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Abstract

In this work, we report on the spontaneous formation of superlattice structures in nominal InGaN films
grown by plasma-assisted molecular beam epitaxy (PAMBE). 700 nm-thick self-assembled
Ino.2Gap sN/GaN superlattice with excellent structural quality was achieved. Strain was studied as a possible
driving force for the formation of self-assembled superlattice (SASL) structure by growth of InGaN on ZnO
substrate using similar growth conditions. The SASL structures were optically characterized using
photoluminescence (PL) spectroscopy. Structural characterization was conducted via transmission electron
microscopy and atom probe tomography. High-resolution X-ray diffraction (HRXRD) and XRD Reciprocal
space map were utilized to determine the average composition and the degree of relaxation of InGaN films.
We propose that the vertical phase separation observed in the SASL structure is caused by high-temperature
growth and intensified by strain. This work provides a method for engineering strain and growth of thick
InGaN films for a variety of applications including solar cells and photodetectors.



Introduction

The InGaN alloy system is attractive for a variety of optoelectronic applications, including laser diodes
(LDs) [1-3], light-emitting diodes (LEDs) [4-6], and photo-detectors [7,8], as it enables direct bandgap
tuning within a large range (0.7 eV-3.4 eV). The (In,Ga)N material system is also attractive for photovoltaic
applications as its optical absorption covers the solar spectrum [9-12]. Thick InGaN films (several 100
nm-thick) with InN mole fraction larger than 10% are required for this purpose. However, the growth of
high In-content InGaN films remains challenging due to 10% lattice mismatch and large thermal stability
difference between InN and GaN [13-18]. InGaN films can be grown pseudo-morphically on GaN below
a critical thickness, which reduces sharply as the InN mole fraction in InGaN increases due to the lattice
mismatch between InN and GaN [15,19]. As the thickness increases beyond the critical thickness, InGaN
film relaxes to relieve the strain via formation of defects and dislocations [20-28].

In 2011, It was shown [29] that using a high growth rate (~1.3 um/hr) in plasma-assisted molecular beam
epitaxy (PAMBE) can enhance the structural quality of 350 nm-thick InGaN films with an average 10% In
content compared with those grown using a conventional growth rate (~360 nm/hr). In this study, a self-
assembled superlattice (SASL) structure was observed in the faster-grown sample. The superior structural
quality of the fast-grown sample was attributed to the surface roughness suppression caused by kinetic
limitation, and the inhibition of the Frank—Read dislocation generation mechanism within the
spontaneously formed SL structure. The SASL structure observed in this work was composed of 2
monolayers and 4 monolayers of InGaN films with different In contents, however, the In content in each
layer was not determined.

SASL structures formed by chemical ordering have been widely reported in ternary and quaternary
conventional I11-V semiconductors [30,31], and have been also observed in AlGaN and InGaN [32-34].
Northrup et al [35,36] proposed that chemical ordering observed in InGaN alloys is because In atoms
preferably incorporate at step edges ((1011) micro facets) during growth on Ga-polar or N-polar surfaces.
While most of the reported SASL structures are formed by chemical ordering [32,33], there have been only
a few reports on the formation of SASL structure by phase separation [30,37,38]. Zheng et al [38] observed
composition modulation in a graded InGaN film grown by MBE. However, the modulation was irregular,
weakened as the thickness increased beyond 100 nm and eventually vanished.

In this work, in contrast, we report on 700 nm-thick nominal “InGaN” film composed of a spontaneously
formed superlattice (SL) structure made of 3nm-thick Ino2GaosN/3nm-thick GaN layers. This allowed us
to grow 700 nm-thick InGaN with an average InN mole fraction of ~8% with excellent structural quality.
Using similar growth conditions, “InGaN” was also grown on a ZnO substrate, which is in-plane lattice-
matched to Ing2GageN. The nominal “InGaN” films grown on GaN and ZnO were structurally characterized
to investigate the impact of strain on the formation of self-assembled superlattice (SASL) structure. We
propose that the vertical phase separation observed in the SASL structure is caused by high-temperature
growth and intensified by strain.



