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1. Introduction

Methods to manufacture nanostructures
at semiconductor surfaces have attracted
great interest in various disciplines, includ-
ing photonics where the nanostructures
for instance enable to reduce the light
reflection–induced losses in devices.[1–15]

In solar cells and photodetectors, nano-
structured surfaces act as the antireflection
coating to guide the light into semiconduc-
tors, while in LEDs, the surface nanostruc-
tures help to extract the light out from the
solid efficiently. These engineered surfaces
include for instance metal-assisted chemical
etched nanostructures,[1,3,5,11,13] nanonee-
dles,[2] metal-oxide nanorods,[4,7] plasma
etched nanograss,[6] and reactive-ion-etched
nanocones[8,15] which are inspired by the
moth-eye principles to suppress the reflec-
tion in a broad wavelength band. Toward
large-scale use of a surface engineering
method, it is beneficial that the method is

facile and sustainable concerning the consumption of chemicals
and energy.[16–19] Therefore, the development of manufacturing
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method increases harmful non-radiative recombination, as compared to the
initial GaAs surface. Integration of the found black-GaAs method with device
manufacturing is presented by means of planar metal–GaAs–metal photode-
tectors, of which external quantum efficiency increases due to the method.
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protocols which enable for example to decrease the amount of
lithography steps and toxic chemicals is important for advancing
the field. Here, we report a novel method to prepare a black GaAs
surface with the reflectivity even lower than 1% in 500–886 nm
wavelength region. This method is surprisingly facile because it
requires only an immersion of GaAs crystals in a hot H2O2 solu-
tion followed by an immersion in hot H2O.

During the last 50 years,[20,21] GaAs crystals have become the
established material of semiconductor industry. GaAs is used
particularly in the light-emitting components and infrared
sensors, in the devices where silicon performance is not high
enough. Furthermore, the 850 nm laser and photodiode systems,
based on GaAs, provide an emergent optical interconnection in
the data storage and processing centers,[22–24] whereas high-
efficiency and durable GaAs solar cells and photodiodes are
increasingly employed in aerospace and power-by-light applica-
tions and also as local power sources via GaAs thin-film
solutions.[25–31] Moreover, GaAs is also a potential electrode
material for photoelectrochemical cells in hydrogen produc-
tion.[32,33] Even the currently used GaAs-based devices suffer
from different losses (e.g., reflection and nonradiative recombi-
nation ones) which decrease performance and manufacturing
yield of the devices. One reason for the losses is surface areas
of GaAs crystals which typically react with surrounding condi-
tions, leading to changes in the GaAs surface properties.

This article is organized as follows: preparation of a black
GaAs surface and its reflectivity properties are presented first.
The hot-water immersion is a key step in the method according
to our results, and therefore we have also studied properties of
merely hot-water-treated GaAs surfaces. Because non-radiative
recombination is readily increased at processed GaAs surfaces,
in general, due to an increased density of point defects, we have
used a photoluminescence (PL) intensity comparison to under-
stand effects of the presented top-to-down method on defect
formation. Finally, we show a potential approach to incorporate
the black GaAs method into manufacturing devices by showing
results for GaAs-based metal–semiconductor–metal (MSM)
photodetectors.

2. Results and Discussion

2.1. Black GaAs Surface Characterization

Figure 1 presents a photo from a black GaAs surface and the
reflectance spectra after different combinations of the hot hydro-
gen peroxide (H2O2) and subsequent hot-water (H2O) immer-
sion. Reflectance was measured by two different instruments
(Section 4, Experimental Section). Our tests show that the lowest
reflectance (<1%) is obtained when a bulk GaAs crystal is first
kept in the hot H2O2 (80 °C) solution for 240min and then in hot

H2O (80 °C) for 240min, as shown in Figure 1a, where horizon-
tal blue dot lines mark the levels of 1% and 2% reflectivities. The
reflectance in Figure 1a is the specular one measured perpendic-
ular to the surface (Section 4, Experimental Section). It is worth
noting that an optimized combination of the hot H2O2 immer-
sion followed by the hot H2O one is expected to depend on a
GaAs layer thickness and an integration stage with device
manufacturing for instance.

