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Abstract

Quantum-size-controlled photoelectrochemical (QSC-PEC) etching, which uses
quantum confinement effects to control size, can potentially enable the fabrication of
epitaxial quantum nanostructures with unprecedented accuracy and precision across a
wide range of materials systems. However, many open questions remain about this new
technique, including its limitations and broader applicability. In this project, using an
integrated experimental and theoretical modeling approach, we pursue a greater
understanding of the time-dependent QSC-PEC etch process and to uncover the
underlying mechanisms that determine its ultimate accuracy and precision. We also
seek to broaden our understanding of the scope of its ultimate applicability in emerging
nanostructures and nanodevices.
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1. INTRODUCTION

Semiconductor nanostructures exhibiting quantum-size effects represent the next frontier in
nanophotonics and nanoelectronics, capable of enhanced performance and new functionalities.
Semiconductor quantum nanostructures, which exhibit size-related quantum confinement effects,
have unique electrical and optical properties that can enable future nanophotonics and
nanoelectronics with superior performance and new and expanded functionalities. Quantum dot
(QD)-based materials offer the potential for ultra efficient and low threshold lasers, ultrasensitive
optical photodetectors, and on-demand single & entangled photon sources and detectors for
quantum information systems". Additionally, QD structures and devices exhibit superior
radiation hardness compared to quantum wells (QWs), making them of interest for space and
nuclear weapons applications4-6. However, the controlled fabrication of nanostructures in the
—sub-10 nm quantum size regime has proved extremely difficult using current approaches,
limiting the potential of quantum nanostructure enabled devices.

Quantum size effects themselves can potentially be exploited to precisely control
nanofabrication. By influencing the energies of electronic states, these effects will influence the
susceptibility of the developing nanostructure to excitation by photons or electrons, and thus to
material addition or subtraction processes mediated by excited electronic states. Recently, we
demonstrated for the first time the ability to create epitaxial nanostructures using just such a
process: quantum-size-controlled photoelectrochemical (QSC-PEC) etching 7. PEC etching
depends on light absorption, light absorption depends on bandgap, and bandgap depends on
nanostructure size. QSC-PEC etching can thus self-terminate at a wavelength-determined
size/bandgap. The principle is illustrated in Figure 1. Sandia's pioneering work has already
enabled —5X narrower InGaN quantum dot (QD) ensemble energy dispersion than typical of
standard strain-driven QD growth.

(a)"Large nanostructure Quantum nanostructure

2.9eV -
ð photo-

AAf:X4 

excitation
(above

.111111.1andga

Absorption: PEC etching occurs

2.9eV -
photo-
excitation
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No Absorption: etching self-terminates

Figure 1. (a) Schematic illustrating principle of QSC-PEC etching; (b) InGaN QD on GaN film created
by QSC-PEC etching

We believe that this new paradigm of "quantum nanofabricatioC using quantum-size effects can
potentially be the solution to the challenges of accuracy and precision in quantum nanostructure
fabrication. Here, in this project, we propose a joint experimental and theoretical approach to
elucidate the nature and fundamental mechanisms of QSC-PEC etching that determine its
ultimate accuracy and precision. This will enable us to understand the scope of its ultimate
applicability in emerging quantum nanostructures and nanodevices across a wider range of
materials systems.
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2. PROJECT GOALS

QSC-PEC etching can potentially be a game-changer in enabling the fabrication of epitaxial
quantum nanostructures with unprecedented accuracy and precision across a wide range of
materials systems. However, many open scientific and practical questions remain about this new
technique, including its fundamental limitations and broader applicability. Using an integrated
experimental and theoretical modeling approach, we thus propose here to pursue a detailed
understanding of the time-dependent QSC-PEC etch process and to uncover the underlying
mechanisms that determine its ultimate accuracy and precision in terms of size and bandgap
uniformity, bandgap tunability, and placement. Achieving this will allow us to understand the
scope of its ultimate applicability in emerging nanostructures and nanodevices across a broad
range of disparate materials systems.

