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Materials solutions are required to enhance radiative recombination in the 520 nm to 620 nm
wavelength region, termed the ‘green gap’, where IlI-N emitters are inefficient and phosphide materials
cannot emit due to an indirect transition. The II-IV-N, family of materials (Il = Zn, Mg and IV = Si, Ge,
Sn) provides a potential solution; the compounds are structurally analogous to the IlI-N materials with
direct optical band gaps, and published models suggest heteroepitaxial integration of ZnGeN, into GaN
LEDs may significantly improve recombination efficiency. In this work we present GaN/ZnGeN,/GaN
double heterojunctions grown by molecular beam epitaxy (MBE). The MBE-grown heterogeneous
interfaces are coherent as measured by electron microscopy and X-ray diffraction, and they are
chemically abrupt as measured by X-ray energy dispersive spectroscopy mapping. Electron microscopy
shows threading dislocations nucleated at both interfaces, indicating the need for further improvement
of growth methods. In particular, the first 30 nm of GaN grown on ZnGeN, is highly defective, likely due
to the low growth temperature used to prevent Zn desorption. Photoluminescence spectroscopy shows
signals of unintentional Zn and Ge doping in the GaN and a 2.9 eV Zn:GaN defect band (donor—accep-
tor pair) convolved with a separate defect band of distinct physical origin (free-to-bound) which
originates from the ZnGeN, layer. We identify Gez, antisite defects or Gage impurities, as suggested by
previously published defect calculations, as the most likely candidates for this luminescence. This work
demonstrates coherent interfaces between ZnGeN, and GaN, highlighting defects and associated
properties of interest with respect to optoelectronic applications.
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Introduction

Binary group-IlI-nitrides and their alloys have revolutionized
optoelectronics, power electronics, and high frequency electro-
nics over the previous two decades.™ The reason for the
widespread impact and success of (Al,Ga,In)N is a combination
of optimal properties, a wide band gap which is tunable
through alloying across the visible spectrum well into the UV,
a high electron mobility in the binary compounds,” sponta-
neous polarization fields,® bipolar dopability, and tolerance to
high levels of extended defects such as threading dislocations.”
Each of these features has, together, enabled widespread
use of the III-N materials in highly efficient blue light emitting
diodes (LEDs),® high-frequency transistors,” and power
electronics.

“ National Renewable Energy Laboratory, USA. E-mail: brooks.tellekamp@nrel.gov

b Colorado School of Mines, USA

¢ Ames National Laboratory, USA

+ Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3tc02425¢

This journal is © The Royal Society of Chemistry 2023

For LEDs with (In,Ga)N active layers, the lattice mismatch
leads to large strain and therefore piezoelectric polarization
fields in the quantum well (QW) active layers. Including the
spontaneous polarization mismatch between GaN and InN,
these polarization terms lead to large internal electric fields
and a strong quantum-confined stark effect that significantly
reduces electron-hole wavefunction overlap. The recombina-
tion efficiency of (In,Ga)N active layers rapidly decreases as the
In fraction is increased beyond ~20%, leading to low efficiency
LEDs. This region of inefficient spectral emission is colloquially
referred to as the ‘green gap’.

Recently there has been increased research into the II-IV-N,
family of wurtzite-derived ternary nitrides (I = Zn, Mg and IV =
Si, Ge, Sn)."* These materials have a lattice constant and band
gap space which overlaps the III-N materials, potentially
expanding the design space for nitride optoelectronics through
heteroepitaxy.'? In particular, GaN and ZnGeN, are very similar
in structure due to similar atomic sizes of Zn, Ga, and Ge; the
lattice parameters of GaN are a = 3.189 A and ¢ = 5.186 A, while
the lattice parameters of cation-disordered ZnGeN, are a =
3.196 A and ¢ = 5.215 A.™® Modeling suggests that combining
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Fig. 1 (a) Crystal structure diagram of wurtzite GaN and cation-disordered ZnGeN,. (b) Layer diagram of the samples studied in this article consisting of a

GaN regrowth, varied thickness (d nm) ZnGeN;, layer, and GaN cap. (c) High-resolution XRD symmetric scans of the (0002) and (0004) reflections taken
in triple-axis geometry. (d) Asymmetric reciprocal space maps along the (1015) reflection to observe broadening mechanisms and strain.