In Figure 1b, a separate series of treatments, where the H2O2

(80 °C) immersion time is fixed 150min and the H2O (80 °C)
immersion time varies, is compared to the reflectance of
native-oxide-covered GaAs. The measurements in Figure 1b
are diffused (i.e., Lambertian) type, showing that the GaAs reflec-
tance decreases even to 1/10 or less, as compared to the GaAs
reference without any treatment, at the studied wavelength range
of 360–740 nm. Because the 30min H2O immersion provides
smaller reflection than the 150min H2O immersion at

Figure 1. Reflectivity of black GaAs surfaces measured with two different
setups. a) Specular reflectivity measured from a black GaAs surface pre-
pared at 80 °C with 240min hydrogen peroxide plus 240min hot-water
immersions. Inset shows a photo from black GaAs. b) Lambertian (dif-
fused) reflectivity curves, in relation to GaAs reference sample, for different
hot-water (HW) immersion times done after 150min hot-hydrogen
peroxide (HHP) immersion at 80 °C.
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450–740 nm in Figure 1b, the effect does not have a simple
inversely proportional dependence on the immersion times.
Future studies can clarify this issue and a possible interplay
between different treatment parameters. Each solution immer-
sion alone, H2O2 or H2O decreases also the reflectance, as shown
later. However, only the combination of the H2O2 and subse-
quent H2O immersions provides the lowest reflectance and
a visually black GaAs surface (Figure 1), according to our
observations.

Figure 2 shows scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDX) spectroscopy results after the
H2O2 immersion and after the combination H2O2 plus H2O.
The subsequent H2O immersion significantly decreases the
As/Ga ratio and increases the amount of oxygen incorporated
into GaAs. X-ray photoelectron spectroscopy (XPS) measure-
ments also indicate that the surface does not contain anymore
the substrate-like Ga─As bonding after the hot-water step
(Figure S1, Supporting Information). The XPS results show that
the amount of Ga oxide increases also in the H2O2 immersion, as
compared to the native-oxide-covered surface, while the amount
of As oxide does not change significantly. After the combination
of H2O2 (150min) þH2O (10min), the As 3d emission from
the pure GaAs substrate decreases significantly (Figure S1,
Supporting Information).

Furthermore, the SEM images (Figure 2) indicate that a basic
porous structure, induced in hot H2O2, remains on large scale
after the hot-water treatment. However, an additional nanostruc-
ture forms at GaAs in the hot H2O solution according to the SEM
images (Figure 2). To study further the structure of a black GaAs

surface, scanning transmission electron microscopy (STEM) of
the cross-sectional sample was carried out (Figure 3). The
STEM images show that a thickness of the GaAs surface part,
affected by the wet chemical treatments (i.e., H2O2, 80 °C,
150minþH2O, 80 °C, 30min), is locally larger than 100 nm.
Figure 3b indicates the formation of small crystals in the porous
surface. Cross-sectional EDX mapping in Figure 3c–f shows that
the black surface area is rich in oxygen, whereas the As signal in
this close-to-surface region has decreased clearly. The oxygen-
rich areas also show a high Ga signal, which supports the forma-
tion of a gallium oxide–rich layer in the surface region of GaAs.
Furthermore, some surface areas in Figure 3c–f reveal a drop in
the content of all mapped elements, indicating the formation of
relatively deep pores, consistent with the earlier-described poros-
ity. To get an understanding of the gallium oxide formation and
to reveal a gallium oxide phase, we have investigated the influ-
ence of mere hot-water treatments on GaAs.

