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Abstract. [llumination by a narrow-band laser has been shown to enable photoelectrochemical
(PEC) etching of InGaN thin films into quantum dots with sizes controlled by the laser
wavelength. Here, we investigate and elucidate the influence of solution pH on the quantum-size
controlled PEC etch process. We find that, although pH above 5 is often used for PEC etching of
GaN-based materials, oxides (In,O3 and/or Ga,03) form which interfere with quantum dot
formation. At pH below 3, however, oxide-free QDs with self-terminated sizes can be

successfully realized.
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INTRODUCTION

Epitaxial [II-nitride quantum dots (QDs) have tremendous potential in applications such as single
photon sources, UV-visible lasers and solid-state lighting.'™ “Bottom-up” Stranski-Krastanov
growth has most commonly been used to fabricate such epitaxial QDs, yielding QDs both with a
rather broad size distribution as well as without the prospect of “deterministic” spatial

placement.””

Inspired by prior reports of size-selective photochemical etching of colloidal QDs,*'* we

recently demonstrated a “top-down” process, called quantum-size-controlled
photoelectrochemical (QSC-PEC) etching,'>'* for creating size controlled epitaxial InGaN
QDs.">!'® The concept is illustrated in Figure 1 for InGaN QDs on a GaN epilayer. When the
energy (hc/4) of a narrow-bandwidth laser is greater than the bandgap energy (E,) of the InGaN
layer but less than that of the underlying GaN, the laser excitation selectively creates electron-
hole pairs within the InGaN film. In an electrochemical environment, the holes initiate oxidation
(N formation from N*") at the electrochemical anode (the surface of the active InGaN thin film),
while the electrons are consumed at the electrochemical cathode. This PEC etching leads to the
breakup of the film into islands or particles. As the process proceeds and the sizes of the particles
shrink, their bandgaps increase due to quantum-confinement effects, and less and less light is
absorbed until the etch self-terminates when the bandgaps of the particles exceed the energy of
the incident photons. The final sizes of the QDs can thus be controlled by the choice of the
incident laser wavelength.'”> Moreover, though the process as described above (and as studied
here) relies on random breakup of the film and hence does not produce deterministic spatial
placement of the QDs, it is potentially compatible with “dots-in-wire” architectures which would

produce deterministic spatial placement.'>'®

In the process of InGaN photoelectrochemical oxidation, however, there are complicating issues
associated with the positively charged Ga and In species that are created as the negatively
charged N-ions oxidize to form N, gas. Foremost among those issues is the high affinity that
both Ga and In have to combine with oxygen, and in water-based solutions to form oxides or
hydroxides.'®'” These oxides or hydroxides might be soluble and hence not interfere with the

overall PEC process; however, since In,O3 is not as amphoteric as Ga,Oj3 there is the potential



for In,O3 to be insoluble and hence to be left behind and/or interfere with InGaN QD formation.
As aresult, the pH at which the PEC etching is performed and the coordination properties of the
anions in the electrolyte potentially play important roles in controlling the viability of the overall
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process.

In this study, these pH effects are investigated. Cyclic voltammetry (CV) and
chronoamperometry (CA), both sensitive probes of the electrochemistry, were applied to
determine the dynamics (rates versus electrode potential and time) of the QSC-PEC etch process
for various electrolyte of different pH. High-resolution scanning transmission electron
microscopy (STEM) was then used to characterize the resulting film microstructure. From these
measurements, we conclude not only that the QSC-PEC etching of InGaN QDs is only viable at
low pH (acidic solutions), but that the reason why it is not viable at higher pH is due to the

formation of insoluble oxides.

EXPERIMENTAL

Laser assisted photoelectrochemistry (QSC-PEC) setup. The second harmonic of a tunable
Ti:sapphire laser (400-500 nm wavelength, 2 ps pulse width, < 1 nm linewidth, 82 MHz pulse
repetition rate) was used for photo-excitation during PEC etching. Light was directed through an
optical fiber, then a quartz window and ~ 1.5 cm of electrolyte, resulting in a ~ 2 cm diameter
Gaussian spot on the sample. The samples were suspended in the PEC cell with PEC etching
performed using a CH Instruments 660 electrochemical analyzer. As electrodes, we used a Pt
counter electrode and an Ag/AgCl reference electrode from Bioanalytical Systems. The electrode

potential was referenced to Ag/AgCl (3 M NaCl).