II-IV-N, materials in ITII-N LED structures can increase radiative
recombination in green LEDs from 22% to 66%."* This work
focuses on ZnGeN,, which is structurally and electronically similar
to GaN with ~0.2% lattice mismatch and a 3.4 eV cation-ordered
band gap.”” For ZnGeN, grown by thin-film growth methods
the cation site occupancy is random, leading to a wurtzite rather
than orthorhombic structure. This cation-disordered structure is
reported to have a smaller band gap than the cation-ordered
structure and is shown in Fig. 1a."®'” ZnGeN, epitaxy is still a new
field, with only a few literature reports of ZnGeN, grown on GaN
by metal-organic chemical vapor deposition (MOCVD)***®? and
molecular beam epitaxy (MBE).>° GaN/InGaN/ZnGeN,/InGaN
structures have been grown by MOCVD but do not have defined
interfaces and form an inhomogeneous alloy.>* Here, we char-
acterize the defects and optical properties of epitaxial GaN/
ZnGeN,/GaN double heterojunctions grown by MBE.

Methods

GaN and ZnGeN, were grown by molecular beam epitaxy (MBE)
using previously published methods.**** In contrast to previous
work on AIN substrates, GaN templates (6 um thick, Si-doped,
3LCorp) were used as substrates. After loading and annealing, the
GaN substrate was chemically cleaned with metallic gallium.'® N,
was supplied at 2.25 SCCM and activated at 500 W plasma
power.”! ZnGeN, was grown at 400-450 °C at a II/IV ratio ranging
from 75:1 to 250:1 using a Ge-limited growth flux of approxi-
mately 3 x 10~ ® torr beam equivalent pressure (BEP). The III/V
ratio for GaN was actively monitored with RHEED intensity
transients.>® The substrate back-side thermocouple was calibrated
to the melting point of Al using a pyrometer.

Structural quality was assessed by X-ray diffraction (XRD)
and scanning transmission electron microscopy (STEM),
chemical abruptness at interfaces and impurity analysis
were assessed by X-ray energy-dispersive spectroscopy (EDS)
and secondary ion mass spectrometry (SIMS). XRD was
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performed with a Panalytical MRD-Pro using Cu-k, radiation
monochromated by a 4-bounce (400) Ge crystal and collimated
by a Gébel mirror. The diffracted beam was limited to 12 arcsec
by a 3-bounce Ge (220) monochromator (triple-axis geometry)
for symmetric. A 255 x 255 pixel Si-CCD array was used
to capture reciprocal space maps (RSMs) with a step size of
0.0025° 26. (Scanning) transmission electron microscopy studies
were performed using a probe aberration corrected Titan Themis
with SuperX EDS detector.

Optical properties were investigated by temperature- and
power-dependent photoluminescence spectroscopy (PL). PL was
excited with a 325 nm He-Cd laser with a spot size of approximately
100 pm at 0.01-1 mW power and recorded using a 0.3 m spectro-
meter coupled to a Si-CCD detector with a UV-sensitive coating.
Despite the coating, the detector efficiency is <10% at wavelengths
shorter than 400 nm, thus a white-light correction standard was
applied. The laser line was filtered using a 325 nm razor-edge filter.
For power-dependent data, PL signals were fit using a skewed Voigt
function (from the built-in skewed Voigt model in the python Imfit
module) to approximate the asymmetric line shape associated with
the Fermi function and density of states to determine maximum
intensity energy positions and peak amplitudes. Additional PL was
performed using a 266 nm laser and a photomultiplier tube
detector to rule out the presence of a cation-ordered ZnGeN,
band-to-band transition at higher energy.