2.2. Effects of Mere H2O Immersion

Figure 4 presents the SEM image for hot-water-induced nano-
and microcrystals on GaAs. These samples were chemically
pre-cleaned in HCl:IPA solution and then were immersed into
hot water for 150min. The water temperature was 80 °C.
Spectroscopy maps indicate that Ga and O are dominant ele-
ments of the crystals at GaAs and that the substrate area between
crystals consists of Ga, As, and O (Figure S2, Supporting
Information). These results suggest that the crystals formed at

Figure 2. Scanning electron microscopy characterization of GaAs a) after H2O2 immersion (top) and b) after H2O2þH2O immersions (bottom). EDX
results of the surface for each image are shown in the right panel.
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GaAs consist of Ga2O3. Further characterization is still required
to understand the crystal structure since it is not possible to
detect hydrogen and crystal lattice using SEM. Therefore, grazing
incidence synchrotron X-ray diffraction (GI-SXRD) measure-
ments were performed. The diffraction results shown in
Figure 4b reveal that the grown crystals are GaOOH. The results
also suggest that the substrate surface orientation does not affect
the growing phase, as the same GaOOH is observed at
GaAs(111)-B and GaAs(100) substrates. The found GaOOH crys-
tals indeed resemble the previously grown GaOOH crystals in
microscopy images.[34–38] The presented hot-water approach in
this work is, in fact, one of the most facile methods to grow
GaOOH crystals. The Ga oxide materials have potential applica-
tions in different areas such as ultraviolet sensing and power
electronics where devices need to tolerate harsh conditions.[39,40]

The presented hot-water treatment of GaAs provides an interest-
ing approach to making the hybrid materials combining III–V
and Ga oxides.

To recapitulate, the results indicate that the nanocrystals,
formed at the black GaAs surface after the second step of the
H2O immersion, contain GaOOH phase. The porous starting
surface, prepared first by hot H2O2, appears to restrict a size
of nanocrystals and hinders formation of the large microcrystals
of GaOOH.

To get further support for the presence of hydrogen, some
samples were post-heated in ultrahigh vacuum (UHV) because
hydrogen readily diffuses in solids at elevated temperatures.
The hot-water-modified samples were heated at 450 or 600 °C
in a UHV chamber for 4 h. The laboratory source–based XRD
and also GI-SXRD results in Figure S3 and S4 show a clear
change in the peak positions, which indicates a start of the phase
transition from GaOOH to Ga2O3 at 450–600 °C. It is worth
noting that an SEM image after the 450 or 600 °C heating is very
similar to that in Figure 4a before the post-heating.

To discuss the growth mechanism(s) of GaOOH crystals, dif-
ferent parameters were studied for the hot-water immersion. We
clarified effects of a pre-cleaning method, hot-water immersion
time, temperature, and amount of water on the growth.
Figure S5a–c, Supporting Information, shows SEM results for
GaAs substrates immersed in hot water for 15, 30, and
150min, respectively, while keeping the water temperature con-
stant at 80 °C. No growth was observed by SEM after the 5min
immersion, while small nucleation was seen after 15min (Figure
S5a, Supporting Information). After 30min, the crystals are
larger and their density is increased (Figure S5b, Supporting
Information). After the 150min immersion, the crystals are even
larger with length of up to 7 μm and their density has increased
further (Figure S5c, Supporting Information). Thus, we conclude

Figure 3. a,b) Cross-sectional bright-filed STEM images of the surface area of the GaAs after H2O2þH2O immersion. c–f ) STEM–EDX maps of As, Ga,
and O in the region shown in (a). An increased Ga signal in the Pt-protection layer is due to the deposition of that layer by the Ga-ion beam.
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that the immersion time is a key factor. The longer the immer-
sion time, the larger crystals and more dense growth of them.

Figure S5d–f, Supporting Information, shows SEM results of
GaAs substrate immersed in hot water at different temperatures
of 50 and 80 °C for 30min as well as at 100 °C for 120min. It can
be concluded that growth temperature of 80 °C provides larger
crystals and higher density of them, as compared to 50 °C where
no large crystal is grown. It is noticeable that immersing GaAs in
boiling water (100 °C) results in a nonuniform surface with
porous nature.

