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1.  Introduction

Devices based on semiconductor multilayers find a wide 
range of applications in microelectronics, photonics and con-
sumer market products. Bipolar transistors and high elec-
tron mobility transistors (Bhattacharya et  al 2011) that are 
at the heart of RF technologies applied in ubiquitous devices 
such as mass-produced cellphones, satellite communication 
devices and car radars (Pettenpaul 1998), or multi-junction 
solar cells developed for concentrated photovoltaics (Dimroth 
et al 2014) are examples of devices taking advantage of the 
heterojunction technology. The successful fabrication of such 
devices depends on the quality of semiconductor wafers that 
relies on advanced diagnostic and metrology tools frequently 

employed as post-growth interrogation about such param
eters as layer thickness, interfacial roughness, material com-
position, density of carriers and interface traps, or Schottky 
barrier height (Schroder 2006). The most common methods 
employed for characterization of physical and chemical prop-
erties of semiconductor devices include x-ray diffraction 
(Gerardi et  al 1997, Nakashima and Tateno 2004), atomic 
force microscopy (AFM) (Oliver 2008), secondary ion mass 
spectroscopy (SIMS) (Gerardi et  al 1997, Herrmann et  al 
2011, Liu and Dubowski 2013), photo-voltage spectroscopy 
(Masut et al 1986, Kronik and Shapira 2001), Auger electron 
spectroscopy (Rack et al 2000), scanning electron microscopy 
(SEM) (Linkov et al 2013), transmission electron microscopy 
(TEM) (Linkov et al 2013), reflectance spectroscopy (Wośko 
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et al 2011), monolayer chemical beam etching (Tsang et al 
1993) and x-ray photoelectron spectroscopy (XPS) (Vilar et al 
2005, Hinkle et al 2009). Furthermore, current–voltage (I–V) 
and capacitance–voltage (C–V) measurements (Fleetwood 
et  al 1993) have been employed to investigate device band 
structure (Watanabe 1985) and provide information about car-
rier concentration and distribution by employing electrochem-
ical (Kaniewska and Slomka 2001) and photo-electrochemical 
profiling (Blood 1986). The thickness of layers constituting 
heterostructure devices is one of the fundamental parameters 
determining functioning characteristics of quantum well (QW) 
and other quantum confined microstructure based devices. 
Typical methods for determining this parameter are based 
on cross-section SEM or TEM imaging (Perovic et al 1995), 
ellipsometric analysis (Erman et al 1983), depth profiling with 
Auger electron spectroscopy (Dubowski et  al 1985), SIMS 
(Liu et al 2013) and x-ray diffraction techniques (Tapfer and 
Ploog 1986). Electrochemical and photo-electrochemical pro-
filing techniques have been employed to study multi-junction 
devices due to the ease in revealing location of different inter-
faces. However, relatively high etch rates induced in such 
experiments prohibit their application in studying nano-scale 
interfaces, such as those involving QWs and quantum dots 
(Fink and Osgood 1993). Nevertheless, selective etching of 
cleaved wafers revealed interfaces between ~60 nm thick 
pairs of GaAs and AlGaAs layers using the AFM technique 
(Pakhomov et al 2002). Typical etch rates of GaAs and InP 
achieved with a laser-induced photoetching technique have 
been reported between 0.1–100 µm min−1 (Ruberto et  al 
1991), while fabrication of relatively smooth surfaces of 
GaAs has been demonstrated with reactive ion etching in Cl2/
BCl3/Ar plasma at rates exceeding 0.3 µm min−1 (Nordheden 
et  al 1999). Generally, surface morphology of etched or 
photo-etched semiconductors is characterized by average 

roughness exceeding 15 nm (Kirchner et al 2002) and, thus, 
such techniques cannot be readily employed to provide infor-
mation about location of interfaces in QW or quantum dot 
heterostructures.

We have recently employed the photocorrosion effect of 
photoluminescence (PL) emitting GaAs/AlGaAs hetero-
structures for monitoring surface reactions involving electri-
cally charged molecules that allowed for a rapid detection of 
bacteria in aqueous solutions (Nazemi et  al 2015, Aziziyan 
et al 2016). This was possible thanks to creating conditions 
for uniform photocorrosion proceeding at rates typically not 
exceeding ~60 nm h−1. The potential problem of As, Ga and 
Al ions released during photocorrosion that could interfere 
with the growth of bacteria has been discussed by us in a 
recently published paper (Nazemi et al 2016). In the current 
work, we investigate the mechanisms of GaAs and AlGaAs 
photocorrosion in water and aqueous environment of NH4OH, 
and we examine the conditions leading to the high-resolution 
resolving of different material layers contributing to PL 
emission.

2.  Experimental section

2.1.  Materials and chemicals reagents

GaAs/AlGaAs heterostructures were grown on double side 
polished semi-insulating GaAs (100) by molecular beam 
epitaxy (Wafers 10-150 and v0803) and by metalorganic 
chemical vapor deposition (Wafer 10-413). A 200 nm thick 
epitaxial GaAs, as well as a superlattice with 2.4 nm thick 
AlAs and 2.4 nm thick GaAs were grown in each case on 
GaAs substrates as defect reduction buffer layers (Dawson 
and Woodbridge 1984, Noda et al 1990). A schematic cross-
section of the Wafer 10-150 microstructure is shown in 

