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ABSTRACT: Band structure engineering based on InGaN/ZnGeN, heterostructure quantum wells (QWs) is proposed to address
the long-standing charge separation challenge in visible light emitters using polar InGaN QW:s as active media. A nanometer-scale
layer of ZnGeN, is successfully incorporated in InGaN QWs via metalorganic chemical vapor deposition. Understanding the
structural properties of the heterostructure QWs reveals that the growth conditions for the GaN barrier layers play an important role
in the QW properties. Specifically, the structural quality of the QWs is improved by increasing the thickness and the growth
temperature of the GaN barrier layers. Due to the large band offset at the InGaN/ZnGeN, heterointerface, the position and
thickness of the ZnGeN, sub-layer within the InGaN QWs determine the potential minima and thus the carrier wave functions in
both conduction and valence bands. This work demonstrates the effectiveness of emission wavelength tunability of InGaN/
ZnGeN,/InGaN heterostructure QWs via tuning of the ZnGeN, sub-layer properties. More significantly, the peak emission of
InGaN/ZnGeN,/InGaN heterostructure QWs can be extended to longer wavelengths without increasing the In composition or the
QW thickness. Results from this work provide a new route for addressing the low quantum efficiency of conventional InGaN QWs
emitting at green and longer wavelengths.

1. INTRODUCTION quantum efficiency to drop. This phenomenon is known as the
quantum-confined Stark effect (QCSE).” In addition, the
miscibility gap between GaN and InN leads to random alloy
fluctuations and phase segregation in high-In-content InGaN,
which increases the density of nonradiative recombination
centers (NRCs).”* The growth of high-In-content InGaN
requires a low growth temperature, which further deteriorates
the crystalline quality and in turn increases the density of
NRCs. The severity of all of these adverse phenomena
increases with the increase in either the In content or the width
of the QW, either or both of which are necessary for extending
the emission wavelength into green, amber, and red.?

An external quantum efficiency (EQE) greater than 80% has
already been achieved in III-N-based blue light emitting diodes
(LEDs), and an EQE greater than 60% has been achieved in
I1I-P-based red LEDs." Unfortunately, the EQEs of the state-
of-the-art green and amber LEDs are only 44% and 18%,
respectively.' The direct-to-indirect band gap cross-over of the
AlGalnP material system, at slightly over 2.3 eV, fundamentally
limits the achievable EQE in III-P based amber, green, and
blue LEDs.” The InGaN material system has a direct band gap
over the entire visible spectrum and is considered to be a more
viable option for developing high efliciency green and amber

LEDs.”
- CRYS
One of the major challenges in InGaN quantum well (QwW)- Received: June 1, 2021 d&&ﬁ%
based LEDs is associated with the polarization-induced internal Revised:  November 12, 2021

electric field, which bends the energy bands and creates a Published: November 22, 2021

separation between the electron and hole wave functions.”” A
reduction in the electron—hole wave function overlap causes
the radiative recombination rate to decrease and, hence, the
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To reduce or eliminate the internal field-induced charge
separation, InGaN QWs grown along the nonpolar m-axis or
the semipolar g-axis have been investigated extensively both
theoretically and experimentally.”~” However, the unavail-
ability of large-size inexpensive free-standing m-plane or a-
plane GaN and the large density of extended defects in
heteroepitaxial m-plane or a-plane GaN on foreign substrates
limit the development of nonpolar or semipolar InGaN QWs.
Another approach to mitigate the QCSE is to engineer the
band structure of the InGaN QWs grown along the polar c-
plane to increase the overlap between the electron and hole
wave functions.” Previously proposed band structure engineer-
ing solutions for IIl-nitride QWs include staggered InGaN
QWs,*™"* strain-compensated InGaN/AIGaN QWs,">'*
InGaN/5-InN QWs,"” and type-II InGaN/GaNAs QWs, '
all of which have shown enhancement of the electron—hole
wave function overlap. However, the In content required in
these structures for green and longer emission wavelengths
remains problematically high.”