Concerning the growth mechanisms of GaOOH crystals, two
hypotheses were considered: 1) dissolvingþ recrystallization or
2) etchingþ oxidation. If dissolving of GaAs species and their
recrystallization on the surface was the growth mechanism, it
could be expected that changing the amount of hot water or stir-
ring water affected the growth. We prepared samples by keeping
the amount of hot-water constant during immersion, and we also
used a stirrer during the immersion. In these experiments, no

obvious change was observed in the formation of structures in
SEM characterization (not shown here). Thus we excluded dis-
solvingþ recrystallization as a dominating growth mechanism.
Therefore, the etching of As from the substrate and formation
of GaOOH structures via oxidation of the Ga-rich surface was
suggested as a possible growth mechanism.

2.3. Non-Radiative Recombination

In general, the top-to-down methods in manufacturing of semi-
conductor surfaces often cause the formation of harmful surface
defects because the material etching breaks atomic bonds
increasing atomic-level roughness and disorder. Therefore,
one relevant question is how much the presented black GaAs
method increases the amount of point defects. To clarify this,
we have measured the PL intensity which is known to decrease
if the defect density increases at surface regions. We have mea-
sured the samples treated only with H2O because the hot-water
immersion leads to the significant oxide formation at GaAs
(Figure 1, 2, S1, Supporting Information). Particularly, the
GaAs oxidation is expected to cause surface-defect formation
and non-radiative recombination.[41–51] In fact, the common tar-
get in the surface or interface passivation has been to minimize
the GaAs oxidation.

Figure 5 shows PL and reflectance spectra for the GaAs
substrate covered with GaOOH micro- and nanocrystals
induced by the mere hot-water immersion. PL results show about
8 times increase in the GaAs band-edge luminescence intensity,
as compared to the native-oxide-covered GaAs reference
(Figure 5a). Concomitantly, the reflectance of the sample with
GaOOH crystals is decreased (also mere H2O2 immersion
decreases reflectance, as shown in Figure S8, Supporting
Information). As mentioned earlier, the reflectance does not
however decrease to as low level as for the black GaAs surface
(Figure 1) when both the H2O2 and H2O immersions were used.
Indeed, the GaOOH-covered surface looks gray visually.
Moreover, we have observed an increase in the PL emission cen-
tered around 400 nm (Figure 5c), in addition to the increased
GaAs band-edge emission (Figure 5a). Such a weak blue
emission probably arises from the nano- and microcrystals
and their defect levels (e.g., oxygen vacancy–induced levels) in
the bandgap.[34–37]

PL intensity can strongly depend on surface properties[52,53]

because a long diffusion length of the photogenerated carriers,
even hundreds of nanometers, enables part of the carriers to
reach defect-rich surfaces although the absorption of photons
often occurs in the bulk material far from the surfaces. The
second surface-induced factor behind the PL intensity variation
is related to changes in the light reflection because the absorp-
tion of the laser excitation light increases due to the decreased
reflectance. Furthermore, the surface structure might increase
the PL intensity via enhanced guiding of the light out from
the solid (i.e., due to higher light extraction coefficient).
Thus, if the reflectivity decreased by factor of 1.5–2
(Figure 5b), then a total factor increasing the PL intensity
was between 2.25 and 4, assuming the same sub-factor in both
directions of the light propagation. This is an estimation
because reflectance measurement system included an

Figure 4. a) Scanning electron microscopy characterization of the
hot-water-induced crystals on GaAs substrates at 80 °C. b) GI-SXRD of
nanocrystals grown on GaAs(100) and GaAs(111)B substrates by immers-
ing the substrates into hot water at 80 °C for 150min. The results suggest
formation of GaOOH phase on GaAs regardless of the substrate crystal
plane.
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integrating sphere, whereas the PL measurement did not.
However, it is possible that not all surface oxidations of III–V
are harmful to optoelectronic properties.[51]