Results and discussion
Structure and chemical properties

A series of GaN/ZnGeN,/GaN double heterojunctions were
grown, varying the thickness of the ZnGeN, layer (d = 10, 20,
40 nm, diagram in Fig. 1b) to determine the impact of ZnGeN,
thickness on interfacial, structural, and optical characteristics.
GaN was regrown at 600 °C to a thickness of approximately
130 nm, after which the substrate temperature was lowered to
400 °C and the ZnGeN, layer was grown under the same

This journal is © The Royal Society of Chemistry 2023
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nitrogen plasma conditions used for GaN. Following the
ZnGeN, growth the substrate temperature was increased back
to 600 °C at a ramp rate of 60 °C min', and GaN growth was
initiated during the temperature ramp at 475 °C to prevent
decomposition of the ZnGeN, layer. The GaN cap was also
approximately 130 nm thick. A control sample was grown
without ZnGeN, where the temperature was ramped to 400 °C
after the regrowth and homoepitaxial GaN was initiated during
the same temperature ramp at 475 °C to investigate the impact
of low temperature GaN on XRD broadening. Symmetric XRD
was measured around the (0002) and (0004) reflection, shown
in Fig. 1c. We observe a broad diffraction peak associated with
the thin ZnGeN, layer as well as Pendellosung thickness fringes
associated with the GaN cap. The thickness fringes were fit to a
thickness of 130-135 nm, and the broad component associated
with the ZnGeN, layer corroborates the targeted thicknesses.
The thickness fringes indicate the layers are uniform and the
interfaces have low roughness.

To observe the coherence of the ZnGeN, epilayer, reciprocal
space maps (RSMs) were performed around the (1015) reflec-
tion in an asymmetric geometry (y = 0°) (Fig. 1d). The streak
tangential to the Ewald sphere at the reciprocal lattice point of
GaN is an analyzer/detector streak arising from the width of the
detector. The streak/point to the upper right of the main
substrate peak is the sample streak artifact arising from slight
variations in source wavelength, and the spread of the substrate
peak extending down and to the right is the monochromator
streak arising from the angular spread of the incident beam.**
Broadening of the GaN reciprocal lattice point is observed in Q,.
The broadening in Q, is associated with a decrease of the lateral
coherence length in the GaN cap,> likely a result of dislocations
generated at the GaN-on-ZnGeN, top heterointerface. The in-
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plane broadening does not appear to increase as the ZnGeN,
film thickness is increased, indicating that these defects are not
generated within the ZnGeN, layer. An RSM of the control sample
(Fig. S1, ESIt) does not show the broadening seen in the samples
with a ZnGeN, layer, supporting the hypothesis that these defects
are generated at the interface between ZnGeN, and GaN. The
finite thickness of the GaN capping layer and ZnGeN, layer
produce crystal truncation rods, leading to broadening in Q..

Mirroring the results for the symmetric scan, the ZnGeN,
epilayer is not distinguishable by diffraction in the 10 nm thick
layer but becomes more distinct as the ZnGeN, epilayer thick-
ness increases. For the 40 nm sample the spot associated with
ZnGeN, is apparent at Q, ~ 6.02 A~ and along the same in-
plane Q, coordinate as GaN, indicating that the ZnGeN, is
psuedomorphic to GaN. The observed Q, value is slightly lower
than expected for unstrained ZnGeN, (6.03-6.04 A~?), consis-
tent with the observed in-plane compressive strain.

The 20 nm sample was investigated by transmission electron
microscopy (TEM) to analyze structural and elemental unifor-
mity using previously established methods.>>>° Fig. 2 shows
the overall microstructure of the epitaxially grown heterostruc-
ture. Some threading dislocations (black lines) were generated
at the first ZnGeN,-on-GaN interface, and the majority are
generated at the second GaN-on-ZnGeN, interface. The inset
is an aberration-corrected high-resolution high-angle annular-
dark-field (HAADF) scanning transmission electron microscopy
(STEM) image taken at [1010] zone axis showing the ZnGeN,/
MBE-GaN interface is well-defined and coherent. EDS elemen-
tal mapping, shown in Fig. 3, shows that both interfaces are
uniform and fairly sharp. The EDS line scan in Fig. 3a demon-
strates no significant variation between Zn and Ge within the
ZnGeN, layer, suggesting a stoichiometric film within the