Scanning transmission electron microscopy (STEM). Samples were prepared for cross-section
by focused ion beam (FIB) milling. An FEI Titan G2 80-200 STEM with a Cs probe corrector
and ChemiSTEM technology (X-FEG and SuperX EDS with four windowless silicon drift
detectors) was operated at 200 kV. For chemical mapping, energy-dispersive x-ray spectroscopy
(EDS) spectral imaging data was acquired in the GaN [100] zone axis with an electron probe of
size less than 0.2 nm, a convergence angle of 18.4 mrad, and a current of ~100 pA. Spectral
imaging was acquired as a series of frames; the same region was scanned multiple times and

frame drift-correction was used between frames to build up spectral imaging data. High-angle



annular dark-field (HAADF) images were recorded under similar optical conditions using an

annular detector with collection range 60-160 mrad.

Sample preparation and PEC etching conditions. InGaN epilayers of thicknesses ranging
from 3 to 20 nm were grown on ~5-um-thick Si-doped (n-type) c-plane GaN epilayers on
sapphire substrates. After the wafers were cut into ~ 1.5 cm x 0.5 cm pieces, indium metal
contacts were applied as the working electrodes. Solution pH was varied by varying electrolyte
composition: 0.2 M H3;PO4 (pH 2.8), 0.2 M KOH (pH 13), and 0.2 M phosphate buffers (pH 5.2
and 11.4). The laser wavelength was 420+1 nm and its power was ~10 mW incident on a spot
area ~1 cm”. Approximately 0.5 cm” of the sample film was immersed in the electrolyte

solution.
RESULTS AND DISCUSSION

Continuous cyclic voltammetry (CV) and chronoamperometry (CA) measurements.

Both CV and CA measurements were taken to determine etch dynamics — rates versus electrode

potential and time — as functions of electrolyte pH.

CV traces for a strongly acidic pH 2.8 (0.2 M H3POj) solution are shown in Figure 2A — these
traces are representative of behavior observed in both strongly acidic (pH < 3) and strongly basic
(pH > 11) solutions. The I-V signatures in the first few cycles are super-linear, evolving to S-
shaped traces at ~4 or 5 potential cycles and persisting even as the etch rate decreases and
ultimately becomes negligible. The S-shaped traces are indicative of the formation of micro- to

2022 The transition to the S-shaped curves occurs as the etching

nanoscale islands or particles.
reaction becomes limited, at high potential biases, by the photochemical creation rate of electron-
hole pairs.'® As etching proceeds, there is a reduction both in the volume of absorbing material as
well as in the photon-absorption cross section (as the bandgaps of the nanostructures increase

due to quantum size effects and move closer to the laser-excitation energy).

CV traces for an intermediate pH 5.2 (0.2 M NaH,PO,) solution are shown in Figure 2B — these
traces are representative of the behavior observed in intermediate pH (between 5 and 11)

solutions. These voltammograms showed little change other than a slowly decreasing current



amplitude, as illustrated by traces from the 2nd and 21st voltage cycles. S-shaped behavior was
not observed even after many cycles, and overall PEC etch rates are much lower at the potentials

(~1 V) normally used for QSC-PEC etching.

The CV measurements just discussed and shown in Figure 2 were augmented by the CA
measurements shown in Figure 3. These measurements show the PEC etching progression (time-
dependence) under four different pH conditions. The electrode potential was chosen to be ~1 V
positive relative to the etch-onset potential. Note that, in all traces, a large current spike appears
immediately upon laser illumination. This is due to non-Faradaic double-layer charging and is
not a signature of etching, which has an initiation delay. Also note that, just as for the CV traces,
these CA traces are similar for strongly acidic and strongly basic solutions, but have different

character for intermediate pH solutions.