Some key goals of this work are listed below and described further in the Results and
Accomplishments Section:

• Investigate time-dependent QSC-PEC etch processes and mechanisms

• Extend QSC-PEC etching to exernplary systern: GaAs/A1GaAs

• Demonstrate controlled placement of QSC-PEC etched QDs

• Study surface passivation strategies

• Explore feasibility of QSC-PEC etching of 1D wires

• Modeling of PEC etching in nanostructures

10



3. EXPERIMENTAL PROCEDURES

Laser-Assisted Photoelectrochemical Etch Setup

For InGaN/GaN etching, the second harmonic of a tunable Ti:sapphire laser (400-500 nm
wavelength, 2 ps pulse width, <1 nm line width, 82 MHz pulse repetition rate) was used for
photoexcitation during PEC etching. Non-frequency doubled light (-780-830 nm) from the
Ti:sapphire laser was used for GaAs PEC etching. Light was directed through an optical fiber,
then a quartz window, and —1.5 cm of electrolyte, before striking 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/AgC1
reference electrode from Bioanalytical Systems. The electrode potential was referenced to
Ag/AgC1 (3 M NaC1).

Scanning Transmission Electron Microscopy (STEM)

The TEM specimen was prepared by focus ion beam (FIB) with Ga ions. A final ion-milling
step was carried out with 5 keV Ga ions at an incidence angle of 2° to reduce surface damage. An
FEI TitanTM G2 80-200 STEM with a Cs probe corrector and ChemiSTEMTM technology (X-
FEGI'm and SuperXTM EDS with four windowless silicon drift detectors) operated at 200 kV was
used for structural and chemical analysis. STEM images were typically recorded with a high-
angle annular dark-field (HAADF) detector with a collection range of 60-160 mrad. For the
energy-dispersive x-ray spectroscopy (EDS) data acquisition, the following parameters were
typically used: electron probe size (FWHM) of about 0.13 nm, convergence angle of 18.1 mrad,
and current of —75 pA. The EDS spectral images used a Bruker software EspritTM and were
acquired as a series of frames, where the same region was scanned multiple times. Frames were
spatially drift-corrected to build up spectral imaging dataset using a reference HAADF image.
A total acquisition time of greater than 30 minutes was typically used.

Sample Preparation and PEC Etching Conditions

InGaN epilayers of thicknesses ranging from 3 to 20 nm were grown on —5 µm thick Si-doped
(n-type) c-plane GaN epilayers on sapphire substrates by metal-organic chemical vapor
deposition (MOCVD). GaAs epilayers ranging from approximately 40-50 nm were grown by
molecular beam epitaxy on A1GaAs epilayers grown on semi-insulating GaAs substrates. After
the wafers were cut into —1.5 cm x 0.5 cm pieces, indium metal contacts were applied as the
working electrodes. For InGaN etching, H2SO4 aqueous solutions were typically used as the
working electrolyte, as KOH has a finite etch rate for GaN. For pH studies, solution pH was
varied by varying electrolyte composition: 0.2 M H3PO4 (pH 2.8), 0.2 M KOH (pH 13), and
0.2 M phosphate buffers (pH 5.2 and 11.4). The laser wavelength varied from 420-430 ± 1 nm,
and its power was —10 mW incident on a spot area —1 cm2. For GaAs etching, the laser
wavelength was set to 830 nm with an etch power of — 100 mW and voltage of 0.1V. For GaAs
etching, a 1:20 HC1:H20 aqueous solution was employed, which was measured to have a dark
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etch rate of GaAs of < 0.015 nm/min for etched GaAs pillars. Approximately 0.2-0.5 cm2 of
the sample film was immersed in the electrolyte solution. For some experiments, the area
exposed to the electrolyte was limited to a —3 mm spot by masking the sample with tape with
pre-punched holes.

4. KEY RESULTS AND ACCOMPLISHMENTS

4.1. Influence of pH on the Quantum-Size-Controlled
Photoelectrochemical Etching of InGaN Quantum Dots

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
process. In this study, these pH effects were 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 has to
do with is due to the formation of insoluble oxides. This study was published in Ref [8].

4.2. Time-dependent QSC-PEC etch processes and mechanisms

Time-dependent studies of the QSC-PEC etch processes were investigated to shed more light
into the etch process from early to late stages. Such studies were intended to allow us to better
understand the nature of the breakup of the InGaN film into islands or dots, how the density
and size of the dots change over time, and whether QSC-PEC etching is truly self-terminating
over long etch times.