To clarify the defect issue further, we tested effects of the hot-
water treatment on a specific quantum-well (QW) sample, where
a GaAs/GaInAs/GaAs heterostructure lies at the surface. Such a
near-surface QW emission is very sensitive to the properties of
the topmost GaAs layer: the PL intensity from QW decreases sig-
nificantly when the non-radiative surface recombination
increases. However, Figure 5d reveals that the PL intensity from
QW increases 6 times approximately due to the hot-water treat-
ment. Thus, the PL results suggest that the black GaAs treat-
ment, where the H2O immersion is the key oxidation step
(Figure 2 and S1, Supporting Information), does not increase
non-radiative recombination as compared to the native-oxide-
covered GaAs. It is worth noting that the native-oxide-covered
surface is not a strict reference sample here because its PL inten-
sity is typically far from that obtained from an optimized hetero-
epitaxial GaAs interface.[41–51] Furthermore, as discussed earlier,
the reduction of PL intensity caused by non-radiative recombina-
tion may be masked by the PL enhancement caused by reduced
surface reflection. Therefore, future studies in comparison to
the high-quality heteroepitaxial GaAs interfaces are needed.
Upcoming studies can also elucidate a passivation role of

hydrogen atoms incorporated at GaAs surfaces in the H2O2

and H2O immersions.

2.4. Method Integration with Photodetector

Using MSM photodetectors, we have studied a potential route to
incorporate the black GaAs method into device processing. MSM
photodetectors have gained an increasing interest because of
their high speed operation and simple planar structure.[54–61]

Here, we used a platinum deposition and lift-off lithography
to make fingerlike metal contacts on a semi-insulating GaAs sub-
strate (Figure 6a). After that, the black GaAs method was applied,
and both the hot H2O2 and H2O immersions were done for the
MSM samples that already contained the metal patterns on
GaAs.

External quantum efficiency (EQE) of an MSM photodetector
describes the number of electron–hole pairs generated by each
incident photon,[57,58] using Equation (1):

EQE ¼ hc
eλ

R (1)

where h, c, e, λ, and R are the Planck constant, speed of light,
elementary charge, wavelength, and responsivity, respectively.

Figure 5. Optical characterization of hot-water-treated GaAs in comparison to a native-oxide-covered GaAs reference. a) Photoluminescence spectra
show that the luminescence from GaAs increases due to the presence of nanostructures at the surface. b) Reflectivity of the GaAs surface decreases when
the surface contains micro- and nanocrystals. The reflectivity decrease is enhanced at short wavelengths where ultraviolet light (<400 nm) absorption
increases. c) GaOOH nanostructures causes a blue emission around 400 nm, which is probably due to defect levels in GaOOH. d) Effects of the hot-water
treatment on photoluminescence of GaInAs quantum-well structure capped by GaAs.
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Responsivity of a photodetector describes the generated current
per incident optical power,[57,58] as presented by Equation (2):

R ¼ Iphoto
Popt

(2)

where Iphoto and Popt are the photocurrent and incident optical
power, respectively.

EQE of the fabricated detectors was measured in the wave-
length range of 600–950 nm with a 10 nm step. EQE was calcu-
lated from measured photocurrent according to Equation (1)
and (2). The determined EQE values with 5 V bias are signifi-
cantly higher than 100% for both the black GaAs–treated and ref-
erence samples, which is consistent the previously observed high
EQE values for different MSM detectors.[54–60] The exact mecha-
nism behind such high EQE is still unknown, but similar high
EQEs have been discussed to arise from an imbalance between
the electron and hole drift components in the current transport,
due to for example differences between the electron and hole
mobilities or trapping of holes in long-lifetime trap levels.[62–65]

Figure 6 shows that EQE has increased for the detectors
treated by the black GaAs recipe, which is consistent with the
aforementioned findings that the reflectivity at GaAs surfaces
has decreased and the PL intensity has increased. Metal contact
morphology is not degraded during the black GaAs treatment, as
shown by SEM (Figure 6b). Therefore, the results indicate that it
is possible to use the black GaAs method after making the metal
contacts, providing a potential integration path with device pro-
cesses. Future studies can clarify what kind of effects the H2O2

and H2O immersions have on metal–GaAs interface structures.