For the CA traces in strongly acidic 0.2 M H3PO, (black trace, pH 2.8) and strongly basic 0.2 M
KOH (red trace, pH 13) solutions, the overall time dependence, after the non-Faradaic current
spike just mentioned, follows a characteristic pattern: first, a ~100 s incubation time; second, a
steady increase culminating in a sharp peak; and, third, a decay, initially rapid but with a long
tail. The mechanisms at play during this life cycle have been interpreted previously as follows."
First, the initial rate is low due to the resistance of the Ga-terminated (0001) top surface against
etching.'”'® Second, the rate increases steadily as etching proceeds non-uniformly and more
surface area is exposed (some of which is non-(0001) oriented and etches at a faster rate). Third,
the etch rate reaches a maximum then decays due to the decreased volume of absorbing InGaN, a
decrease in the remaining InGaN surface area, and a decrease in light absorption due to the

increase in the bandgap of the InGaN nanostructures caused by quantum-confinement effects.

For the CA trace in the less strongly basic pH 11 solution, a much less pronounced behavior is
observed — the current peak is very broad and delayed (appearing at ~1400 s). Finally, for the CA
trace in the intermediate pH 5.2 solution, the etch curve is even flatter — no maximum in the

current was observed up to 3000 s, at which time the current is actually still rising slowly.

Note that for all pH conditions, the measured currents are due solely to PEC etching. As
indicated by the two arrows in the case of the pH 5.2 solution in Figure 3, the current

immediately drops to zero when the laser illumination is blocked. After the laser illumination is



switched back on, the current spikes (due to non-Faradaic charging), and etching continues. We
observe a similar stopping of the current when the light is blocked for the other pH solutions, and
conclude that the currents measured for solutions at all pH are due to PEC etching of InGaN.
Note also that this does not exclude, as discussed below, dark chemical etching, which would not

manifest itself in a Faradaic current.
Scanning transmission electron microscopy (STEM) characterization.

High-resolution STEM was used to characterize the film microstructures resulting from the PEC
etching. Here we discuss these microstructures as well as their correlation with the CV and CA

dynamics discussed above.

STEM images of InGaN thin film PEC etched in a very basic 0.2 M KOH (pH 13) solution are
shown in Figure 4. At an intermediate etch time of 500 s, epitaxial InGaN nanoparticles are
observed (Figure 4B, yellow circles), surrounded by oxides. At a longer etch time of 5,400 s,
these nanoparticles have disappeared, leaving behind a porous In,Os film (Figure 4C, white
circles). The disappearance of the InGaN nanoparticles indicates that a quantum-size-controlled
self-terminated mechanism does not exist under these etch conditions (also note that the three
nanoparticles that appear transiently in Figure 4B have quite different sizes). That the oxide is
In,O3 with a lattice constant of 1.01 nm and a C-type rare-earth structure, was deduced from a

fast Fourier transform (FFT) pattern of the STEM image (inset of Figure 4C).

At even longer times (not shown in Figure 4), the GaN substrate was itself slowly etched,
possibly due to a background dark chemical etch unrelated to a PEC etching, leaving behind a
rough In,O3/GaN interface. Note that the porous layers contained In,O3, but not Ga;Os. Since
Ga,0O3 was observed after PEC etching at intermediate pH (see below), we speculate that Ga,Os
is formed at high pH as well, but dissolves in these strongly basic solutions, leaving behind
porous In,Os. Note that the remaining porous In,O3 does not appear to inhibit the overall PEC
process, as the CV and CA kinetics are very similar to those for the “cleaner” PEC etch in acidic

solutions (discussed below).