Recently, the use of a hole confinement layer to overcome
the QCSE in visible'®"? and ultraviolet™ wavelength emitting
II-nitride QWSs has been investigated theoretically. The
calculated electron—hole wave function overlaps have shown
two- to threefold enhancement in blue- and green-emitting
InGaN/ZnGeN,/InGaN QWs compared to those of the
conventional InGaN QWs designed for the same peak
emission wavelengths.'® Another advantage of the InGaN/
ZnGeN,/InGaN QW over the conventional QW is the
reduction in the required In content to achieve a targeted
peak emission wavelength. The band gap and lattice constant
of ZnGeN, are similar to those of GaN.”'™>* These two
materials form a type-II heterostructure in which the valence
band of ZnGeN, lies more than 1 eV above that of GaN.>>"*’
Due to the large valence band offset, the ZnGeN, sub-layer in
an InGaN/ZnGeN,/InGaN QW provides strong hole confine-
ment, which in turn enhances the electron—hole wave function
overlap.

There has been no experimental report on the implementa-
tion of InGaN/ZnGeN,/InGaN heterostructure QWs. Re-
cently, we reported the development of metalorganic chemical
vapor deposition (MOCVD) of ZnGeN, on GaN-on-sapphire
templates”® and sapphire substrates.”” The band offsets
between GaN and ZnGeN, were determined experimentally.””
In this paper, MOCVD growths of InGaN/ZnGeN,/InGaN
QWs on GaN templates were investigated. The effects of the
thicknesses and growth temperatures of the GaN barrier layers
on the structural properties of the QWs were studied. The
smoothness of the InGaN/ZnGeN,/InGaN QWs improved
with increasing both the thickness of the GaN barrier and the
barrier growth temperature. The effects of the thickness and
position of the ZnGeN, layer within the InGaN QWs on the
optical properties of the InGaN/ZnGeN,/InGaN hetero-
structure QWSs were characterized using cathodoluminescence
(CL) and photoluminescence (PL) spectroscopy measure-
ments. The emission efficiencies of the QWs were observed to
depend on the ZnGeN, layer growth temperature and
thickness. The peak wavelengths were observed to depend
on the ZnGeN, layer thickness and its location within the
InGaN QW. For higher growth temperatures, the PL and CL
spectra showed the emergence of a new peak, which was not
present in the spectra of the conventional InGaN QWs. This
new peak is attributed to Zn defect levels.
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2. Experimental Details. Figure 1a,b shows the schematic
of the conventional InGaN QWs with GaN barriers and the
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Figure 1. Schematic design of (a) conventional GaN/InGaN/GaN
QWs and (b) GaN/(InGaN/ZnGeN,/InGaN)/GaN QWs. N is the
number of QWs in the samples.

InGaN/ZnGeN,/InGaN QWs grown in this work. The
conventional QWs consist of single InGaN layers, whereas
the heterostructure QWs consist of InGaN/ZnGeN,/InGaN
QW layers with the same GaN barriers. The samples were
grown on GaN-on-sapphire templates via MOCVD. The
HVPE-grown GaN templates used in this study were
commercially purchased. The growths were initiated by
regrowth of a 150—200 nm thick GaN layer at 975 °C and
200 Torr reactor pressure. Trimethylgallium (TMGa) and
ammonia (NH,) were used as the precursors of Ga and N,
respectively, and H, was used as the carrier gas for this layer.
The temperature was then ramped down to 700 °C, and the
pressure increased to 500 Torr to grow an InGaN/GaN
superlattice (SL) layer. Next, the multiple QWs (MQWs) were
grown on top of the SL layer, using triethylgallium (TEGa),
trimethylindium (TMIn), and NH; as the precursors for Ga,
In, and N, respectively, while N, was used as the carrier gas.
The ZnGeN, sub-layers in these samples were grown using
diethylzinc (DEZn), germane (GeH,), and NH; as the
precursors for Zn, Ge, and N, respectively, with N, as the
carrier gas. The growth conditions for the barrier and QW
layers are listed in Table 1. A quotation mark in the table
indicates that the value listed is the same as the one above it,
and is used to help highlight similarities and differences among
the growth conditions for the different samples. All the layers
were grown in the same chamber without interruption. While
the samples are labeled A through M for the purpose of
discussion of the results presented here, the table also lists the
run numbers, which are used to catalogue the sample library.
The results presented here are representative of the findings
from over 200 QW growth runs.