4.2.1 . Initial InGaN Film Breakup

Atomic force microscopy (AFM) images of an InGaN epilayer on a GaN epilayer before and
after PEC etching reveal that the breakup of the InGaN epilayer is not random as was initially
assumed. Instead, as seen in Figure 2, larger dots/islands are formed (Fig. 2b) along the
atomic step edges present in the unetched InGaN layer (Fig 2a). This result not only reveals
insights into the film breakup mechanism, but suggests a mechanism to potentially control
the density or arrangement of QDs based on starting surface morphology. Future
experiments, for example, may vary the offcut angle of the sapphire growth substrate, which
changes the InGaN/GaN step edge density, to see if this impacts the resulting QD distribution
after etching.
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Figure 2.AFM images of (a) unetched InGaN film and (b) PEC etched InGaN film at 0.5V, showing
dot nucleation along step edges

4.2.2. Time-dependent PEC etch studies of lnGaN QDs

The time evolution of the InGaN QDs during etching was also investigated. Figure 3 shows
the QD diameter and areal density for the same sample at three different etch times, which
were estimated from analysis of AFM images. The results show that after initial breakup of
the film into dense islands/dots, the dots continue to shrink in size with little change in dot
density.
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Figure 3. Dot diameter and density after 3 PEC etch times, along with AFM images
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A time-dependent study with twelve PEC etch times (including zero etch time) was also
conducted and the resulting QD peak wavelength emission and full-width half-max as measured
by photoluminescence (PL) is plotted in Figure 4. It can be seen that the QD emission steadily
blue-shifts with increasing etch time, indicating increasing bandgap and shrinking size, until
around 4000s etch time. After this, the PL peak wavelength stabilizes, suggesting a termination
of the PEC etch process, presumably due to quantum-size effects.
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Figure 4. QD photoluminescence and FWHM as a function of PEC etch time

4.3. PEC Etching of Exemplary System: GaAs/AlGaAs

While A1GaInN-based QDs are desired for UV-visible nanophotonics, the III-nitrides have
several characteristics, including high extended and point defect densities and strong internal
polarization fields, that may obscure our fundamental understanding regarding the ultimate
limits of QSC-PEC etching. Additionally, in ternary and quaternary alloys, such as InGaN,
random alloy fluctuations exist9, which not only impact their electrical and optical properties,
but can result in compositional variations across QDs. As bandgap depends on composition,
this obscures whether and to what degree observed QD size dispersions after QSC-PEC etching
are from compositional fluctuations or arise from other factors.

In contrast to the III-nitrides, (A1)GaAs is grown on native GaAs substrates and enjoys near
ideal lattice match for all compositions, resulting in extremely low dislocation densities several
orders of magnitude lower (<104cm-2 vs. mid-108 cm-2 for III-nitrides), and impurity
incorporation in GaAs epilayers can be as low as 1012 C1111-3 compared to —1016 cm-3 for III-
nitrides.1° Additionally, as a binary system, any effects of compositional fluctuations on QSC-
PEC etching are eliminated. The larger Bohr exciton radius, below which significant quantum-
size effects occur, of GaAs (-12 nm vs. —3 nm for GaN) will allow for much wider QD size
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and bandgap tuning range to study the QSC-PEC process and facilitate structural
characterization. Thus, we propose that GaAs will serve as a near-ideal model system for
probing the ultimate limits of QSC-PEC etching on size and bandgap specificity and
uniformity.

A series of PEC etching experiments were conducted on —50 nm thick n-type GaAs epilayers
(typical doping of 1e17 cm-2) grown on a thick (typically — 1 gm) A10.39Gao.6iAs layer on semi-
insulating GaAs substrates by molecular beam epitaxy (MBE). The A1GaAs layer is intended
to serve as the etch stop layer for the GaAs QDs to form on and to also prevent diffusion of
unwanted holes to the top surface being etched11; these holes could potentially be generated in
the underlying GaAs substrate by the UV laser, if it is able to penetrate the A1GaAs layer, and
if they reach the top surface, could serve as an unlimited source of holes for GaAs dissolution
which would prevent the QSC mechanism from taking place. We observed that at longer
etching times, the top n-GaAs epilayer was completely etched away, as shown by cross-
sectional scanning transmission electron microscopy (STEM) leaving no QDs. Because higher
Al concentrations can potentially lead to higher wet etch susceptibility, a new set of samples
were grown with the Al content reduced to 0.2 (Ga = 0.8). Figure 5 shows cross-sectional
STEM images of the unetched sample and after 180 s and 480 s of PEC etching.

Unetched -1 (180 s)
-2 (480 s)

Figure 5. Cross-sectional STEM images of (a) unetched n-GaAs epilayer; (b) after 180 s etching,. (c)
afier 480 s etching. Dotted yellow line indicates GaAs/AlGaAs interface (assumed in (c) for no AlGaAs
etching).