The STEM characterization of an InGaN thin film PEC etched for a relatively long (5,400 s)
time in an intermediate pH 5.2 (0.2 M NaH,PO,) solution is shown in Figure 5. Figure 5A shows



three layers in the overall structure whose compositions were mapped (Figure 5B) using STEM
energy-dispersive x-ray spectroscopy (EDS): a top-most porous layer composed of In,Os, an
intermediate dense layer containing In,O3 and Ga,Os as well as hollow nanostructures, and
finally the underlying GaN. Phosphorous was also detected, particularly in the mixed oxide
intermediate layer, likely due to the phosphate-based electrolyte, and its concentration depth
profile matches well with the depth of the hollow nanostructures. InGaN QDs were not observed
after etching for the long duration (5400 s), and indeed the absence of S-shaped curves in their
cyclic voltammograms (Figure 2B) suggest that such nanostructures are possibly not even

present at intermediate etch times.

Why there are no InGaN quantum dots after very long PEC etches under these intermediate (5.2)
pH conditions, as well as under the high (13) pH conditions discussed above, may be due to the
following possible hypotheses: 1) Selective removal of Ga may leave an In-rich surface resulting
in a decreased bandgap at the InGaN surface, which would allow for electron-hole pair
generation and continued PEC etching. 2) Oxides, especially In,O3 with its relatively lower
bandgap of ~3 eV (but also oxides of mixed stoichiometry), might themselves absorb light and
somehow enable continuing PEC etching of the underlying InGaN and GaN. 3) Chemical (dark,
non-electrochemical) etching could be occurring, which has been observed for IlI-nitride

materials in strongly basic solutions.*

STEM images of a InGaN thin film PEC etched in strongly acidic (0.2 M H3;POy, pH 2.8)
solutions are shown in Figure 6. STEM-HAADF images show distinct islands after ~300 s of
etching (Figure 6A). Further PEC etching of the sample resulted in QDs (Figure 6B) of uniform
size, consistent with the QSC-PEC etch process. Surface-oxide formation was not found under
the strong acidic condition. As discussed above, only very small differences in the CV and CA
measurements were observed between these strongly acidic and the strongly basic solutions.
However, the STEM-HAADF images indicate very different final thin-film microstructures, due
apparently to the solubility of In,O3 and Ga,Os in these strongly acidic solutions, but the

insolubility of In,Oj; in the strongly basic solutions.

Finally, we note in passing (not as a central part of this paper), that, even under the classic QSC-

PEC etching conditions in strongly acidic solutions, the QDs have mostly the same shapes



(Figure 6C and 6E), but some (less than 10%) are either flatter (Figure 6D) or sharper (not

shown). We do not at present understand these effects.
CONCLUSIONS

Narrowband lasers can, in principle, be used to fabricate epitaxial InGaN QDs via a self-limiting
PEC etch process that relies on quantum-size effects and an interplay between a semiconductor
size-dependent bandgap and a bandgap-dependent light absorption. However, this present work
has shown that specific attention is needed to optimize this quantum-size controlled process,

whose mechanisms vary with pH of etch medium.

In strongly basic solutions, Ga,;Os is selectively dissolved, leaving behind a porous In,O5 film.
Though the CA traces suggest that QDs are formed at intermediate times, the porous In,O3
apparently interferes with the quantum-size-controlled mechanism for self-terminating the PEC

etch process, and ultimately the QDs disappear.

In solutions with intermediate pH between 5 and 11, both Ga- and In-oxides are formed at the
surface, and both are evidently insoluble. Etch rates are low, likely due to the dense mixed layer
of In,O3 and Ga,03, and QDs do not appear to form. Besides the interference of oxides, dark
chemical etching of InGaN and GaN layers at pH above 5 may also occur. Note that a significant
dark chemical etch, either basic or acidic, that is not controlled by light makes QSC-PEC etching
impossible, and is thus the most important factor underlying choice of electrolyte and PEC etch

conditions.

In strongly acidic solutions, PEC etching does not lead to oxide formation because all oxidation
products (N2, Ga>*, In>") can be dissolved by the electrolyte. Therefore, PEC etching can be used
to fabricate InGaN QDs making use of the self-limiting nature of the quantum-size-controlled

PEC etch process.
ACKNOWLEDGEMENTS

This work was supported by the Solid-State Lighting Science Energy Frontier Research Center at
Sandia National Laboratories, funded by the U.S. Department of Energy, Office of Basic Energy

Sciences, and by Sandia’s Laboratory Directed Research and Development program. Sandia



National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S.
Department of Energy’s National Nuclear Security Administration under contract DE-AC04-
94AL85000. We thank Nancy Missert, Stephen Casalnuovo, and Rick Schneider of Sandia

National Laboratories for helpful discussions.