The structural properties of the samples were investigated
via X-ray diffraction (XRD) using a Bruker ADVANCED D8
Discover XRD and scanning transmission electron microscopy
(STEM) using a Thermo Fisher Titan STEM operated at 300
kV. The elemental compositions along the cross sections of the
samples were determined using energy-dispersive X-ray
spectroscopy (EDS) measurements. CL measurements were
performed using a Thermo Fisher Quattro environmental
scanning electron microscope equipped with a Horiba H-Clue
CL detector. A 325 nm wavelength cw He—Cd laser was used
as the excitation source for the PL measurements. The
excitation spot size was approximately 100 gm in diameter.
The excitation power used was approximately 0.50 mW.

3. Results and Discussion. The successful insertion of a
ZnGeN, sub-layer in between two InGaN layers was confirmed
by STEM imaging and EDS line scans along the cross sections

https://doi.org/10.1021/acs.cgd.1c00630
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5 > of the samples. The middle panel shown in Figure 2 shows the
S g g 22 2 w2 Qv
e e - S BT cross-sectional STEM image of the InGaN/ZnGeN,/InGaN
g QW sample A, whereas the left panel shows the corresponding
) E schematic design. The GaN barrier layer and the InGaN and
g ; = ZnGeN, layers in the well region are marked by the red arrows.
.E & 5 E 3 The GaN, InGaN, and ZnGeN, layers are clearly noticeable
g o =1 from the contrast difference in the STEM image. The right
g“f Z E 5 B panel shown in Figure 2 shows the atomic fractions of Ga, In,
&8 ;2 ol and Zn determined from the EDS scan along the vertical
s 9 g Z Z direction on the STEM image in the middle panel. The
E z >§ E E position of the peak in the Zn concentration profile, which
Py ERZ 83% ° g coincides with the dips in the In and Ga profiles, aligns with
5 ! the position of the ZnGeN, layer in the STEM image,
z g S confirming the successful implementation of InGaN/ZnGeN,/
2 = 8 InGaN QWs with GaN barriers. Based on the EDS line scans,
e 5 & the In composition in the InGaN layers was ~10 at. %.
& _Qc N o 228 9 3.1. Effects of Barrier Growth Temperature and
S g 8 Barrier Thickness on InGaN/ZnGeN,/InGaN QW Struc-
o e ’g © tures. A series of samples was grown to investigate the effects
S E = Z of barrier thickness and barrier growth temperature on the
: % N o o o o o © o o structure of the InGaN/ZnGeN,/InGaN QWs. Figure 3 shows
o § E ¥ o e e the XRD 26-@ scan profiles of the two InGaN/ZnGeN,/
‘é o 2 InGaN QW samples B and C. These two samples were grown
g 5 - using identical conditions except with different targeted
~ _l=lE thicknesses of the GaN barrier layers—30 and 12 nm,
52 3[E|3 = g g .
2 s HAENE respectively. For both samples, a growth temperature of 780
E o Z S °C was used for the GaN barrier layers, whereas 700 °C was
5 E‘\ L_é - used for the InGaN and the ZnGeN, layers. Based on the EDS
g T @ é line scan of sample E, for which the process conditions for the
=2 %5 = B &~ & o InGaN layers were the same as those used for these samples,
£ é the In compositions in the InGaN layers in samples B and C
8 g are ~6.5 at. %. For both samples, the XRD 26-w scan profiles
= g o 5 gg ggg 3 g3 show satellite peaks on both sides of the GaN (0002) peak;
g R = these are attributed to the QW structures. The peak at 20 ~
=) 2 Tezus32s 2 s g 33.1° corresponds to the metallic In residual. The peak at 35.8°
=8 AR BT & is assigned to the (0002) peak of the buffer AlGaN layer in the
% = GaN/c-sapphire template. The position of the AlGaN (0002)
=B £ peak was observed to vary from template to template, probably
"g a o B due to variations in Al composition in the buffer layers from
g o 2§ ° s o S wafer to wafer.
5 £ Z For sample B (black curve, barrier thickness ~ 30 nm), the
{;E* © é XRD 26-@w scan profile shows several well-resolved peaks,
ol indicative of high structural quality, thickness uniformity, and
= A [ sg e35g = S @ sharp interfaces for the QWs.” In contrast, the peaks in the
EX T en e &~ XRD 26-w scan profile of sample C (red curve, barrier
5 g = P %