~130 nm MBE GaN

Fig. 2 Microstructure of the 20 nm sample. Bright-field TEM image taken at the g = (0002) diffraction condition showing threading dislocations (black
lines) generated at both ZnGeN,/GaN interfaces. Note that under this diffraction condition only threading dislocations with screw-components are
visible. The inset is an aberration-corrected high-resolution high-angle annular-dark-field (HAADF) scanning transmission electron microscopy (STEM)
image taken at the [L010] zone axis showing the well-defined and coherent ZnGeN,/GaN interface.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Compositional characterization of the 20 nm sample. (a) EDS line scan of the 20 nm sample (growth direction is left to right) shows the sample to
have no significant variation between Zn and Ge within the ZnGeN layer, suggesting it is stoichiometric. (b) HAADF STEM image and corresponding X-ray
energy dispersive spectroscopy elemental mapping shows the elemental distribution inside the film. The box in the 4-element overlay shows the

approximate area of the EDS line scan shown in (a).

resolution of EDS, which cannot accurately quantify the nitrogen
signal. The HAADF STEM image in Fig. 3b shows that the GaN
cap immediately above the ZnGeN,, within a thickness of ~20-
30 nm, has a higher defect density than the remaining GaN cap.
This defective layer is likely responsible for the broadening of the
GaN reciprocal lattice point in Q,, which does not increase with
increasing ZnGeN, thickness, and is most likely correlated with
the low temperature GaN nucleation.

Optical properties

PL was performed at room temperature (294 K) and at low
temperature (4 K) and is shown in Fig. 4. There are three primary
features in the spectra. From lower energy to higher energy at
room temperature (Fig. 4a), there is the GaN yellow-band lumi-
nescence at 2.25 eV, a broad transition around 2.87-2.95 eV, and
a band edge transition at 3.4 eV. We have previously determined
that the broad transition at approximately 2.9 eV is associated
ZnGeN, by heteroepitaxial growth on AIN," however there is a
competing signature of Zn-doped GaN at 2.88-2.89 eV.”’

For the room-temperature spectra, the intensity of the GaN
band-edge luminescence decreases as a function of increasing
ZnGeN, thickness (see the non-normalized data in Fig. S3,
ESIt). As observed in the RSM’s in Fig. 1d, the GaN cap does
not become increasingly defective as a function of ZnGeN,
thickness, therefore the decreased intensity is consistent with
absorption of band edge luminescence from the GaN substrate
and buffer layer by the ZnGeN, layer. The GaN yellow band
luminescence is clear at approximately 2.25 eV with Fabry-
Perot fringes characteristic of the template thickness. The peak
associated with ZnGeN, is located at 2.95 eV for the 20 nm
ZnGeN, layer and at 2.87 eV for the 40 nm ZnGeN, layer but is
not visible at room temperature for the 10 nm ZnGeN, layer.
The signature of Zn:GaN was reported as mostly invariant with
temperature.””*® The observed peak is broad, and not entirely
uniform, therefore it is initially unclear if the signal includes
both the near-band-edge electron to acceptor Zn:GaN transi-
tions and the ZnGeN, defect band.**®

13920 | J Mater. Chem. C, 2023, 11,13917-13923
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Fig. 4 Room temperature (a) and low temperature (b) photolumines-
cence of the double heterojunctions with ZnGeN, thicknesses of 10 nm,
20 nm, and 40 nm. PL is normalized to the GaN band edge signal, and raw
counts per second data is shown in the ESI.{

At low temperature (Fig. 4b) the band-edge peaks have
sharpened and blue-shifted as expected. The intensity ratio of
band-edge to broad-band luminescence follows a decaying trend
consistent with increased attenuation of the GaN substrate and/