References

1. Nakamura, S., The Roles of Structural Imperfections in InGaN-Based Blue Light-
Emitting Diodes and Laser Diodes. Science 1998, 281, 956-961.

2. Taniyasu, Y.; Kasu, M.; Makimoto, T., An Aluminium Nitride Light-Emitting Diode
with a Wavelength of 210 Nanometres. Nature 2006, 441, 325-328.

3. Kako, S.; Santori, C.; Hoshino, K.; Goetzinger, S.; Yamamoto, Y.; Arakawa, Y., A
Gallium-Nitride Single-Photon Source Operating at 200K. Nature Materials 2006, 5,
887-892.

4. Arakawa, Y., Progress in GaN-Based Quantum Dots for Optoelectronics Applications.
IEEE Journal of Selected Topics in Quantum Electronics 2002, 8, 823-832

5. Tachibana, K.; Someya, T.; Arakawa, Y.; Werner, R.; Forchel, A., Room-Temperature
Lasing Oscillation in an InGaN Self-assembled Quantum Dot Laser. Appl. Phys. Lett.
1999, 75, 2605.

6. Damilano, B; Grandjean, N; Dalmasso, S; Massies, J. Room-Temperature Blue-Green
Emission from InGaN/GaN Quantum Dots Made by Strain-Induced Islanding Growth.
Appl. Phys. Lett. 1999, 75, 3751.

7. Oliver, RA; Kappers, MJ; Humphreys, CJ; Briggs, GAD. Growth Modes in heteroepitaxy
of InGaN on GaN. J. Appl. Phys. 2005, 97, 013707.

8. Torimoto, T; Nishiyama, H; Sakata, T; Mori, H; Yoneyama, H. Characteristic Features of
Size-Selective Photoetching of CdS Nanoparticles as a Means of Preparation of
Monodisperse Particles. J. Electrochem. Soc. 1998, 145, 1964-1968.

9. Kim, DG; Nabeshima, A; Nakayama, M. Preparation of ZnS-CdS Alloy Quantum Dots
by Chemical Synthetic Methods and Size-Selective Photoetching Effects on Size



10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

Distribution. Japanese Journal of Applied Physics Part 1-Regular Papers Brief
Communications & Review Papers. 2005, 44, 1514-1517.

Sambur, Justin B.; Parkinson, Bruce A. Size Selective Photoetching of CdSe Quantum
Dot Sensitizers on Single-Crystal TiO,. ACS Applied Materials & Interfaces 2014, 6,
21916-21920.

van Dijken, A., Vanmaekelbergh, D. & Meijerink, A. Size Selective Photoetching of
Nanocrystalline CdS Particles. Chem. Phys. Lett. 1997, 269, 494-499.

Uematsu, T.; Kitajima, H.; Kohma, T.; Torimoto, T.; Tachibana, Y.; Kuwabata, S.
Tuning of the Fluorescence Wavelength of CdTe Quantum Dots with 2 nm Resolution by
Size-Selective Photoetching. Nanotechnology 2009, 20, 215302.

Kohl, P. A., Photoelectrochemical Etching of Semiconductors. IBM Journal of Research
and Development 1998, 42, 629-637.

Bard, A. J., Photoelectrochemistry. Science 1980, 207, 139-144.

Xiao, X. Y.; Fischer, A. J.; Wang, G. T.; Lu, P.; Koleske, D. D.; Coltrin, M. E.; Wright,
J. B.; Liu, S.; Brener, 1.; Subramania, G. S.; Tsao, J. Y. Quantum-Size-Controlled
Photoelectrochemical Fabrication of Epitaxial InGaN Quantum Dots. Nano Lett. 2014,
14, 5616-5620.