Following 180 s of PEC etching, etching of the top n-GaAs epilayer is evident, with a thin
layer of GaAs remaining. However, after 480 s of etching, no n-GaAs is seen, indicating its
complete removal. This is in contrast to our QSC-PEC etching of InGaN on GaN, where
InGaN QDs remained even at longer etching times due to the self-terminating etch. We
hypothesis some potential reasons as to the lack of GaAs QD formation. The first is that the
QSC-PEC etch process is defect-mediated or depends on the surface structure (e.g. step edge
nucleation) that is not present for the GaAs/A1GaAs films etched here. The 830 nm wavelength
laser used may also be too far above the GaAs bandgap at room temperature, leading to
overetching. Finally, the A1GaAs layer may have a non-zero etch rate during the PEC etch
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process. This is evidenced by cross-sectional SEM images showing sidewall roughness of the
A1GaAs layer after PEC etching. Unwanted A1GaAs etching would also lead to the removal of
any GaAs QDs that were formed on top during the QSC-PEC etch process. Future work will
need to address these potential issues.

4.4. PEC Etching of QD Multilayers

While uncapped and capped single-layer InGaN QDs have been demonstrated by this QSC-PEC
etchine12, devices requiring intense optical emission and high gain, such as QD-based lasers,
would benefit from multiple layers of QDs, analogous to the multi-quantum well (MQW)
structure of semiconductor LEDs and lasers. We performed PEC etching experiments on
InGaN/GaN MQW structures with the goal of turning the quantum wells into multiple layers of
quantum dots via QSC-PEC etching. The etch was performed at a wavelength of 420 nm in 0.2M
H2SO4 for 45 minutes. A cross-sectional STEM image is shown in Figure 6. Despite the fact that
the GaN barriers should serve as etch stops as their bandgap (-365 nm) is above the laser light
used for PEC etching, it is seen that etching of all five InGaN QWs has been achieved. It is
possible that etching of the InGaN QWs may proceed through the voids shown in Fig. X, which
may be related to defects in the GaN layers that are PEC etched, providing a pathway for the etch
solution to reach the underlying InGaN QW. Higher resolution STEM images show InGaN QDs
in each InGaN layer with lateral dimensions around 2-3 nm along with some unetched InGaN
QW regions. While this represents a promising initial result for creating multiple layers of QDs
by QSC-PEC etching, which are passivated by GaN barriers on the top and bottom, future work
will need to focus on better understand the etching process through the GaN barriers to maximize
the QD density in each InGaN QW layer.

Figure 6. Cross-sectional STEM image of a PEC-etched InGaN/GaN MQW sample, showing multiple
layers of InGaN QD formation.
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4.5. Modeling of PEC Etching in Nanostructures

In this work we seek to understand the impact of nanostructure dimensions and geometry (e.g.
nanofins, nanowires, nanodots) on the rate of photoelectrochemical etching by theoretical
modeling, which to our knowledge remains relatively unexplored. To this end, a numerical
approach that simulates all the transport process inside the semiconductor was developed. The
approach is self-consistent between the electrostatic potential and carrier distribution. The
problem is non-equilibrium due to the illumination.

4.5.1. Differential Equations

Poisson's equation is used to calculate the electric potential,

V • (—ErVV ) = q(p — n + Nd) Equation 1

where Er is the relative permittivity, V is the electrostatic potential, Nd is the donor concentration
for complete doping ionization, and q is the electron charge. p and n are the hole and current
densities, determined from the continuity equations,

VJp = gp + rp
VJn = rp

Equation 2
Equation 3

where gp represents the hole generation rate, and rp and rn represents the hole and electron
recombination rates, respectively. Jp and J7, are the hole and electron current densities, and they
are defined as

Jp = qpitpE — µ1,,kbTVp

In = qpilnE + tinkbTVn

Equation 4
Equation 5

where Pp and iin are the hole and electron mobility, kb is the Boltzmann constant, and T is the

temperature of the semiconductor. The electric field E = VV .

The hole generation rate gp resulting from the absorption of the light can be calculated with the
following expression,

aIn
- -a(R-r)

gP = hv e 
Equation 6

where a is the absorption coefficient, Io is the average intensity transmitted into the
semiconductor at the surface, and hv is the photon energy at the specific wavelength. The
Shockley-Read-Hall Recombination Model 13'14 was used to calculate the electron recombination
rate rP,
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rn = rp = 

tp ni,eff) Tit (/) + Tli,eff)
Eg,0

np — ILi,eff

ni,eff = 
2k

Equation 2

where tp and Tit are the hole and electron lifetime, N, and are the effective densities of states
for the conduction and valence band, kB is the Boltzmann's constant, and T is the temperature of
the semiconductor.