This journal is © The Royal Society of Chemistry 2023
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or increased signal from the ZnGeN, layer. We also observe two
phonon-replicas in the 10 nm sample which decay in intensity as
the ZnGeN, layer is increased, also consistent with the absorption
of substrate and/or buffer layer luminescence as the ZnGeN,
thickness is increased. The broad-band luminescence from the
10 nm sample peaks around 2.90 eV, consistent with previous
reports for Zn:GaN. In addition, that signal is absent in the room-
temperature measurement for the same sample, consistent with
reports that Zn:GaN blue-band luminescence is quenched at room
temperature.*® At low temperature the broad-band luminescence
peak occurs at 2.91 eV for the 20 nm sample and 2.88 eV for the
40 nm sample, corresponding to a red-shift of approximately
400 meV at low temperatures for the 20 nm sample and a
statistically insignificant blue-shift of 10 meV for the 40 nm
sample. The red-shift with decreasing temperature is not consis-
tent with band-edge luminescence, nor with Zn:GaN blue lumi-
nescence, therefore this signal is possibly correlated to defect-
related luminescence in the ZnGeN,. It is likely that the peak
consists of convolved signals from both Zn:GaN and ZnGeN,.
Previous reports have correlated a broad set of signals in the range
1.7 eV to 2.2 €V with anti-site Zng.~Gez,, defect pairs, but we did
not observe PL signal in this range.”

The highest-intensity peak energy for the 10 nm and 20 nm
sample is found at 3.455 eV, consistent with the reported
energy level of an acceptor-bound exciton (A°X,) in Zn:GaN.””
In addition, the energy position of the 1LO and 2LO phonon-
replicas, 3.36 eV and 3.27 €V, is consistent with the reported
positions of the phonon-replica of the A’X, for Zn:GaN.”® In
contrast, we observe phonon replicas at 3.38 eV, 3.29 eV, and
3.2 eV in GaN templates that have not been grown on, con-
sistent with the free-exciton bound phonon series (X,-LO)
rather than the A°X,-LO series.?® This implies that the primary
band-edge signal in the 10 nm and 20 nm samples originates
from unintentionally Zn-doped GaN.

In contrast to the 10 nm and 20 nm samples, the highest-
intensity peak energy for the 40 nm sample is found at 3.50 eV.
The 10 nm and 20 nm samples also have higher-energy recom-
bination signatures, visible in the inset of Fig. 4b, at approxi-
mately 3.48 eV and 3.52 eV. The 40 nm sample also shows a
lower-energy shoulder around 3.45 eV which corresponds with
the previously mentioned A°X, transition. The highest energy
recombination in GaN occurs from the free-exciton series split
by the valence bands (light and heavy hole plus split-off) at
3.478 €V, 3.484 eV, and 3.49 eV for X,, Xg, and X¢ respectively.*®
These signatures are difficult to observe, especially Xg and Xc. It
is therefore unlikely that the recombination mechanism result-
ing in 3.50 eV emission is associated with free excitons in GaN.
It is however possible that the first high-energy shoulder of the
10 nm and 20 nm samples corresponds to the X, transition in
GaN, and it is unclear if this signature is also present in the
40 nm sample. We do not expect strain effects, which can alter
the transition energy, to play a role in these results as there is no
significant deviation from ideal lattice constants observed by
reciprocal space mapping (Fig. 1).>***" The other possibilities for
emission at energies higher than the free exciton in GaN are
band-edge emission from cation-ordered ZnGeN, and Burstein-

This journal is © The Royal Society of Chemistry 2023
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Moss shifted emission from degenerately n-type doped GaN.
Low-temperature emission with a peak at 3.53 eV has been
observed for degenerately doped GaN with Ge on the order of
3.5 x 10" ecm 3, however the associated room temperature
band-edge signal is very broad with a peak at 3.46 eV.**> In
contrast, we do not see an associated broad transition at room
temperature with a higher-than-expected energy. To further
investigate, a 20 nm ZnGeN, sample was grown without a GaN
cap (Fig. S4, ESI{). In this sample we still observe the AX,, X,,
and unexplained high energy signatures at 3.455 €V, 3.478 eV,
and 3.55 eV respectively, but we do not observe the 3.50 eV
transition indicating it is most likely due to degenerate Ge-
doping in the GaN cap resulting from partial decomposition of
the ZnGeN, when increasing the substrate temperature for GaN
growth. Decomposition would produce volatile Zn and N,,
leaving behind excess Ge to incorporate in the GaN, consistent
with defects observed in the first 30 nm of the GaN cap by
HAADF STEM imaging.