Experimental Methods

A. Epitaxial growth

All samples were grown in a Veeco GENxplor MBE system equipped with conventional Al, Ga, and In
effusion cells and a radio-frequency (RF) plasma source to supply active nitrogen. The N source consisted
of ultrahigh-purity (99.9995%) N, gas flowing at 1 SCCM through the RF-plasma source with 350 W RF
power, which corresponded to a growth rate of 6 nm/min for metal-rich GaN layers. To ensure uniform
temperature during the growth, 500 nm- thick Ti was deposited on the backside of the substrate via e-beam
evaporation. The substrates were first solvent cleaned (acetone, methanol and isopropanol for 4 min each)
to remove organic residues from the surface, and then mounted on a Si substrate by In-bonding before being
loaded in the MBE exit-entry chamber. An hour of baking was performed at 400 °C in a buffer chamber to
remove any water prior to transferring the substrate to the growth chamber. During the growth, the substrate
temperature was measured and monitored using a thermocouple. The growth was monitored in situ via
Reflection high-energy electron diffraction (RHEED).

For growth on GaN, 1 cm x 1cm Ga-polar GaN-on-sapphire templates were used. The growth was initiated
with a 200 nm thick GaN in metal-rich growth regime at 730 °C using a Ga beam equivalent pressure (BEP)
of 3.8x107 Torr to ensure a smooth and clean surface. The excess Ga was desorbed every 20 min by closing
the Ga shutter while keeping the nitrogen shutter open for 40s [13,39]. The substrate temperature was then
reduced to 600 °C, and growth was interrupted for 15 min to stabilize the substrate temperature. A 700 nm-
thick InGaN film was then grown on sample A in In-rich growth regime using Ga and In fluxes of 3x10”
Torr and 1.7x107 Torr, respectively. It is worth noting that several InGaN samples were first grown to
optimize In and Ga fluxes to achieve smooth surface morphology prior to the growth of samples discussed
here. The in-situ RHEED pattern on sample A is streaky indicating an atomically smooth surface (see
Appendix A Figure 6(a)).

For growth on ZnO, commercial 1 cm x 1 cm O-face ZnO (0001) substrates grown by the hydrothermal
method were used. A UV ozone treatment followed by annealing of the substrate at 1050 °C was performed
on ZnO substrates to obtain atomically smooth surface morphology with step edges. The details of substrate
pretreatment can be found elsewhere [40]. The growth of sample B was initiated with the growth of ~2
ML-thick low-temperature GaN at 440 °C by metal-enhanced epitaxy (MEE) to suppress chemical reaction
between In/Ga adatoms with ZnO substrate and formation of a poor-quality interfacial oxide layer. More
details about this can be found in reference [40] . The substrate temperature was then increased to 600 °C
and growth was interrupted for 15 min to ensure the substrate temperature was stabilized. 1um-thick InGaN
was then subsequently grown using In and Ga fluxes similar to those used for sample A. Several InGaN
calibration samples on ZnO substrates were first grown to optimize In and Ga fluxes to achieve smooth
surface morphology prior to the growth of sample discussed here. Sample B shows streaky RHEED pattern
after growth as well which indicates atomically smooth surface (see Appendix A Figure 6(b)).

B. Structural Characterization

A Bruker NanoMan atomic force microscopy (AFM) was employed to characterize the surface morphology
of the samples. High-resolution x-ray diffraction (HRXRD) ®-26 scans and (0-26)- reciprocal space maps
(RSM) were recorded on a triple-axis Philips X’pertPro Panalytical Pixel 3D materials research



diffractometer. Cross-sectional specimens for transmission electron microscopy (TEM) study were
prepared by in-situ focused ion beam (FIB) lift-out methods using a Thermo-Fisher G4 650 Xe Plasma-FIB
(P-FIB). Utilizing a Xe plasma ion source instead of a regular Ga source prevents redistribution of Ga atoms
or change of Ga concentration in InGaN films. For final thinning, a 5 keV energy and 10pA current beam
were used. Needle-like cross-sectional specimen for atom probe tomography (APT) were also made using
the same P-FIB. A JEOL JEM-3100R05 electron microscope with a cold-field emission gun equipped with
both a probe and an imaging corrector was used for atom-resolved imaging that was operated in scanning
transmission electron microscopy (STEM) mode. Both high-angle annular dark-field (HAADF) and bright-
field images were taken simultaneously.