Figure 1.  Schematic cross-sections of the investigated nano-heterostructures. Photoluminescence in the 10-150 sample originates from 
a 500 nm thick GaAs layer (a), and is centered at 869 nm (b). Photoluminescence in the 10-413 sample originates from a stack of 6 nm 
quantum wells (c), and is centered at 829 nm (d). Photoluminescence in the v0803 sample originates from a 500 nm thick GaAs layer (e),  
and is centered at 869 nm (f).
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figure 1(a). It consists of a 500 nm thick GaAs epitaxial layer 
designed to provide PL emission at ~869 nm. Additionally, a 
stack of 100 nm thick Al0.35Ga0.65As, 3 nm thick GaAs and 
10 nm thick Al0.35Ga0.65As, capped with an 8 nm thick GaAs 
layer, was grown on top of the PL emitting GaAs layer. The 
room-temperature PL emitted by this microstructure is shown 
in figure  1(b). Note that due to the quantum confinement 
effect, the 3 nm thick GaAs QW emits PL at low-temperatures 
as reported in Aziziyan et  al (2016), but no such emission 
could be observed at room temperature. A cross-section of the 
Wafer 10-413 microstructure is illustrated schematically in 
figure 1(c). It comprises a stack of 29 GaAs QWs (6 nm thick) 
surrounded by 10 nm thick Al0.35Ga0.65As barriers grown on a 
200 nm thick GaAs buffer layer. This microstructure is capped 
with a 10 nm thick layer of GaAs. The 829 nm PL emission 
of this microstructure, as illustrated in figure 1(d), originates 
from the stack of GaAs QWs, while a high-energy shoulder 
at ~820 nm, most likely, is due to a free-exciton recombi-
nation observed in high-quality GaAs/AlGaAs multi-QW 
microstructures (Dawson et  al 1983, Chemla et  al 1984). 
A cross section  of the Wafer v0803 microstructure is illus-
trated schematically in figure 1(e). A 500 nm Al0.35Ga0.65As, 
overlaid on a 500 nm thick PL emitting epitaxial GaAs layer, 
forms the base of the heterostructure. There are eleven units of 
GaAs and Al0.35Ga0.65As grown on the base. The thicknesses 
of GaAs of these units are 60, 50, 40, 30, 20, 10, 8, 6, 4, 2 
and 1 nm for the top layer. The thickness of Al0.35Ga0.65As is 
20 nm in each of the eleven layers and the whole structure is 
capped with a 20 nm thick GaAs layer. A plot of the PL emis-
sion at 869 nm that originates from the 500 nm thick GaAs 
layer in this microstructure is shown in figure 1(f). We have 
also employed bulk Si-doped (n  =  1017 cm−3) GaAs (AXT, 
Inc., Fremont, USA) while investigating oxide formation on 
samples exposed to de-ionized (DI) water.

Semiconductor grade OptiClear (National Diagnostics), 
acetone (ACP Chemicals, Canada), isopropyl alcohol and 
28% ammonium hydroxide (Anachemia, Canada) were 
used without further purification. A MilliQ system was used 
to obtain DI water with a resistivity of 18.2 MΩ · cm. The 
wafers were spin coated with photoresist (S1813, Shipley), 
mounted on a carrier tape and diced into 2 mm  ×  2 mm and 
4 mm  ×  4 mm samples.

2.2.  PL measurements

A custom designed quantum semiconductor photonic bio-
sensor (QSPB) reader or hyperspectral imaging photolumi-
nescence mapper (HIPLM) described by Nazemi et al (2015) 
and Aziziyan et al (2016), and Kim et al (2009), respectively, 
were used to collect PL data. The above bandgap excitation 
in QSPB was provided either by a 625 nm LED source or by 
a halogen lamp. An 812 nm cut-off long pass filter (Thorlabs 
FELH800) was applied in the QSPB reader to prevent the exci-
tation photons from reaching the CMOS detector employed 
for detecting PL emission. The HIPLM is equipped with a 
laser emitting at 532 nm, computer controlled volume Bragg 
gratings, beam homogenizing microlens array and a Peltier 

cooled high sensitivity CCD camera. The HIPLM allows 
measurement of spatial-temporal variation of the PL emission 
from GaAs/AlGaAs heterostructures (Kim et  al 2009). The 
PL measurements were carried out for samples installed in a 
flow cell as illustrated schematically in figure 2.

The flow cell allows a continuous exposure of samples 
to the photocorrosion supporting solutions that could be 
refreshed continuously. A dedicated glass window facilitates 
excitation of samples and collection of PL data. The excitation 
power density measured at the sample surface in both QSPB 
and HIPLM systems ranged between 20–150 mW cm−2. The 
power emitted by LED was continuously monitored with a 
Si photodiode. Typically, during a 4 h run, the LED emitted 
power was stable to within  ±1%. In all the measurements, 
the samples were excited with intermittent pulses to allow 
(a) formation and dissolution of a sufficient thickness surface 
oxides, and (b) diffusion of the photocorrosion products and 
disperse into the solution between consecutive pulses. The 
intermittency was defined by a ‘duty cycle’ (DC) parameter: 
TON/(TON  +  TOFF). The experiments were performed in an 
open circuit condition. While photocorrosion in an aqueous 
NH4OH environment is expected to result in a continuous for-
mation and removal of GaAs and AlGaAs oxides, the pho-
tocorrosion in DI water could lead to accumulation of some 
oxides at the surface of the irradiated GaAs/AlGaAs sam-
ples. This effect, however, seems negligible in view of the 
well-resolved PL runs observed in DI water that we report in 
section 3.2.

2.3.  AFM measurements

A Nanoscope IIIa (Digital Instruments, Inc.) was used to 
carry out AFM study of surface morphology of the investi-
gated samples. Scans of 5 µm  ×  5 µm were collected in a 
tapping mode at ambient conditions. The photocorrosion rates 
were determined by measuring depths of photocorroded cra-
ters. For this, we used 4 mm  ×  4 mm samples of the 10-413 
heterostructure, partially covered with a positive photoresist. 
The samples were briefly cleaned with isopropanol, placed 
in the flow cell with DI water and photocorrosion performed 
for different periods of time. The AFM measurements were 
performed for samples with removed photoresist, in the areas 
covering both non-photocorroded and photocorroded surfaces. 

Figure 2.  A schematic view of the flow cell setup.

J. Phys. D: Appl. Phys. 50 (2017) 035106
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The AFM measurements were also performed for photocor-
roded samples that were freshly de-oxidized with NH4OH.

2.4.  X-ray photoelectron spectroscopy measurements

X-ray photoelectron spectroscopy (XPS) measurements were 
conducted in the Al 2p region to investigate chemical compo-
sition of photocorroded microstructures. The measurements 
were carried out with a Kratos Analytical AXIS Ultra DLD 
XPS spectrometer equipped with Al Kα source operating at 
150 W. Following the photocorrosion experiments, the sam-
ples were de-oxidized for 5 min in a 28% aqueous solution of 
NH4OH, dried with gas N2 and transported in the N2 ambient 
to the XPS chamber. The de-oxidization procedure was nec-
essary to remove the surface accumulated oxide layer whose 
thickness exceeded ~10 nm as evidenced by the absence of 
the Al 2p peak on the photocorroded surfaces. Both surface 
survey and high-resolution scans were performed for samples 
mounted in a chamber with the base pressure of 1  ×  10−9 Tor. 
The size of an analyzed area on the investigated samples was 
set at 220 µm  ×  220 µm and data were collected at a takeoff 
angle of 60° from the surface normal. All XPS results, ref-
erenced to the adventitious C 1s peak at the binding energy 
(BE) of 285.0 eV, were processed using the Casa XPS 2.3.15 
software.