E E ? . thickness ~ 12 nm) are not nearly as well resolved, indicating a
ét‘, 2 £ o o o o o degraded structural quality (e.g, inhomogeneous thickness
< E 3 £ 3 ¥ 3 ¥ 3 and/or In composition) of the QWs in this sample, compared
5 ,g = = to sample B. This qualitative XRD result demonstrates that the
—E £= B thicker barrier of sample B results in improved QW structural
3 =& 2 . « - + o quality. The mechanism of this dependence of the structural
i‘g é ook quality of the GaN/InGaN/ZnGeN,/InGaN/GaN QWs on
245 A the GaN barrier thickness is not yet well understood, and its
g F: 4 2z investigation is a work in progress.
Z ’g % g . + - + o To investigate the effects of the GaN barrier growth
£l Lg - temperature on the structural quality of the InGaN/
ib% " ZnGeN,/InGaN QWs, two additional samples (D and E)
T EZ = are compared with samples B and C. The targeted barrier

5 5 0 N0 0O RN WO N A X >

950 g *gdydgEeeaasaragan thicknesses of B and D were both ~30 nm. In Figure 4a, the
© §o§ o XRD 26-w scan profile of sample D shows only three resolved
I, %‘z P satellite peaks, compared to eight for sample B. The major
% 2 6 <m0 AmELUT -« M S differences are the barrier and QW growth temperatures for
S S 2 the two samples. These were 780 and 700 °C for the barriers
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Figure 2. Cross-sectional STEM imaging of InGaN/ZnGeN,/InGaN QW sample A (center panel), the schematic of the structure (left panel), and
the atomic fraction of Ga, In, and Zn along the vertical direction (averaged over the scanning area) shown in the center panel determined from the

EDS scan.

Intensity (arb. unit)

GaN (0002)

Figure 3. XRD 26-w scan profiles of InGaN/ZnGeN,/InGaN QW samples B and C. The targeted GaN barrier thicknesses were 30 and 10 nm,
respectively. The peak at 26 ~ 33.1° is attributed to residual In on the surface. The peak at 26 ~ 35.7° corresponds to the AlGaN buffer layer in the

GaN/c-sapphire template.

T
,,,,,,,,,, L iGaN(0002)

N’
"

AIN(0002) 7

Intensity (arb. unit) &

34 35 36 37

20(°)

T T T
{GaN (0002)

" AIGaN (0002)

Intensity (arb. unit) =
-’

3 34 35 36
20(%)

32

Figure 4. XRD 26- scan profiles of InGaN/ZnGeN,/InGaN QWs
(a) sample D and (b) sample E. The targeted GaN barrier thicknesses
in samples D and E were 40 and 10 nm, respectively.

and QWs for sample B, respectively, and 670 °C for both, for
sample D. The In composition in the InGaN layers in sample
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D is estimated to be 13 at. %, which is obtained from STEM
EDS.

