the Ge and Se ions are not known, as
there are no observable 77Se or 73Ge hyperfine lines. The neutral
phosphorous vacancy is an example of another donor in ZnGeP2
having unpaired spin density on a neighboring germanium ion.30

TABLE I. The g matrix for the neutral selenium donor (Se0P) in ZnGeP2. Euler
angles (α, β, γ) for the g matrix are 34.2°, 45.8°, and 32.3°, respectively [these
angles are defined in Ref. 28]. In this table, polar and azimuthal angles (θ and f)
are used to describe the principal-axis directions. Uncertainties are estimated to be
±0.002 for the principal g values and ±2° for the angles. The fourth row is the Ge
to P bond direction in the unrelaxed lattice.

Principal-axis
directions

Principal values θ (°) f (°)

g1 2.088 127.3 76.4
g2 2.203 67.5 148.0
g3 1.904 45.8 34.2
Ge to P bond 54.8 44.0

FIG. 5. Angular dependence of the EPR spectrum from the neutral selenium
donor (Se0P). The discrete points are experimental data taken at 6 K with a
microwave frequency of 9.375 GHz. The “best fit” parameters in Table I were
used to generate the solid red lines.
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IV. SUMMARY AND CONCLUSIONS

Neutral selenium donors (Se0P) are observed in a ZnGeP2
crystal. The selenium ions occupy phosphorous sites and convert to
paramagnetic neutral donors (Se0P) when the crystal is exposed at
6 K to 633 nm light. They return within seconds to the singly
ionized state (SeþP ) when light is removed. An anisotropic g matrix
shows that selenium is a deep donor with a portion of the unpaired
spin density on a neighboring Ge ion. This is consistent with infra-
red absorption results that place the neutral selenium donor
approximately 0.3 eV below the conduction band.5 Additional
insights to the structure of the selenium donor may be obtained
from experimental electron-nuclear double resonance (ENDOR)
studies and from computational modeling studies.

Our investigation provides support for the use of controlled
doping of ZnGeP2 with selenium to minimize unwanted optical
absorption from singly ionized zinc vacancies. This approach of
controlled donor doping may also be relevant for minimizing
unwanted optical absorption from singly ionized silicon vacancies
(V�

Si) in CdSiP2,
19,21 another important II-IV-V2 nonlinear optical

material.
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