C. Optical Characterization

The lateral composition uniformity of InGaN was characterized by employing steady state and time
resolved photoluminescence (PL) spectroscopy setup. The samples were excited with a diffraction-limited
spot using 405 nm pulsed laser (~30 ps pulse width, 40 MHz repetition rate) at room temperature using 60X
0.95 NA dry objective (NIKON CFI PLAN APO A 60X / 0.95). For steady state photoluminescence (PL)
the sample emission was analyzed using a high-resolution spectrometer (Princeton Instruments IsoPlane
SCT 320) coupled to a highly sensitive CCD camera (Princeton Instruments Pixis: 400). The slit-width at
the spectrometer entrance was kept at 250 um with the spectrometer integration time set to 1.0 second. The
PL scans were performed by keeping the laser excitation spot at a fixed position and scanning the sample
by a piezo-nano-positioner stage in ~200 nm steps. For time resolved photoluminescence (TRPL)
measurement, the sample emission was collected using a highly sensitive avalanche photodiode (APD)
(MPD PDM series). The output of the APD was analyzed with a timing module (PicoQuant HydraHarp
400) synchronized to the laser diode module.

Results and Discussion

Sample A Sample B

AFM images of samples A and B are
shown in Figure 1. A relatively
smooth surface (for such thick
InGaN films) with root-mean-square
(RMS) roughness of ~3 nm and 4.45
nm were measured on sample A and
B, respectively. However, the
density of spiral hillocks, which are
associated with mixed (edge and 4000 {500

screw) and screw threading  Figure 1. 2x2 um? AFM image of samples A and B showing RMS
dislocations [41], increased  roughness of ~3nm and 4.45nm, respectively.

significantly on InGaN film grown

on ZnO, indicating an increase in the threading dislocation density (TDD). A higher TDD in sample B
could be due to formation of a low quality interfacial layer due to chemical reaction between In or Ga atoms
with ZnO. As mentioned earlier, the growth of sample B was initiated with the growth of ~2 ML-thick low-
temperature GaN at 440 °C by MEE to suppress this chemical reaction. However, 2ML GaN may not be
thick enough to fully cover the ZnO surface, leading to regions with poor quality interfacial layer and
consequently high density of threading dislocations.

10.0 nm

-15.0 nm
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Figure 2. (a) STEM-HAADF image of sample A (b) showing SASL structure (c) magnified STEM-HAADF
image of sample A near the interface with GaN showing three distinctive regions of (i) InGaN film (ii) GaN
layer (iii) layer with a superlattice structure. (d) In and Ga concentration profiles measured by APT
showing a periodic variation of In content from 0% to 20%.