3.  Results and discussion

3.1.  PL monitored photocorrosion of bulk n-GaAs

A 2 mm  ×  2 mm bulk n-GaAs sample, after cleaning with 
OptiClear, acetone and isopropanol, and deoxidizing with 
NH4OH was quickly transferred to the flow cell with DI water. 
The sample was irradiated with the broadband halogen lamp 
and its PL emission was measured with the QSPB reader. The 
excitation intensity was 43 mW cm−2, and the sample was 
continuously exposed to the radiation (DC  =  1, TOFF  =  0). A 

temporal evolution of the PL signal measured at 869 nm is 
shown in figure 3.

It can be seen that PL intensity increases monotonically 
with time, exhibiting a 10% increase after 18 h and a tendency 
towards asymptotic saturation. The origin of this behaviour, 
referred to as photowashing (Wilmsen et al 1988, Choi et al 
2002), can be traced down to oxidation of the GaAs surface 
and photocorrosion (Hideki et al 1988, Geisz et al 1995).

The PL emission from a photoexcited semiconductor is 
a result of the recombination of excited charge carriers, and 
its efficiency is an index of the lifetime of the minority car-
riers (holes for an n-type semiconductor): the increase of 
their lifetime results in the increased PL emission. Minority 
carrier lifetime, τ, could be described by the following equa-
tion (Ahrenkiel et al 1989):

τ τ τ
= + +

d

1 1 1 2SRV

R nR
� (1)

where τR is the radiative recombination lifetime, τnR the 
non-radiative recombination lifetime, SRV denotes the sur-
face recombination velocity, and d is the depletion width. 
With the exception of SRV and d, the other components in 
this equation are bulk parameters of the semiconductor. The 
SRV represents the non-radiative recombination component 
due to the break in the translational symmetry of the semi-
conductor at its surface, which results in the formation of 
surface states with energy levels in the band gap, and for-
mation of the depletion width region in the semiconductor. 
Decreased SRV increases the minority carriers lifetime, 
and hence the efficiency of PL emission. Furthermore, it 
is known that the oxidation and photo-decomposition of 
n-type GaAs could be described by the following equa-
tions (Ruberto et al 1991):

→+ + + ++ + +hGaAs H O 6 Ga HAsO 3H2
3

2� (2)

→+ +eGaAs Ga As3 0� (3)

where h+ represents the holes in the semiconductor and H+ 
is the proton in the solution, e represents the electron and Ga0 
denotes a reduced gallium atom. The water environment and 
excited holes arriving at the semiconductor surface lead to 
oxidation, and the reactions represented by equations (2) and 
(3) describe oxidation and dissolution of GaAs upon photo-
excitation. As As-oxides are preferentially removed in an 
aqueous solution (Schwartz et al 1979), the increased presence 
of Ga-oxides (GaxOy) develops at the GaAs-solution interface. 
It has been demonstrated that capping of GaAs with a Ga2O3 
film results in the reduction of the SRV of minority carriers 
and, consequently, in the increased PL emission intensity 
(Passlack et al 1995, Priyantha et al 2011). In agreement with 
these results, and with our XPS data, we argue that it is the 
predominant formation of a Ga2O3 layer and partial dissolution 
of As-oxides that are responsible for the increasing PL signal 
observed in figure 3. The results reported in that figure were 
obtained with a white light source, but the same behaviour is 
expected to take place as long as GaAs is irradiated with pho-
tons of energy exceeding the bandgap energy of this material.

Figure 3.  Temporal PL intensity of a bulk n-type GaAs (0 0 1) 
emitting at 869 nm while exposed in DI H2O to a broadband 
halogen lamp radiation.

J. Phys. D: Appl. Phys. 50 (2017) 035106
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3.2.  PL monitored photocorrosion of nano-heterostructures

Examples of temporal plots of PL emission from GaAs/
AlGaAs samples (Wafer 10-150) exposed in the flow cell to 
continuously flowing DI water and irradiated in the HIPLM 
system with a CW 532 nm laser at 70 mW cm−2 are shown 
in figure 4. These experiments were designed to investigate 
the influence of the irradiation conditions on the average pho-
tocorrosion rate of studied microstructures. It can be seen 
that 1 s irradiation in each 100 s period (DC  =  0.01) allows 
observing the formation of two PL maxima at 80 and 275 min, 
followed by a slowly decaying signal.

Similar maxima are observed for the samples irradiated for 
1 s in a 10 s period (DC  =  0.1). But, in this case, the maxima 
occur at 15 and 50 min, i.e. they form significantly sooner and 
they are separated by only 35 min, in comparison to the 195 min 
separation observed for the sample processed with DC  =  0.01. 
The initial increase of the PL signal observed in theses experi-
ments suggests a similar mechanism of photocorrosion as in 
the case of bulk GaAs discussed in figure 3. The number of PL 
maxima observed for low duty cycle experiments (DC  =  0.1 
and 0.01) coincide with the number of GaAs–Al0.35Ga0.65As 
interfaces in this nano-heterostructure. Furthermore, the region 
of a slowed down PL decay is observed for DC  =  0.01 near 
125–140 min, and for DC  =  0.1 near 25–40 min. We link this 
behaviour with a reduced rate of photocorrosion of the 10 nm 
thick Al0.35Ga0.65As layer. For DC  =  0.5, the first maximum 
occurs around 12 min, which suggests an accelerated rate 
of photocorrosion. Consistent with this was the inability to 
observe the formation of a second PL maximum.

In figure 5, we plot temporal positions of the first maximum 
observed for the sample 10-150 as a function of the excitation 
power density, P, for DC  =  0.01.