To further understand the 2.9 eV transition, we have per-
formed power-dependent measurements at low temperature
(Fig. 5, raw data in Fig. S5, ESIT). 4K PL data was collected at
10 pw, 100 pW, and 1 mW to look for signatures of donor-
acceptor pairs and bimolecular recombination.*® In Fig. 5 we
observe a blue-shift in the broad 2.9 eV peak for the 10 nm

(a)

P 101t 3
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— w20 NmM
z , === 40nm

(b)
. . .
>
Q 2.90¢ 1
O
= 2.89¢ 1
(]
3 2.88} ]
5 -
a 2.87¢ 1

1072 101 10

Power (mW)

Fig. 5 (a) Defect band peak intensity at low temperature as a function of
excitation power. The three thickness show similar slopes, approximately 1
on a log-log scale, which is not indicative of a specific mechanism at the
achievable excitation power range. PL peak center (b), also as a function of
excitation power. Blue shifting is observed in the 10 nm sample, consistent
with a donor-acceptor pair in Zn-doped GaN, while the 20 nm and 40 nm
signal do not show any shift consistent with a free-to-bound transition.
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sample, but not for the 20 nm or 40 nm sample. A blue-shift
with increasing excitation intensity is a clear signature of
donor-acceptor pair transitions due to a coulomb term between
two localized states which is not present for other recombina-
tion mechanisms. This indicates that the recombination
mechanism observed for the 10 nm sample is fundamentally
different than the other samples. This is corroborated by the
absence of room-temperature PL signal at 2.9 eV for only the
10 nm sample. Taken in context of the temperature-dependent
PL where the 2.9 eV is absent at room temperature for the
10 nm sample only, we can conclude that the recombination
signal in the 10 nm sample is indeed due to donor-acceptor
pairs associated with Zn:GaN as previously reported.>® We can
also conclude that ZnGeN, is responsible for the defect signa-
ture observed in the 20 nm and 40 nm samples, and that the
transition likely involves one free carrier (free-to-bound) as the
signal does not blue-shift under increasing excitation power.*
A survey of ZnGeN, defect calculation literature finds two
possible origins for this free-to-bound signature at 2.9 eV.
Native defect calculations suggest a Gey, antisite defect is the
closest match with a (+2/0) charge transition level 2.9-3.1 eV
above the valence band.***’ Impurities from the GaN layer may
also be contributing to the defect luminescence observed, and
it is well-known that shuttered but hot sources in MBE may still
contribute to background impurities. Impurity defect calcula-
tions predict the Gag. to be the most likely to form at 2.9
eV.>*¥” Given that the ZnGeN, layers are grown at a substrate
temperature where Zn desorption is dominant and while
the Ga cell is still hot but shuttered, we cannot rule out either
candidate.

Conclusions

In conclusion, we have demonstrated coherent GaN/ZnGeN,/
GaN double heterostructures grown by MBE. The structure was
investigated by XRD and STEM, showing abrupt interfaces and
psuedomorphic growth. RSMs confirmed the structural coher-
ence but also showed a defective GaN cap independent of
ZnGeN, thickness, also confirmed by microscopy, suggesting
defects are generated at ZnGeN,/GaN heterointerfaces. Thread-
ing dislocations nucleated at both interfaces were observed by
STEM. PL showed a broad transition around 2.9 eV which
consists of both an unintentionally Zn-doped GaN component
and ZnGeN, defect component. According to previously pub-
lished intrinsic and extrinsic defect calculations this transition
may be assigned to either a Gey, antisite defect or Gage
impurity. For thin ZnGeN, layers, the recombination is primar-
ily from unintentionally Zn-doped GaN as determined by
temperature- and power-dependent measurements. For thicker
ZnGeN,, the signal is a convolution of Zn-doped GaN and a
free-to-bound defect transition in ZnGeN,. This work demon-
strates that high-quality interfaces between ZnGeN, and GaN
are possible, however further study is required to reduce the
threading dislocation density and unintentional Zn and Ge
doping in GaN capping layers.
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