4.5.2. Boundary Conditions

Ostermayer et. al. 15 assumed that the rate of dissolution of the semiconductor is proportional to
the hole concentration at the semiconductor-electrolyte interface. Surface recombination and
recombination close to the surface are neglected, so the normal component of the hole current at
the interface is proportional to the rate of dissolution. Therefore, the boundary condition at the
surface is

Jp • n = —qKp
Jn • n = 0 

Equation 3
Equation 4

where K is the dissolution reaction velocity, and has the dimensions of velocity. The electric
potential at the surface is

= vo Equation 5

Where V, is a constant value. It is chosen such that the Fermi level at equilibrium is located at the
midgap of the semiconductor, since this is typical for Fermi level pinning at surfaces.

4.5.3. Numerical Model

A steady state numerical model was developed to calculate the spatial variation of the electric
potential V, hole concentration p, and the electron concentration n in a GaAs n-type
semiconductor. The model includes the effects of the hole photogeneration, diffusion, drift, and
recombination in the semiconductor domain, and the hole reaction velocity for the
decomposition at the surface of the semiconductor that is in contact with the electrolyte. The
commercial software COMSOL 16 was used to solve for the electric potential and for the electron
and hole concentrations. The finite volume method was used to discretize the set of coupled
partial differential equations. The corresponding initial and boundary conditions were applied.
The material properties used for the GaAs semiconductor are listed in Table 1. The parameters
used to calculate the hole generation rate are listed in Table 2.
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4.5.4. Parameters for Numerical Model

Table 1: Material Properties of GaAs

Variable Symbol Value
Relative permittivity Er 12.9
Bang gap E9 0 • 1 424 V

Electron affinity Xo 4.07 V
Effective density of state, valence band Ni, 9.509E24 n a -3
Effective density of state, conduction band k 4.209 E23 M-3
Electron mobility pti, 0.85 m2/ V-s
Hole mobility pip 0.04 m2/ V-s

Electron lifetime rn 1.42E-09 s
Hole lifetime iP 1.42E-09 s

Donor Concentration Nd 5E21 I n "3

Table 2: Hole generation rate parameters

Variable Symbol Value
Average intensity Io 1000 W/m2

Absorption coefficient a 1E6 M-1
Wavelength A 830 nm

4.5.5. Modeling Results

Figure 7 shows the band-bending inside nanowires of different diameters. As the diameter gets
smaller, the electric potential is flatter, which decreases the driving force for holes to reach the
surface (r* = 1). The impact is seen in Figure 8, where the hole concentration is seen to be flatter
for smaller nanowire radii.
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Figure 7. Calculated electrostatic potential as a function of position for different nanowire diameters. As
the diameter gets smaller, the band-bending is flatter. r*=r/R.
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The dissolution rate during etching is proportional to the hole concentration at the surface, both
of which are plotted in Figure 9 as a function of diameter. Clearly the dissolution rate decreases
by several orders of magnitude as the nanowire diameter is reduced.
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Figure 9. Left: Calculated hole concentration at the surface as a function of nanowire diameter. Right:
Calculated dissolution rate as a function of nanowire diameter.

In summary, we developed a numerical approach that solves the coupled, non-equilibrium
transport equations in the semiconductor during photoelectrochemical etching. Initial results
indicate that the approach is viable, but more work is needed to address numerical issues
(convergence in COMSOL) as well as understand the key physics that governs the PEC.
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5. CONCLUSIONS

In conclusion, over the course of this project we attempted to better understand the fundamental
mechanisms of quantum-size controlled (QSC-PEC) PEC etching and to extend its scope.
Accomplishments include detailing the QSC-PEC etch process of InGaN over time, which
revealed that the initial InGaN film breakup is related to the surface step/terrace morphology,
and strong evidence that the process is indeed self-limiting. Successful etching of multiple layers
of InGaN QDs from an InGaN/GaN MQW structure was also demonstrated, which may help
open a route to QD-based optoelectronic devices including LEDs and lasers via this approach. A
theoretical modeling framework for understand PEC etching in nanostructures, with nanofin or
nanowire geometries, was also developed. The modeling results reveal that PEC etch rate can
decrease by several orders of magnitude as the nanostructure size is reduced, due to surface
band-bending effects. Our goal of extending QSC-PEC etching to other materials systems, such
as GaAs/A1GaAs, as explored here, remains unfinished. Outstanding scientific and technical
issues remain before the question can be definitely answered as to whether QSC-PEC etching is
generally applicable to multiple materials systems. Overall, we remain optimistic that using
quantum-size effects to control nanostructure formation will be increasingly explored and
utilized in the future.
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