It can be seen that the position of this maximum occurs 
more rapidly with increasing excitation power density, and it 

depends linearly on P. Thus, the related photocorrosion rate 
is consistent with the kinetics of a process driven entirely by 
the availability of photo-excited holes. At P  >  105 mW cm−2, 
a departure from the linear dependence took place (data not 
shown), showing significantly delayed positions of the inves-
tigated PL maxima. This seems to suggest the onset of a 
mechanism affected by a greater rate of oxide formation than 
dissolution.

In figure 6(a), we present a temporal plot of PL signal meas-
ured at 869 nm from the v0803 sample that undergoes photo-
corrosion in a 28% NH4OH aqueous solution. The sample was 
irradiated in the HIPLM system with a 532 nm laser deliv-
ering 25 mW cm−2 irradiance at DC  =  0.5 (30 s/60 s). In this 
experiment, we replaced DI water with an aqueous solution of 
NH4OH to provide a more efficient means of removing As- and 
Ga-oxides from photocorroding surface. Such treatment has 
been reported to leave only a small amount of Ga-suboxides 
on the photocorroding surface of GaAs (Lebedev et al 2004).

A series of PL maxima, denoted as 1–11, can be distin-
guished in that figure. Initially, after reaching the first max-
imum, the PL intensity drops by about 60%. This is followed 
by the PL signal modulating between less than 5% for the 
second maximum (2), to about 30% for the ninth maximum 
(9). The oxidation and subsequent removal of oxides lead to a 
continuous thinning of the semiconductor microstructure and 
switching in situ between interfaces involving GaAs-solution 
and Al0.35Ga0.65As-soloution. Figure 6(b) demonstrates a rela-
tionship between the thickness of this microstructure and tem-
poral positions of PL maxima. The thickness was extracted 
from the known growth parameters of this microstructure (see 
figure 1(e)), and an assumption was made that each maximum 
coincides with a completely etched GaAs layer and the pho-
tocorrosion onset of an AlGaAs layer. It can be seen that 
there is a reasonable linear correlation between the cumula-
tive microstructure thickness and the number of a consecu-
tive PL maximum. Based on this model, we estimated that 
the average photocorrosion rate of the microstructure was 

Figure 4.  Temporal PL plots of a GaAs/AlGaAs nano-
heterostructure (sample 10-150) emitting at 869 nm while exposed 
to DI water and irradiated with a 532 nm laser at 70 mW cm−2 at 
different duty cycles: 1 s/100 s (solid line), 1 s/10 s (dash-dotted line) 
and 5 s/10 s (dash line).

Figure 5.  Excitation power dependence of the position of a PL 
maximum related to the photocorrosion of an 8 nm thick GaAs cap 
layer (sample 10-150) immersed in DI H2O and irradiated with an 
uniform beam of the 532 nm laser at DC  =  0.01.

J. Phys. D: Appl. Phys. 50 (2017) 035106
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~0.39 nm min−1. We note that the ability to resolve a 1 nm 
thick GaAs layer in this experiment was a consequence of the 
proper adjustment of the duty cycle and the power of LED 
employed for e–h+ excitation. Generally, the resolution of the 
process is expected to also depend on the corroding strength 
of an employed electrolyte and the physical properties of 
investigated nano-heterostructures.

3.3.  AFM depth measurements

AFM measurements were performed for samples 10-413 that 
photocorroded in DI water. The samples were irradiated with 
a 625 nm LED at 20 mW cm−2 and DC  =  0.075 (3 s/40 s) for a 
total of 42, 107 and 124 min. The PL runs of these samples are 

shown in figure 7. Similarly to the results reported in figure 4, 
the initial increase of a PL signal and formation of the 1st PL 
maximum are related to GaAs oxidation, dominated by for-
mation of Ga2O3 and, ultimately, dissolution of a 10 nm thick 
GaAs cap at the S1 point. This behaviour is reproduced during 
dissolution of a 6 nm thick GaAs and formation of the second 
PL maximum expected near the S3 point. We note that the 
initial attempts to AFM analyse photocorroded craters were 
unsuccessful due to the presence of a thick oxide layer cov-
ering the irradiated surface. It was only after subjecting the 
samples to ammonium hydroxide etching that we were able 
to observe clear contrast between non-irradiated (photoresist 
protected) and photocorroded surface. The results of these 
measurements are summarized in table 1.

The estimated depth for the end-point S1 is 9.8 nm, hence 
the photocorrosion has consumed most of the 10 nm thick 
GaAs cap layer of that sample. For the end-point S2, the 
estimated depth is 15.7 nm, hence the 10 nm GaAs cap layer 
and 5.7 nm of the first 10 nm AlGaAs layer have photocor-
roded. For the end-point S3, the estimated depth is 26.7 nm, 
which indicates that in addition to the entire GaAs cap and 
the first AlGaAs layer, the second GaAs (QW) layer have 
photocorroded. These results suggest that the initial PL 
increase, until the end-point S1 is reached, coincides with 
the dissolution of a GaAs cap layer. The decrease of a PL 
signal leading to the end-point S2, coincides with dissolu-
tion of the first AlGaAs layer, while the subsequent increase 
of the PL signal leading to the end-point S3, coincides with 
the second GaAs layer dissolving entirely. It has been dem-
onstrated that capping of GaAs with a Ga2O3 film results 
in the reduction of the SRV of minority carriers and, con-
sequently, in the increased PL emission intensity (Passlack 
et al 1995, Priyantha et al 2011). In agreement with these 
results, and with our XPS data, we argue that it is the pre-
dominant formation of a Ga2O3 layer and partial dissolu-
tion of As-oxides that are responsible for the increasing PL 
signal observed in figure 7.

Figure 6.  Time dependent PL emission (at 869 nm) of a GaAs/AlGaAs nano-heterostructure (sample v0803) immersed in NH4OH and 
irradiated in HIPLM with a 532 nm laser at DC  =  30 s/60 s (a), and a plot of the position of PL maxima versus cumulative thickness of the 
nano-heterostructure (b).

Figure 7.  Time dependent PL emission of GaAs/AlGaAs QWs 
(Wafer 10-413) immersed in DI H2O and irradiated with a 625 nm 
LED at 20 mW cm−2 and DC  =  3 s/40 s.
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3.4.  XPS measurements

High resolution XPS scans in the Al 2p peak region for a ref-
erence (non-photocorroded) sample 10-413, and for a series 
of 10-413 samples photocorroded for different period of time, 
together with the associated PL plots collected in the QSPB 
reader during their photocorrosion are shown in figures 8(a) 
and (b), respectively. As the photocorrosion proceeds through 
the GaAs/Al0.35Ga0.65As interface, the XPS determined con-
centration of Al aluminium increases. Hence, evolution of the 
Al 2p peak could be used to investigate depth of the photo-
corroded material, keeping in mind that a typical XPS depth 
resolution approaches 10 nm (Dallera et al 2004).