Samples C and E have similar barrier thicknesses at ~12 nm
for C and ~10 nm for E. The parameters for these two growth
runs were otherwise identical except for the barrier growth
temperature, which was 780 °C for sample C and 700 °C for
sample E. The XRD 26-@ scan profile of sample E, shown in
Figure 4b, has only one broad satellite peak on the left of the
InGaN zeroth order peak. The separation between the
superlattice peak and the InGaN zeroth order peak for sample
E is larger than that for samples B and C. The XRD data clearly
show lower structural quality for samples D and E as compared
to samples B and C. We attribute this lower structural quality
to the lower growth temperatures and lower thicknesses of the
GaN barrier layers.

Figure Sa shows the cross-sectional STEM image of an
InGaN/ZnGeN,/InGaN QW sample F. The growth temper-
atures of the GaN barrier layers and the InGaN/ZnGeN,/
InGaN QW layers were 780 and 680 °C, respectively. The
STEM image shows well-defined QW structures with four
periods. The ZnGeN, layers sandwiched between the two
InGaN layers are clearly visible in each of the periods. The
GaN and InGaN layers are marked as the barrier and well,
respectively. The ZnGeN, layers are marked by the downward
white arrows. The total thickness of the InGaN/ZnGeN,/
InGaN heterostructures is approximately 10.5 nm, and the
barriers are ~50 nm thick. Figure Sb shows the XRD 26-w
scan profile of sample F. The well-resolved satellite peaks in
the XRD 26-w scan profile further confirm the high structural
quality of the sample.

The center panel shown in Figure 6 shows the cross-
sectional STEM image of sample E. The left panel shows the
design of the targeted structure for this growth. For this

https://doi.org/10.1021/acs.cgd.1c00630
Cryst. Growth Des. 2022, 22, 131-139
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Figure S. (a) Cross-sectional STEM imaging of the four-period InGaN/ZnGeN,/InGaN QW sample F. The GaN and InGaN layers are marked as
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Figure 6. Cross-sectional STEM imaging of InGaN/ZnGeN,/InGaN QW sample E (center panel), a schematic design of the intended sample
from this growth (left panel), and atomic fractions of Ga, In, and Zn (right panel) determined from EDS scans along the vertical direction
(averaged over the scanning area) on the STEM image. The left panel shows the design of the intended structure from this growth.

sample, a growth temperature of 700 °C was used for both the
GaN barrier and InGaN/ZnGeN,/InGaN well layers, with a
barrier thickness of ~10 nm. Despite the fact that the growth
was programmed for three periods of InGaN/ZnGeN,/InGaN
QWs with GaN barriers, only the first period (with an In
composition of 6.5 at. %) can be identified in the STEM image.
The region above the first QW appears to be a continuous
InGaN layer, probably a result of severe In diffusion into the
GaN barrier layers. The EDS scan measured along the vertical
direction on the cross-sectional STEM image in the center
panel shows a peak in the Zn profile that coincides with the dip
in the In profile in the first QW. For the subsequent QWs, the
In profile peaks approximately around the designed center of
the middle QW and gradually decreases to the background
composition over a thickness of ~35 nm. Based on the XRD
20-w scan profiles and the cross-sectional STEM images shown
in Figure 3 through Figure 6, we conclude that relatively higher
barrier growth temperatures and thicker barriers are necessary
in order to maintain the high structural quality of the GaN/
(InGaN/ZnGeN,/InGaN)/GaN MQWs.