A superlattice structure on the nominal “InGaN” film grown on sample A is evident from STEM-HAADF
images shown in Figure 2(a)-(c). Three distinctive layers can be observed from the high-resolution STEM
image taken from the region close to the GaN-“InGaN” interface (Figure 2(c)): (i) a ~10 nm-thick InGaN
layer followed by (ii) a ~17 nm-thick GaN layer, followed by (iii) a superlattice structure for the remaining
of the growth. It is important to emphasize that all shutters were kept open, and fluxes were not changed
during the 2 hours growth of the “InGaN” film. We did not observe any fluctuations in the Ga/ In effusion
cells and substrate temperatures. The substrate temperature was monitored during the growth using a
thermocouple. Additionally, the interface abruptness observed from STEM-HAADF images from this
sample rules out temperature fluctuations as the cause for the formation of the SL structure. This suggests
that the formation of the superlattice structure by In composition modulation is via a self-assembling
process. Figure 2(a) also reveals that the self-assembled superlattice (SASL) structure has a high structural
quality with no newly generated dislocations or structural defects in this layer. STEM-HAADF image was
also recorder over a larger area
which showed a sharp interface
and InGaN/GaN SL structure
with high structural quality as
well (see Appendix B). To
quantify In-content in the SL
structure observed on sample A, 3
APT was performed and In, Ga, 10";
N concentrations were recorded 10—'5
and are demonstrated in Figure
2(d). A periodic variation in In
content from 0% to 20% was
determined by APT.
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Figure 3. (a) XRD ®-20 scan around GaN (0002) reflection and (b)
XRD-RSM scan around GaN (114) reflection recorded on sample A.



XRD ®-260 scan around GaN (0002) reflection was recorded on sample A and is shown in Figure 3(a). The
AIN peak observed in the XRD ®-260 scan of sample A corresponds to the AIN nucleation layer in the GaN-
on-sapphire template purchased commercially. XRD ®-26 scan of the template shows similar AIN peak.
The In peak is due to excess In accumulated on the surface which has been commonly observed on InGaN
films grown in In-rich regime by PAMBE [42]. XRD ®-26 profile of sample A suggests a graded InGaN
film with the layer peak corresponding to an InGaN film with an average In content of ~8%. It is important
to note that only the average In content can be determined from the XRD measurement. Therefore, a
“graded composition” observed in the XRD ®-20 scan could be due to an increase in In content, an increase
in the thickness of InGaN well, or a decrease in the thickness of the GaN barrier. As an example, the red
profile shown in Figure 3(a) was simulated assuming a 3nm-thick InGaN/3nm-thick GaN superlattice with
In content in the InGaN layer increasing from 2% to 18% which matches closely with the experimental data
and is consistent with the InNN mole fraction measured by APT on the top 160 nm of the SL.

If the formation of SASL structures presented here was due to ordering, one would expect to see extra
diffraction spots or strike lines in the selected area electron diffraction (SAED) pattern [43,44]. However,
the SAED pattern recorded on sample A (see Appendix C) only has very sharp ordered diffraction spots
from the crystal, suggesting that InGaN layers in the SASL structure are not ordered. Our results also
indicate that the SASL structure presented in this paper forms only in InGaN films grown at higher
temperatures. For instance, the SASL was absent in the InGaN film grown at 560 °C (see Appendix D).
This observation suggests that the formation of the SASL structure may be due to vertical phase separation
at higher growth temperatures.

XRD-RSM scan around GaN (114) reflection was also recorded on sample A and is shown in Figure 3 (b).
The RSM data indicates that the 700nm-thick InGaN film with an average 8% In content is only 12%
relaxed. This is three times thicker than the critical thickness of Ing0sGaogs2N and so significantly higher
amount of relaxation through formation of defects is expected [45-47]. This suggests that the formation of
a self-assembled InGaN/GaN superlattice structure helps in managing the strain due to large lattice-
mismatch between InGaN and GaN, and consequently, leads to an enhancement in the critical thickness of
InGaN film grown on
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facets of hillocks compared with that on the c-plane or asymmetric strain relaxation similar to that observed
in nanowire [49].

The STEM-HAADF was also recorded on sample B (Figure 4 (a)) and revealed a SASL structure on the
nominal InGaN film grown on ZnO. However, there is significantly less compositional modulation between
the layers of SASL structure formed on “InGaN” film grown on ZnO (sample B) compared with that grown
on GaN (sample A). The superlattice peaks are also visible in the HRXRD ®-26 scan on sample B shown
in Figure 4(b). Simulations conducted using Epitaxy and Smoothfit software revealed a good fit between
the HRXRD w-26 profile with Ing19GaoeiN (3 nm)/Ing.23Gaos7N (3 nm) superlattice structures, which is also
consistent with the small compositional modulation observed in STEM image (Figure 4(a)).