Sample 1 that photocorroded for 9 min shows a small inten-
sity peak in the region of the elemental Al 2p, suggesting that 
it originated from the GaAs capped AlGaAs layer. Sample 2 
that photocorroded for 25 min, and revealed the first PL max-
imum, shows an increased concentration of the elemental Al 
2p. In addition, the presence of some Al 2p oxides in this case 
suggests a contribution from the AlGaAs layer exposed by 
photocorrosion. Samples 3 and 4 that photocorroded for 40 
and 65 min show decreasing concentration of the elemental 
Al at the expense of Al-oxides, which is consistent with the 
increased contribution from the photocorroding AlGaAs 
layer. Finally, sample 5 that photocorroded until it revealed 
the second PL maximum, shows an increased concentration 
of Al originating from the second AlGaAs layer.

The XPS and AFM data confirmed the origin of PL 
features revealed during photocorrosion of the GaAs/
AlGaAs nano-heterostructures. The formation of the first 
PL maximum is consistent with the photocorrosion of 
GaAs through the formation and dissolution of Ga-oxides, 
similarly to the photocorrosion of n-GaAs discussed in sec-
tion 3.1. Furthermore, the revealing of the AlGaAs surface 
is associated with the formation of Al-, As- and Ga-oxides. 
This affects the intensity of PL signal emitted by the micro-
structure. The SRV of minority carriers at the Ga-oxide 
covered GaAs surface is of the order of 4000–5000 cm s−1,  
whereas that at the Al-oxide covered AlGaAs surface 
increases to ~107 cm s−1 (Passlack et al 1996). Hence the 
formation of PL maxima in these experiments is consistent 
with the onset of the photocorrosion of AlGaAs, each time 
the GaAs layer is dissolved, while a slowed down decay 
of the PL signal (slower photocorrosion rate) is associated 
with a reduced concentration of holes available at the sur-
face of AlGaAs due to the significantly increased SRV of 
minority carriers.

4.  Conclusions

We have investigated photocorrosion of GaAs/Al0.35Ga0.65As 
nano-heteostructures immersed in DI water and aqueous solu-
tion of NH4OH. The pulse excitation of such samples with 
the above bandgap radiation produces photoluminescence of 
intensity that could be correlated with the sequential formation 
in situ of different electrochemical junctions. For high DC, 
defined as the ratio of TON/(TON  +  TOFF), and for the excitation 
power densities exceeding 105 mW cm−2, the photocorrosion 

Table 1.  AFM determined depths of the craters fabricated by 
photocorrosion of GaAs/AlGaAs QWs (Wafer 10-413) illustrated in 
figure 7.

End point
Duration of  
photocorrosion (min) Depth (nm)

S1 12 9.8
S2 107 15.7
S3 124 26.7

Note: the samples were irradiated with a 625 nm LED at 20 mW cm−2 and 
DC  =  0.075 (3 s/40 s).

Figure 8.  High resolution XPS scans of the Al 2p peak from the 
10-413 samples photocorroded for different period of time (a), and 
associated temporal PL plots for the same samples (b).
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rates are relatively large, resulting in a poor depth resolution 
of the process. Under optimized irradiation conditions, 
described by P  ⩽  105 mW cm−2 and DC  <  0.5, the photocor-
rosion process proceeds at rates of less than 0.2–0.4 nm min−1.  
Such conditions enabled us to observe dissolution of a 1 nm 
thick layer of GaAs. A linear correlation between photon flux 
and corrosion rates observed under these conditions is con-
sistent with a pure photo-induced corrosion process. Due to 
different surface recombination velocities of minority car-
riers, oxides at the GaAs surface tend to increase PL emission 
from the GaAs/AlGaAs microstructures, while oxides at the 
AlGaAs surface reduce that emission. We have demonstrated 
that PL monitored photocorrosion of the GaAs/AlGaAs het-
erostructure could be used for post-growth metrology of 
such architectures with at least a 1 nm depth resolution. The 
ability to control photodecomposition of PL emitting III–V 
nano-heterostructures has the potential application for the 
fabrication of multibandgap devices requiring the regrowth on 
precisely revealed surfaces prepared, e.g. for the realization of 
so called butt joint integration architectures.

Acknowledgments

This research was supported by the Canada Research Chair 
in Quantum Semiconductors Program, the Natural Sciences 
and Engineering Research Council of Canada (NSERC) CRD 
project CRDPJ 452455-13, and the NSERC Discovery Grant 
RGPIN-2015-04448. We thank Prof Zbigniew Wasilewski 
and CMC Microsystems (Kingston, Ontario) for providing 
GaAs/AlGaAs epitaxial microstructures used in this work. 
The help provided by technical staff of the Interdisciplin-
ary Institute for Technological Innovation (3IT) is greatly 
appreciated.

References

Ahrenkiel R, Dunlavy D, Keyes B, Vernon S, Dixon T, Tobin S, 
Miller K and Hayes R 1989 Ultralong minority-carrier 
lifetime epitaxial GaAs by photon recycling Appl. Phys. Lett. 
55 1088–90

Aziziyan M R, Hassen W M, Morris D, Frost E H and Dubowski J J 
2016 Photonic biosensor based on photocorrosion of GaAs/
AlGaAs quantum heterostructures for detection of Legionella 
pneumophila Biointerphases 11 019301

Bhattacharya P, Fornari R and Kamimura H 2011 Comprehensive 
Semiconductor Science and Technology, Six-Volume Set 
(Oxford: Elsevier)

Blood P 1986 Capacitance-voltage profiling and the characterisation 
of III-V semiconductors using electrolyte barriers Semicond. 
Sci. Technol. 1 7

Chemla D, Miller D, Smith P, Gossard A and Wiegmann W 
1984 Room temperature excitonic nonlinear absorption and 
refraction in GaAs/AlGaAs multiple quantum well structures 
IEEE J. Quantum Electron. 20 265–75