3.2. Effects of the Position and Thickness of the
ZnGeN, Layers on the Optical Properties of the InGaN/
ZnGeN,/InGaN QWs. In Figure 7, the room-temperature CL
spectra of InGaN/ZnGeN,/InGaN QW sample G are plotted
along with the spectrum of a conventional InGaN QW sample
L. The inset shows the same spectra but normalized with
respect to the corresponding maximum intensities. The growth
conditions used for the GaN barrier and InGaN well layers
were the same for samples G and L. In the CL spectrum of the
conventional InGaN QW sample L, the peak at 400 nm
corresponds to the band-to-band emission peak from the
InGaN well layers. The shoulder at ~470 nm can be attributed
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Figure 7. Room-temperature CL spectra of InGaN/ZnGeN,/InGaN
QW sample G along with that of the reference InGaN QW sample L.
The beam acceleration voltage and electron beam current were set to
S kV and 0.71 nA, respectively.

to a defect-related emission band. We have grown a series of
conventional InGaN QW samples and have observed that the
defect band is at ~0.3—0.5 eV lower energy position,
compared to the band-to-band emission peak. Both peaks
shift to lower energy with an increase in the In content of the
InGaN layer. These results are consistent with previously
reported results for the Zn-related emission band in InGaN
QWs. 2132

For the InGaN/ZnGeN,/InGaN QW sample G, the peak
intensity of the CL spectrum shown in Figure 7 is lower than
that of the reference InGaN QW sample L by more than 1
order of magnitude. This reduction in PL efliciency is probably
a result of structural degradation in the QW, for example, due
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Figure 8. PL spectra of InGaN/ZnGeN,/InGaN QW samples H, I, J, and K and the reference InGaN QW sample M at 300 K in linear scale (a)
and in semilog scale (b) and at 78 K in linear scale (c) and in semilog scale (d) 325 nm He—Cd laser was used as the excitation source.

to an increase in the interfacial roughness and/or a higher
density of extended defects, which act as NRCs, resulting from
the insertion of the ZnGeN, layers. It has been shown that the
density of extended defects in ZnGeN, decreases with the
increase in growth temperature in the range of 600—770 °C.
The ZnGeN, layer in sample G was grown at 680 °C. An
increase in the growth temperature of the InGaN/ZnGeN,/
InGaN well may help to improve the PL efficiency of the
GaN/(InGaN/ZnGeN,/InGaN)/GaN QWs. In addition, the
inset shown in Figure 7 clearly shows a red shift of the peak
position and broadening of the peak for sample G, compared
to the band-to-band emission peak of the reference InGaN
QW sample L.**** The red shift of the peak emission
wavelength in the InGaN/ZnGeN,/InGaN QW structure,
compared to the conventional InGaN QW structure with the
identical InGaN thickness and In composition, is attributed to
the band structure engineering resulting from the large band
offset between InGaN and ZnGeN,, in agreement with
predictions from numerical simulations.'®

To investigate the effects of the thickness and position of the
ZnGeN, sub-layer on the emission properties of the InGaN/
ZnGeN,/InGaN QWs, samples H-—K were grown at a
temperature of 735 °C for both the barrier and well layers.
A conventional InGaN QW sample M was also grown using
the same conditions. The total growth duration for the two
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InGaN sub-layers in a single QW period for samples H—K was
equal to the growth duration of the InGaN QW in sample M.
The growth durations of the InGaN sub-layers below and
above the ZnGeN, layers in a single period were 30 s and 20 s,
respectively, for samples H—J and 18 and 32 s, respectively, for
sample K. The growth duration for the ZnGeN, sub-layer was
3.5, 5.0, 7.0, and 3.5 s for samples H, I, ], and K, respectively.

Figure 8a shows the room-temperature (300 K) PL spectra
of the conventional InGaN QW sample M along with the PL
spectra for the InGaN/ZnGeN,/InGaN QW samples H—K.
Figure 8b shows the same spectra but in the semilog scale.
Figure 8c,d shows the linear and semilog spectra for the same
samples at 78 K. All of the spectra show a near-band-edge GaN
peak at 363—364 nm (3.41 eV). The 78 K spectra also show
emission from shallow defect states, which are poorly resolved
at the S nm resolution used for these spectra. Relatively narrow
peaks around 730 nm wavelength observed in some of the
spectra arise from the second order diffraction peaks of the
GaN near-band-edge emission.