It is worth noting that although SASL structure can be observed on both samples, the In content modulation
in sample A is from 0% to 20%, whereas there is only a small variation (19% to 23%) in the In content of
SASL structure grown on ZnO. While there is ~2.2% lattice mismatch between Ing2GaosN and GaN,
Ino2GagsN is in-plane lattice-matched to ZnO. This indicates that the compressive strain built up in the
InGaN film grown on GaN intensifies the vertical phase separation and the formation of SASL structure is
a natural way for the system to manage the strain. Consequently, 700 nm-thick InGaN film with an average
In content of 8% with high structural quality can be grown on GaN, which is several times larger than the
critical thickness of Ing.0sGao.o2N.

20x20 um? PL maps were measured on the SASL structures grown on GaN (sample A) and ZnO (sample
B) and are presented in Figure 5 (a) and (b) along with the histograms of PL centroid (Figure 5(c) and
(d)). The histogram shows the normalized number of events (pixels) at a specific wavelength. The scale on
PL maps is varied to illustrate the lateral wavelength variation in each sample more clearly. Both samples
are relatively uniform. The centroid histogram can be fitted with a unimodal bell-shaped distribution with
the center wavelength and variance of 460 nm and 8.2 nm for sample A and 456 nm and 3.2 nm for sample
B. A slight lateral variation in the peak wavelength is due to lateral fluctuations in the InGaN
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Figure 5. Photoluminescence (PL) intensity map of SASL structures grown on (a) GaN and (b) ZnO and
Histogram plot of PL mapping of SASL structures grown on (c) GaN and (d) ZnO. (e) Time-resolved PL
of the SASL structures grown on GaN and ZnO.



composition [50-54]. Additionally, as shown by Takeguchi et. al. [52] in InGaN/GaN quantum wells, the
band structure of the quantum well changes not only by quantum dot effects but also by the additional
modulation of the internal polarization electric field. However, the polarization field in
INo.19Gao.s1N/INg 23Gao 77N quantum wells grown on ZnO is expected to be significantly smaller than the
polarization field in Ing2GaosN/GaN quantum wells grown coherently strained to GaN. Therefore, the
wavelength broadening due to fluctuations in the internal electric field is expected to be significantly less
in quantum wells grown on ZnO. Figure 5(e) shows time-resolved PL measurements on SASL grown on
GaN and on ZnO. A slightly larger carrier lifetime was measured on SASL grown on GaN which is most
probably due to less density of threading dislocations on this sample as revealed by AFM image [55]
(Figure 1). Besides, internal polarization electric field in SL resulting from QW width and In incorporation
can affect the carrier lifetime [56,57]. Polarization field in Ino2GaosN/GaN SL strained to GaN is higher
than that in Ing.19Gaoe1N/INg23Gao.77N SL grown on ZnO which can also lead to a higher carrier lifetime in
sample A.

Conclusion

In summary, we observed spontaneous formation of Ing2GagsN/GaN superlattice structure on nominal
InGaN film grown on GaN by PAMBE. We studied the impact of strain on the superlattice formation by
growing InGaN on ZnO using similar growth conditions. The self-assembled superlattice grown on ZnO
showed less modulation in the In incorporation. Additionally, InGaN films grown at lower temperatures
(e.g. 560 °C) did not show any superlattice structure. These observations suggest that the self-assembled
superlattice structure may be due to vertical phase separation of InGaN caused by high temperature growth
and intensified by strain.
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Appendix A

Figure 6: RHEED image after InGaN growth of (a) sample
A. (b) sample B.

Appendix B
Figure 7: STEM-HAADF image of sample A
over a large area showing a sharp GaN and
InGaN interface and a superlattice structure
with high structural quality
Appendix C

Figure 8. SAED pattern taken
from sample A along [0001]



Appendix D

Figure 9. STEM-HAADF image
of Ino.2sGao.o7sN film grown on
GaN at 560 °C.
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