Xiao, X. Y.; Fischer, A. J.; Lu, P.; Wang, G. T.; Koleske, D. D.; Coltrin, M. E.; Tsao, J.
Y. Photoelectrochemical Etching of Epitaxial InGaN Thin Films: Self-Limited Kinetics
and Nanostructuring, Electrochim. Acta 2015, 162, 163-168.

Hwang, J. M.; Hsieh, J. T.; Ko, C. Y.; Hwang, H. L.; Hung, W. H., Photoelectrochemical
Etching of InyGa, xN. Appl. Phys. Lett. 2000, 76, 3917-3919.

Jung, Y.; Baik, K. H.; Ren, F.; Pearton, S. J.; Kim, J., Effects of Photoelectrochemical
Etching of N-Polar and Ga-Polar Gallium Nitride on Sapphire Substrates. J. Electrochem.
Soc. 2010, 157, H676-H678.

Peng, L. H.; Chuang, C. W.; Ho, J. K.; Huang, C. N.; Chen, C. Y., Deep Ultraviolet
Enhanced Wet Chemical Etching of Gallium Nitride. Appl. Phys. Lett. 1998, 72, 939-941.
Xiao, X.Y.; Fu, F.R.F.; Zhou, J.P.; Bard, A.J. Current Transients in Single Nanoparticle
Collisions, J. Am. Chem. Soc., 2008, 130, 16669-16677.

10



21. Xiao, X.Y. and Bard, A,J. Observing Single Nanoparticle Collisions at an
Ultramicroelectrode by Electrocatalytic Amplification, J. Am. Chem. Soc. 2007, 129,
9610-12.

22. Bard, A. J.; Faulkner, L. R. Electrochemcial Methods, Fundamentals and Applications,
2nd ed.; John Wiley & Sons: New York, 2001.

23. Zhuang D., Edgar J.H. Wet Etching of GaN, AIN, and SiC: a review, Materials Science
and Engineering R 2005, 48, 1-46.

11



Figure captions

Figure 1. The principle of quantum-size-controlled PEC etching of InGaN films to create

quantum dots.

Figure 2. Evolution of cyclic voltammogram (CV) shapes with increasing number of cycles
(labeled for each curve) in (A) 0.2 M H3POy4 (pH 2.8) and (B) 0.2 M NaH,PO4 (pH 5.2)
solutions. Scan rate: 0.1V/s. In the absence of light, voltammograms show no etching, but only
double-layer charging and discharging in the potential range between water oxidation and
reduction. CV shapes for basic (high pH) solutions are not shown, but are very similar to those

for acidic (low pH) solutions.

Figure 3. Chronoamperometry (CA) measurements during PEC etching of InGaN at a constant
potential (~1 V) for etch solutions with pH: 2.8, 5.2, 11.4, and 13. Arrows indicate two times at
which the incident light was switched off and back on to verify the zero dark PEC etch rate for
the solution with pH 5.2.

Figure 4. STEM HAADF images of a film PEC etched in a 0.2 M KOH (pH 13) solution using
420 nm laser excitation before etching (A) and after etching for 500 s (B), and 5,400 s (C). The
STEM images are taken in the GaN [100] direction. The circles highlight areas of InGaN
quantum dots (B) and In,O; porous films (C). Inset in (C) shows a FFT pattern from an In,O;

particle used to deduce its structure.

Figure 5. (A) STEM HAADF image and (B) EDS elemental line-profiles of In, Ga, O, and P for
a film PEC etched in a 0.2 M NaH,PO4 (pH 5.2) solution (5,400 s). The blue dashed lines

indicate the vertical positions of the line profiles.

Figure 6. STEM HAADF images of the film after 300s (A) and 5,400s (B, C, D, E) of etching in
a 0.2 M H3;PO,4 (pH 2.8) solution. The STEM images are taken in the GaN [100] direction. The
InGaN quantum dots are epitaxially registered with the underlying GaN (GaN [001] is vertical in
the STEM image).
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