We focus now on the PL spectra of the reference sample M.
The band-to-band emission peaks from the InGaN QW cannot
be resolved from the near-band-edge peak of GaN at room
temperature (~3.41 eV) due to the low In content in the
InGaN well layer, which was determined to be 0.35 at.% from
the XRD 26-w scan profile, as shown in Figure 10a. This
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composition should yield a reduction of the band gap from
that of GaN by approximately 150 meV, which should yield a
band edge wavelength of 380 nm, or 3.26 eV, at 300 K. We
attribute the dominant peak at approximately 435 nm (2.85
eV) at both temperatures to recombination from Zn defects in
the QW. This peak is shifted down in energy from the band
edge by 0.40 eV. It is approximately 0.20 eV higher in energy
than the Zn-related defect peak for samples G and L, as shown
in Figure 7, and thus roughly tracks the differences in the band
gaps of the QWs for these two sets of samples. The well-
known, broad “yellow-band” emission peak centered at
approximately 560 nm is also clear in both of the sample M
spectra. This peak is associated with the GaN template, not
with the QW barriers. While the Zn-related QW peak
increased in intensity by a factor of approximately 7.5 on
lowering the temperature from 300 to 78 K, due to the
reduction in nonradiative defect recombination, the “yellow
band” peak increased in intensity by only a factor of
approximately 1.5.

Two peaks are also evident in the spectra of samples H
through K, labeled P1 and P2 in Figure 8a. By comparison of
these spectra with those of sample M, it is clear that the shorter
wavelength P1 peaks, occurring at 440—445 nm, are the Zn-
related defect peaks associated with the QWs. They are evident
in all of these samples, either in the spectra taken at 300 K or
those taken at 78 K, or both. For samples J and K, the peaks
are not seen in the linear plots at 300 K, but are hinted at in
the curvatures in the semilog plots of Figure 8b. At 78 K, P1 is
relatively strong in sample K and also appears as a weak peak in
sample J. The apparent peak positions for some samples are
shifted by convolution with the second, longer wavelength
peak. With deconvolution, the P1 peaks appear at approx-
imately 440—450 nm at 78 K (see the Supporting
Information). We would expect the peak positions to change
with temperature by approximately 6 nm based upon the
temperature dependence of the band gap of GaN. Given the
widths of the observed peaks, the expected change in peak
position with temperature is minor and allows for easy
comparison of the peak positions at the two temperatures.

The P2 peaks for all of the samples shown in Figure 8a occur
in roughly the same spectral region as the GaN “yellow band”
peak for sample M. We focus first on the spectra of sample ]J.
Here, the ZnGeN, layer growth time was 7 s, compared to 3.5
s for samples H and K and § s for sample I. The thickness of
the ZnGeN, layer is not determined, but a roughly estimated
growth rate is 600 nm/h,” which for a 7 s growth yields a layer
1.2 nm thick—about 2.4 unit cells. The increase in
recombination efficiency of P2 from 300 to 78 K is over a
factor of 7, a temperature dependence that does not follow that
of the “yellow band” recombination and leads us to conclude
that P2 here is likely from intrinsic recombination associated
with the band structure engineering accompanying the
insertion of the ZnGeN, layer.