Choi K J, Moon J K, Park M, Kim H C and Lee J L 2002 Effects 
of photowashing treatment on gate leakage current of GaAs 
metal-semiconductor field-effect transistors Japan. J. Appl. 
Phys. 41 2894–9

Dallera C, Duo L, Braicovich L, Panaccione G, Paolicelli G, 
Cowie B and Zegenhagen J 2004 Looking 100 Å deep into 

spatially inhomogeneous dilute systems with hard x-ray 
photoemission Appl. Phys. Lett. 85 4532–4

Dawson P, Duggan G, Ralph H I and Woodbridge K 1983 
Free excitons in room-temperature photoluminescence of 
GaAs-Al(x)Ga(1  −  x) multiple quantum wells Phys. Rev. B 
28 7381–3

Dawson P and Woodbridge K 1984 Effects of prelayers on minority-
carrier lifetime in GaAs/AlGaAs double heterostructures grown 
by molecular beam epitaxy Appl. Phys. Lett. 45 1227–9

Dimroth F, Grave M, Beutel P, Fiedeler U, Karcher C, Tibbits T N, 
Oliva E, Siefer G, Schachtner M and Wekkeli A 2014 
Wafer bonded four-junction GaInP/GaAs//GaInAsP/GaInAs 
concentrator solar cells with 44.7% efficiency Prog. Photovolt., 
Res. Appl. 22 277–82

Dubowski J J, Williams D F, Sewell P B and Norman P 1985 
Epitaxial growth of (1 0 0) CdTe on (1 0 0)GaAs induced by 
pulsed laser evaporation Appl. Phys. Lett. 46 1081–883

Erman M, Theeten J B, Vodjdani N an Demay Y 1983 Chemical 
and structural analysis of the GaAs/AlGaAs heterojunctions by 
spectroscopic ellipsometry J. Vac. Sci. Technol. B 1 328–33

Fink T and Osgood R M 1993 Photoelectrochemical etching of 
GaAs/AlGaAS multilayer structures J. Electrochem. Soc. 
140 2572–81

Fleetwood D, Winokur P, Reber R Jr, Meisenheimer T, 
Schwank J, Shaneyfelt M and Riewe L 1993 Effects of oxide 
traps, interface traps, and ‘border traps’ on metal-oxide-
semiconductor devices J. Appl. Phys. 73 5058–74

Geisz J, Kuech T and Ellis A 1995 Changing photoluminescence 
intensity from GaAs/Al0.3Ga0.7As heterostructures upon 
chemisorption of SO2 J. Appl. Phys. 77 1233–40

Gerardi C, Giannini C, Passaseo A and Tapfer L 1997 High-
resolution depth profiling of In(x)Ga(1  −  x)As/GaAs multiple 
quantum well structures by combination of secondary ion 
mass spectrometry and x-ray diffraction techniques J. Vac. Sci. 
Technol. B 15 2037–45

Herrmann A, Lehnhardt T, Strauß M, Kamp M and Forchel A 2011 
Optimization and comparison of depth profiling in GaAs and 
GaSb with TOF-SIMS Surf. Interface Anal. 43 673–5

Hideki H, Toshiya S, Seiichi K, Hirotatsu I and Hideo O 1988 
Correlation between photoluminescence and surface-state 
density on GaAs surfaces subjected to various surface 
treatments Japan. J. Appl. Phys. 27 L2177

Hinkle C L, Milojevic M, Brennan B, Sonnet A M,  
Aguirre-Tostado F S, Hughes G J, Vogel E M and Wallace R M 
2009 Detection of Ga suboxides and their impact on III–V 
passivation and Fermi-level pinning Appl. Phys. Lett. 94 62101

Kaniewska M and Slomka I 2001 C–V profiling of GaAs using 
electrolyte barriers Cryst. Res. Technol. 36 1113–8

Kim C-K, Marshall G M, Martin M, Bisson-Viens M, 
Wasilewski Z and Dubowski J J 2009 Formation dynamics of 
hexadecanethiol self-assembled monolayers on (0 0 1) GaAs 
observed with photoluminescence and Fourier transform 
infrared spectroscopies J. Appl. Phys. 106 083518

Kirchner C, George M, Stein B, Parak W J, Gaub H E and 
Seitz M 2002 Corrosion protection and long-term chemical 
functionalization of gallium arsenide in an aqueous 
environment Adv. Funct. Mater. 12 266–76

Kronik L and Shapira Y 2001 Surface photovoltage spectroscopy 
of semiconductor structures: at the crossroads of physics, 
chemistry and electrical engineering Surf. Interface Anal. 
31 954–65

Lebedev M V, Ensling D, Hunger R, Mayer T and Jaegermann W 
2004 Synchrotron photoemission spectroscopy study of 
ammonium hydroxide etching to prepare well-ordered GaAs 
(1 0 0) surfaces Appl. Surf. Sci. 229 226–32

Linkov P, Artemyev M, Efimov A E and Nabiev I 2013 
Comparative advantages and limitations of the basic metrology 
methods applied to the characterization of nanomaterials 
Nanoscale 5 8781–98