3. Conclusion

The antireflective black GaAs surface was found to form in a sur-
prisingly facile way by keeping GaAs crystals first in the hot H2O2

solution and then in the hot H2O solution. A proper combination
of these two immersions decreased the diffused reflectivity to
1/10 of the native GaAs surface reference and the specular reflec-
tivity even below 1% in a broad wavelength range. The measure-
ments of structural and chemical properties showed that the
H2O2 immersion step caused a porous GaAs surface while
the H2O immersion step increased the nanocrystal growth. The
mere hot-water treatment of GaAs was found to induce the
growth of GaOOH nano- and microcrystals at GaAs. We sug-
gested that the GaOOH nanocrystal formation in the hot water
was induced by the preferential etching of As and oxidation of the
Ga-enriched surface. The PL measurements suggested that the
hot-water immersion did not increase the surface non-radiative
recombination, as compared to the native-oxide-covered GaAs
reference. However, this issue still remained open because a
reduced surface reflectivity affected the PL intensities, and
due to the lack of high-quality PL reference samples. Finally,
MSM photodetectors were used as a test platform to integrate
the black GaAs method with device processing. Making the
H2O2 and H2O immersions for the detector sample, which con-
tained already the metal-contact patterns, increased the EQE of
the MSM components.

4. Experimental Section
GaAs crystals were cut from the following 2-inch wafers: n-GaAs(111)A
and n-GaAs(111)B, and n-GaAs(100) and p-GaAs(100). The samples were
pre-cleaned in isopropanol (IPA) in an ultrasonic bath and then they were
inserted into a solution of HCl:IPA (1:3) for three minutes followed by IPA
immersion for 1 min. To investigate the effect of the pre-cleaning method,
some samples were treated with different chemicals: NH4OH:H2O (1:3)
and H2SO4:H2O (1:10). After the pre-cleaning step, samples were inserted
into a beaker of hot hydrogen peroxide followed by hot deionized water
(resistivity of 21MΩcm) on top of a hot plate. The water temperature
was set and kept constant at 80 °C for GaAs samples. The immersion time
was varied between 5 and 240min.

A separate QW sample was grown by molecular beam epitaxy. This epi-
taxial III–V heterostructure contained the following layers from the top to
the bottom: GaInP (100 nm)/GaAs (100 nm)/GaInAs (6 nm)/GaAs
(100 nm)/GaInP (400 nm)/GaAs (100 nm)/n-GaAs substrate. The grown
wafer was cut into pieces. Before treatments, the top-most GaInP layer was
selectively removed by HCl etching.

SEM imaging was performed by Thermo Scientific Apreo S field-
emission SEM equipped with Oxford Instruments Ultim Max 100 EDX
detector. The secondary and backscattered electron images were observed

Figure 6. a) Process flow of metal–GaAs–metal photodetector fabrication.
b) SEM image of one detector with an interdigital contact geometry after
the black GaAs treatment. c) External quantum efficiency (EQE) at a bias of
5 V increased due to black GaAs surface. EQE values at 0 V were similar
and near zero for both samples with and without black GaAs treatment.
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in high vacuum using Everhart–Thornley and in-lens/in-column Trinity
detectors. No coating of the samples was done prior to the imaging.

PL was measured together with a reference sample without any
structures. PL measurements were done utilizing a (LOTIS TII Nd:
YAG) neodymium-doped yttrium aluminum garnet laser system
LS-2134UTF using the 266 or 532 nm line, and the spectra were recorded
with an AvaSpec HS-TEC spectrometer. Line pass filters Newport 10LF10-
266 and Thorlabs FLH532 were used, and integration time was 3 and 1 s
with 266 and 532 nm, respectively.

Reflectance was measured by two different instruments. The spectrum
in Figure 1a was the specular reflection, measured perpendicular to the
surface with Accent RPM2000 PL instrument. A highly reflective mirror
was used as a control sample. The reflectance of this reference was
expected to be ideal, 100%, meaning that the real reflectance of the black
GaAs might be slightly smaller than that shown in Figure 1a. In contrast,
the reflectance curves in Figure 1b were measured with a Konica Minolta
CM-2300d handheld spectrometer using D65 illuminant and 10° observer
with operational wavelength range of 360�740 nm. An integrating sphere
housing a diffuse inner lining was used to measure a diffused or
Lambertian type reflection. This instrument was calibrated with measuring
a white reference disk Konica Minolta CM-A145 for maximum reflectance
and empty room from at least 1 meter away from any surfaces and/or
lights in a dark room for the minimum reflectance level, i.e., dark refer-
ence. The target mask was selected so that there would be no interferences
to the measurement result from other materials except the sample.