We turn next to the interpretation of the temperature
dependence of the spectra of samples H and I. Figure 9 shows
the spectra for samples H-K and M, for both temperatures,
normalized with respect to the maximum peak height. We are
reminded that the peaks at 380—390 nm are from
recombination from defects from the GaN template layer. It
is evident that carrier transfer from the states responsible for
P1 to those involved in P2, in samples H and I, is suppressed at
the lower temperature, in contrast to the finding for sample J.
We tentatively attribute this result to the thinner ZnGeN,
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Figure 9. PL spectra of InGaN/ZnGeN,/InGaN QW samples H, I, J,
and K and the reference InGaN QW sample M at 300 K and 78 K,
shown normalized to emphasize the changes in relative recombination
efficiencies of peaks P1 and P2 with temperature. The spectra are
offset in the vertical axis for clarity. The lower, dashed line of each pair
of spectra is the 300 K spectrum for that sample. The upper, solid line
is the 78 K spectrum.

layers in these samples. For sample H, our rough estimate of
the thickness of the ZnGeN, layer is 0.6 nm, or 1.2 unit cells,
and for sample I, 1.7 unit cells. It is reasonable to expect that
the roughness of the interfaces will play a larger role for thinner
layers and might lead to suppression of recombination via
barriers to carrier transfer and carrier localization.

By contrast, the temperature dependence of sample K more
resembles that of sample ], but with more efficient P1
recombination at 78 K. This sample differs from sample H in
only one respect. The ZnGeN, sub-layer for sample K is
located at about 36% of the total InGaN layer thickness, rather
than at the 60% location for sample H. Recalling that the
QCSE pulls the electron toward the front of the QW and the
hole toward the back (i.e., farther along the growth direction),
the result is that for sample K, compared to sample H, the
electron—hole overlap should be increased, thus enhancing the
P2 recombination efficiency and partially, though not totally,
overcoming the effect of suppression of recombination at a low
temperature due to layer thickness fluctuations in this thin
ZnGeN, insertion layer.

Figure 10b shows the room-temperature CL spectra of the
InGaN/ZnGeN,/InGaN QW samples H and K along with
that of the conventional InGaN QW sample M. The spectra
from samples H and K show one more peak than those in the
spectrum of sample M, consistent with the PL measurements.
Figure 10c shows the CL spectra obtained at 79 K and 296 K
on sample H. At 79 K, the intensities of both peaks increased
by a factor of 2—3, but the peak P1 became dominant. The
integrated CL intensity over 380—600 nm at 296 K is 47% of
that at 79 K.

4. Conclusions. Band structure engineering based on
InGaN/ZnGeN,/InGaN heterostructure QWs was investi-
gated via MOCVD. The structural properties of the QWs were
probed via STEM imaging, which clearly shows thin ZnGeN,
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Figure 10. (a) XRD 20-@ scan profile of sample M. The simulated
profile (red curve) was fitted over the measured profile (black curve)
to determine the In content. (b) Room-temperature CL spectra of the
InGaN QW sample M and InGaN/ZnGeN,/InGaN QW samples H
and K. The spectra were normalized with respect to their respective
peak intensities. (c) CL spectra of sample H measured at 296 K and at
79 K.

sub-layers sandwiched between two InGaN sub-layers. The
smoothness of the InGaN/ZnGeN,/InGaN QWs improved
with the increase in barrier thickness and barrier growth
temperature, as measured by STEM. The emission properties
of the InGaN/ZnGeN,/InGaN QW structures were inves-
tigated using CL and PL spectroscopy measurements. These
measurements reveal a clear dependence of the emission
efficiencies on the ZnGeN, layer growth temperature, as well
as a clear dependence of the emission efficiencies and the peak
wavelengths on the thickness of the ZnGeN, layers. For a 680
°C QW growth temperature, the emission intensity of the
InGaN/ZnGeN,/InGaN QWs was substantially reduced as
compared to the conventional InGaN QWs grown under the
same conditions. For a 735 °C growth temperature, the PL and
CL spectra of the InGaN/ZnGeN,/InGaN QWs showed the
emergence of a new peak, which was not present in the spectra
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of the conventional InGaN QWs. Although additional
experimental work is required to completely understand and
control the emission properties of InGaN/ZnGeN,/InGaN
heterostructure QWs, this work is a significant step forward in
the implementation of hybrid III-N, II-IV-N, heterostructures
in nitride-based LEDs for increased efficiency in the green and
longer wavelengths.
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