J. Phys. D: Appl. Phys. 50 (2017) 035106

http://dx.doi.org/10.1063/1.101713
http://dx.doi.org/10.1063/1.101713
http://dx.doi.org/10.1063/1.101713
http://dx.doi.org/10.1116/1.4941983
http://dx.doi.org/10.1116/1.4941983
http://dx.doi.org/10.1088/0268-1242/1/1/002
http://dx.doi.org/10.1088/0268-1242/1/1/002
http://dx.doi.org/10.1109/JQE.1984.1072393
http://dx.doi.org/10.1109/JQE.1984.1072393
http://dx.doi.org/10.1109/JQE.1984.1072393
http://dx.doi.org/10.1143/JJAP.41.2894
http://dx.doi.org/10.1143/JJAP.41.2894
http://dx.doi.org/10.1143/JJAP.41.2894
http://dx.doi.org/10.1063/1.1814441
http://dx.doi.org/10.1063/1.1814441
http://dx.doi.org/10.1063/1.1814441
http://dx.doi.org/10.1103/PhysRevB.28.7381
http://dx.doi.org/10.1103/PhysRevB.28.7381
http://dx.doi.org/10.1103/PhysRevB.28.7381
http://dx.doi.org/10.1063/1.95107
http://dx.doi.org/10.1063/1.95107
http://dx.doi.org/10.1063/1.95107
http://dx.doi.org/10.1002/pip.2475
http://dx.doi.org/10.1002/pip.2475
http://dx.doi.org/10.1002/pip.2475
http://dx.doi.org/10.1063/1.95768
http://dx.doi.org/10.1063/1.95768
http://dx.doi.org/10.1063/1.95768
http://dx.doi.org/10.1116/1.582551
http://dx.doi.org/10.1116/1.582551
http://dx.doi.org/10.1116/1.582551
http://dx.doi.org/10.1149/1.2220865
http://dx.doi.org/10.1149/1.2220865
http://dx.doi.org/10.1149/1.2220865
http://dx.doi.org/10.1063/1.353777
http://dx.doi.org/10.1063/1.353777
http://dx.doi.org/10.1063/1.353777
http://dx.doi.org/10.1063/1.358924
http://dx.doi.org/10.1063/1.358924
http://dx.doi.org/10.1063/1.358924
http://dx.doi.org/10.1116/1.589220
http://dx.doi.org/10.1116/1.589220
http://dx.doi.org/10.1116/1.589220
http://dx.doi.org/10.1002/sia.3659
http://dx.doi.org/10.1002/sia.3659
http://dx.doi.org/10.1002/sia.3659
http://dx.doi.org/10.1143/JJAP.27.L2177
http://dx.doi.org/10.1143/JJAP.27.L2177
http://dx.doi.org/10.1063/1.3079396
http://dx.doi.org/10.1063/1.3079396
http://dx.doi.org/10.1002/1521-4079(200110)36:8/10<1113::AID-CRAT1113>3.0.CO;2-W
http://dx.doi.org/10.1002/1521-4079(200110)36:8/10<1113::AID-CRAT1113>3.0.CO;2-W
http://dx.doi.org/10.1002/1521-4079(200110)36:8/10<1113::AID-CRAT1113>3.0.CO;2-W
http://dx.doi.org/10.1063/1.3248370
http://dx.doi.org/10.1063/1.3248370
http://dx.doi.org/10.1002/1616-3028(20020418)12:4<266::AID-ADFM266>3.0.CO;2-U
http://dx.doi.org/10.1002/1616-3028(20020418)12:4<266::AID-ADFM266>3.0.CO;2-U
http://dx.doi.org/10.1002/1616-3028(20020418)12:4<266::AID-ADFM266>3.0.CO;2-U
http://dx.doi.org/10.1002/sia.1132
http://dx.doi.org/10.1002/sia.1132
http://dx.doi.org/10.1002/sia.1132
http://dx.doi.org/10.1016/j.apsusc.2004.01.067
http://dx.doi.org/10.1016/j.apsusc.2004.01.067
http://dx.doi.org/10.1016/j.apsusc.2004.01.067
http://dx.doi.org/10.1039/c3nr02372a
http://dx.doi.org/10.1039/c3nr02372a
http://dx.doi.org/10.1039/c3nr02372a


S Aithal et al

9

Liu N and Dubowski J J 2013 Chemical evolution of InP/InGaAs/
InGaAsP microstructures irradiated in air and deionized water 
with ArF and KrF lasers Appl. Surf. Sci. 270 16–24

Liu N, Poulin S and Dubowski J J 2013 Enhanced 
photoluminescence emission from bandgap shifted InGaAs/
InGaAsP/InP microstructures processed with UV laser 
quantum well intermixing J. Phys. D: Appl. Phys. 46 445103

Masut R A, Roth A P, Dubowski J J and Lenchyshyn L C 
1986 Characterisation of CdTe/GaAs heterojunctions with 
photovoltage measurements Semicond. Sci. Technol. 1 226–9

Nakashima K and Tateno K 2004 X-ray diffraction analysis of 
GaInNAs double-quantum-well structures J. Appl. Crystallogr. 
37 14–23

Nazemi E, Aithal S, Hassen W M, Frost E H and Dubowski J J 
2015 GaAs/AlGaAs heterostructure based photonic biosensor 
for rapid detection of Escherichia coli in phosphate buffered 
saline solution Sensors Actuators B 207 556–62

Nazemi E, Hassen W M, Frost E H and Dubowski J J 2016 
Monitoring growth and antibiotic susceptibility of Escherichia 
coli with photoluminescence of GaAs/AlGaAs quantum 
well microstructures Biosens. Bioelectron. (DOI: 10.1016/j.
bios.2016.08.112)

Noda T, Tanaka M and Sakaki H 1990 Correlation length of 
interface roughness and its enhancement in molecular beam 
epitaxy grown GaAs/AlAs quantum wells studied by mobility 
measurement Appl. Phys. Lett. 57 1651–3

Nordheden K J, Hua X D, Lee Y S, Yang L W, Streit D C and 
Yen H C 1999 Smooth and anisotropic reactive ion etching of 
GaAs slot via holes for monolithic microwave integrated circuits 
using Cl(2)/BCl(3)/Ar plasmas J. Vac. Sci. Technol. B 17 138–44

Oliver R A 2008 Advances in AFM for the electrical 
characterization of semiconductors Rep. Prog. Phys. 71 076501

Pakhomov G L, Vostokov N V, Daniltsev V M and Shashkin V I 
2002 AFM study of dry etched cleavages of the Al(x)
Ga(1  −  x)As/GaAs heterostructures Phys. Low-Dimens. Struct. 
5-6 247–53

Passlack M, Hong M, Mannaerts J, Kwo J and Tu L 1996 
Recombination velocity at oxide-GaAs interfaces fabricated by 
in situ molecular beam epitaxy Appl. Phys. Lett. 68 3605–7

Passlack M, Hong M, Schubert E F, Kwo J R, Mannaerts J P, 
Chu S N G, Moriya N and Thiel F A 1995 In situ fabricated 
Ga2O3–GaAs structures with low interface recombination 
velocity Appl. Phys. Lett. 66 625–7

Perovic D, Castell M, Howie A, Lavoie C, Tiedje T and Cole J 1995 
Field-emission SEM imaging of compositional and  

doping layer semiconductor superlattices Ultramicroscopy 
58 104–13

Pettenpaul E 1998 GaAs a key RF technology—industrialisation 
and competition Gallium Arsenide Applications Symp. vol 2 pp 
368–73