Crystalline structures were measured utilizing both laboratory X-ray dif-
fraction (XRD) and Synchroton XRD. The laboratory XRD measurements
were performed using an Empyrean X-ray diffractometer with five axis
goniometer and proportional counter detector and with X-ray radiation
containing the components of Cu Kα1 and Kα2. The 2θ measurements
were done between 2θ= 15° and 2θ= 65°. The incident diffraction angle
was set to 1°. Synchrotron measurements were performed at room tem-
perature using a six circle diffractometer (Huber 5020) with MYTHEN
detector (Dectris) at the angle-dispersive XRD beamline (BL-12) at
Indus-2 Synchrotron source, RRCAT, India.[66] The data were collected
at 14.670 keV and at 0.3°, 0.6°, 1.0°. incidence angles. The energy/wave-
length was calibrated using XRD pattern of standard Si (National Institute
of Standards and Technology). Patterns were analyzed with available inter-
national centre for diffraction data (ICDD)-XRD database of GaAs, Ga2O3

(rhombohedral R and monoclinic M), Ga(OH)3 (cubic C and tetragonal T),
and GaOOH (orthorhombic O but different unit cell size).

XPS was utilized to measure chemical composition of the surfaces. XPS
was done with Thermo Scientific Nexsa system equipped with mono-
chromatized Al Kα radiation source, dual-mode charge compensation,
and MAGCIS source for monoatomic and cluster etching and depth pro-
filing. The wide energy range survey spectra and high-resolution core-level
spectra were collected with pass energies of 200 and 50 eV, respectively.
The X-ray spot size was 200 μm.

STEM images and EDX maps were acquired by FEI Titan Themis 200
microscope, equipped with Bruker/FEI SuperX EDX system at 200 kV. The
thin cross-sectional sample for STEM studies was prepared by focused ion
beam using the in situ lift-out technique in FEI Helios NanoLab 600
SEM-(FIB) focused ion beam system. To protect the surface of the sample
from milling by the ion beam during thin sample preparation, the area of
interest was covered by a protection layer, consisting of a thin carbon layer
deposited via electron beam–assisted deposition and a 1 μm thick plati-
num layer deposited via ion beam–assisted deposition at low ion beam
current.

MSM detectors were fabricated on semi-insulating GaAs wafer pieces
using platinum as a metal contact. The contacts were defined with lift-off
lithography using AZ ECI 3012 photoresist, AZ 726 MIF developer and
acetone as stripper. Contact patterning was done by direct laser writing
with Kloé Dilase 250 laser writer. Platinum was deposited by sputtering.
Photoelectrical characterization setup consisted of a 90W tungsten lamp,
monochromator, optical chopper connected to a lock-in amplifier and
electrical measurement circuit. Light was focused to the detector active
area with an objective, and light spot area was smaller than detector active
area. Optical power was calibrated by a Si photodiode.

The EQE measurements were measured using a self-made system con-
taining a 250W quartz tungsten halogen lamp (Thermo Oriel) run at 90W
power, a ¼ m Digikröm monochromator (CVI), a P-9202-4 photocurrent/
voltage amplifier (Gigahertz-Optik), SR450 chopper (Stanford Research
Systems), a 15x, 0.28 NA long working distance mirror objective
(Edmund optics), SR830 DSP lock-in amplifier (Stanford Research
Systems), and a LabVIEW-based software for data acquisition. (NIST)-
traceable national institute of standards and technology calibrated Si pho-
todiode (FDS100-CAL, from Thorlabs Inc.) was used as a reference
detector. In the EQE measurement system, the sample and the reference
detector were measured separately, i.e., one after another.
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