Priyantha W, Radhakrishnan G, Droopad R and Passlack M 2011 
In situ XPS and RHEED study of gallium oxide on GaAs 
deposition by molecular beam epitaxy J. Cryst. Growth 
323 103–6

Rack M, Thornton T, Ferry D, Roberts J and Westhoff R 2000 
Characterization of strained silicon quantum wells and 
Si1−xGex heterostructures using Auger electron spectroscopy 
and spreading resistance profiles of bevelled structures 
Semicond. Sci. Technol. 15 291

Ruberto M N, Zhang X, Scarmozzino R, Willner A E, 
Podlesnik D V and Osgood R M 1991 The laser-controlled 
micrometer-scale photoelectrochemical etching of III–V 
semiconductors J. Electrochem. Soc. 138 1174–85

Schroder D K 2006 Semiconductor Material and Device 
Characterization (New York: Wiley)

Schwartz G, Gualtieri G, Kammlott G and Schwartz B 1979 An 
x-ray photoelectron spectroscopy study of native oxides on 
GaAs J. Electrochem. Soc. 126 1737–49

Tapfer L and Ploog K 1986 Improved assessment of structural 
properties of AlxGa1−xAs/GaAs heterostructures and 
superlattices by double-crystal x-ray diffraction Phys. Rev. B 
33 5565–74

Tsang W T, Chiu T H and Kapre R M 1993 Monolayer chemical 
beam etching: reverse molecular beam epitaxy Appl. Phys. 
Lett. 63 3500–2

Vilar M R, El Beghdadi J, Debontridder F, Artzi R, Naaman R, 
Ferraria A M and do Rego A M B 2005 Characterization 
of wet-etched GaAs (1 0 0) surfaces Surf. Interface Anal. 
37 673–82

Watanabe M O 1985 Band discontinuity for GaAs/AlGaAs 
heterojunction determined by C–V profiling technique J. Appl. 
Phys. 57 5340

Wilmsen C W, Kirchner P D and Woodall J M 1988 Effects of N2, 
O2, and H2O on GaAs passivated by photowashing or coating 
with Na2S · 9H2O J. Appl. Phys. 64 3287–9

Wośko M, Paszkiewicz B, Tarnowski K, Ściana B, 
Radziewicz D, Salejda W, Paszkiewicz R and Tłaczała M 
2011 Reverse engineering of AlxGa1−xAs/GaAs structures 
composition by reflectance spectroscopy Opto-Electron. Rev. 
19 418–24

J. Phys. D: Appl. Phys. 50 (2017) 035106

http://dx.doi.org/10.1016/j.apsusc.2012.12.007
http://dx.doi.org/10.1016/j.apsusc.2012.12.007
http://dx.doi.org/10.1016/j.apsusc.2012.12.007
http://dx.doi.org/10.1088/0022-3727/46/44/445103
http://dx.doi.org/10.1088/0022-3727/46/44/445103
http://dx.doi.org/10.1088/0268-1242/1/3/011
http://dx.doi.org/10.1088/0268-1242/1/3/011
http://dx.doi.org/10.1088/0268-1242/1/3/011
http://dx.doi.org/10.1107/S0021889803022775
http://dx.doi.org/10.1107/S0021889803022775
http://dx.doi.org/10.1107/S0021889803022775
http://dx.doi.org/10.1016/j.snb.2014.10.111
http://dx.doi.org/10.1016/j.snb.2014.10.111
http://dx.doi.org/10.1016/j.snb.2014.10.111
http://dx.doi.org/10.1016/j.bios.2016.08.112
http://dx.doi.org/10.1016/j.bios.2016.08.112
http://dx.doi.org/10.1063/1.104077
http://dx.doi.org/10.1063/1.104077
http://dx.doi.org/10.1063/1.104077
http://dx.doi.org/10.1116/1.590540
http://dx.doi.org/10.1116/1.590540
http://dx.doi.org/10.1116/1.590540
http://dx.doi.org/10.1088/0034-4885/71/7/076501
http://dx.doi.org/10.1088/0034-4885/71/7/076501
http://dx.doi.org/10.1063/1.116652
http://dx.doi.org/10.1063/1.116652
http://dx.doi.org/10.1063/1.116652
http://dx.doi.org/10.1063/1.114034
http://dx.doi.org/10.1063/1.114034
http://dx.doi.org/10.1063/1.114034
http://dx.doi.org/10.1016/0304-3991(94)00183-N
http://dx.doi.org/10.1016/0304-3991(94)00183-N
http://dx.doi.org/10.1016/0304-3991(94)00183-N
http://dx.doi.org/10.1109/EUMA.1998.338180
http://dx.doi.org/10.1109/EUMA.1998.338180
http://dx.doi.org/10.1016/j.jcrysgro.2010.11.122
http://dx.doi.org/10.1016/j.jcrysgro.2010.11.122
http://dx.doi.org/10.1016/j.jcrysgro.2010.11.122
http://dx.doi.org/10.1088/0268-1242/15/3/312
http://dx.doi.org/10.1088/0268-1242/15/3/312
http://dx.doi.org/10.1149/1.2085737
http://dx.doi.org/10.1149/1.2085737
http://dx.doi.org/10.1149/1.2085737
http://dx.doi.org/10.1149/1.2128789
http://dx.doi.org/10.1149/1.2128789
http://dx.doi.org/10.1149/1.2128789
http://dx.doi.org/10.1103/PhysRevB.33.5565
http://dx.doi.org/10.1103/PhysRevB.33.5565
http://dx.doi.org/10.1103/PhysRevB.33.5565
http://dx.doi.org/10.1063/1.110132
http://dx.doi.org/10.1063/1.110132
http://dx.doi.org/10.1063/1.110132
http://dx.doi.org/10.1002/sia.2062
http://dx.doi.org/10.1002/sia.2062
http://dx.doi.org/10.1002/sia.2062
http://dx.doi.org/10.1063/1.334852
http://dx.doi.org/10.1063/1.334852
http://dx.doi.org/10.1063/1.341519
http://dx.doi.org/10.1063/1.341519
http://dx.doi.org/10.1063/1.341519
http://dx.doi.org/10.2478/s11772
http://dx.doi.org/10.2478/s11772
http://dx.doi.org/10.2478/s11772

