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Sulfur (S) termination of III–V semiconductor surfaces is an effective technique for passivating surfaces to prevent oxidation. In this study, we
systematically investigated the effects of S termination by (NH4)2Sx treatment on enhancement of the photoluminescence (PL) properties of buried
InGaAs/GaAs(001) quantum wells (QWs). X-ray photoelectron spectroscopy (XPS) and PL measurements revealed that the (NH4)2Sx treatment
suppresses the formation of surface oxides, especially arsenic oxides, and enhances the PL intensity of QWs. Clear correlation between the PL
and XPS results suggests that greater PL intensity is attributable to a reduction in the number of nonradiative recombination centers at the surface
caused by arsenic oxide formation. In addition, from the observed temporal changes in PL intensities, we found that the S-terminated surfaces
exhibit long-term and high resistance to surface oxidation by air exposure. 

1. Introduction

III–V semiconductor-based heterostructures are widely used in
the field of high-performance optoelectronic devices, including
high-electron mobility transistors,1,2) heterojunction bipolar
transistors,3,4) laser and light-emitting diodes, photodetectors,
and solar cells.5) During the crystal growth or etching
processes of these heterostructures, their surfaces are kept
more or less clean, with only small amounts of attached
foreign atoms. When the structures are exposed to ambient air
after processing, the surfaces come into contact with oxygen
and other foreign contaminants. The surfaces of GaAs-based
structures are then gradually oxidized, with a high density of
surface states being formed on these surfaces, resulting in
strong Fermi-level pinning effects near the midgap of
GaAs.6,7) Around 1990, various surface-termination processes
using VI-group element atoms, such as sulfur (S) and selenium
(Se), were actively investigated with the aim of suppressing
these surface oxidation processes, chiefly to improve the
devices’ Schottky and other properties for use in metal-
insulator-semiconductor devices.7–9) To form terminated sur-
faces, wet processes using Na2S·9H2O,

10,11) (NH4)2S,
12–14)

(NH4)2Sx,
7,8,15–17) Na2Se in NH4OH,

9) (NH4)2S+ Se,18) and
vacuum deposition of elemental sulfur19,20) or selenium21–31)

in ultra-high vacuum (UHV) chambers were attempted,
demonstrating their effectiveness and potential for practical
application.
Surface-termination techniques for passivating semicon-

ductor nanostructures such as nanowires, nanopillars, and
quantum dots are increasingly coming back into the
limelight.32–35) In these nanostructures, the core regions are
often exposed to air and/or located very close to the surface.
The oxidized surfaces therefore act as nonradiative-recombi-
nation centers and/or charge trapping sites that degrade the
optical properties of the nanostructures by decreasing the
optical emission intensity10) and/or broadening the optical
emission linewidth.32–35) Suppression of surface oxidation is
therefore a critical challenge for improving the optical
properties of these nanostructures. In more recent studies,
sulfur termination followed by coating with a dielectric
material such as Al2O3 or SiOx are often used for surface

passivation.35–38) Enhanced photoluminescence (PL) emis-
sion and narrowing of the single quantum dot spectra have
been reported. However, the effects of S termination on the
optical properties have not yet been elucidated. For the
further improvement of the optical properties of nanostruc-
tures by using surface termination techniques, it is necessary
to understand in greater detail the surface-termination effects
on surface oxidation and their impact on optical properties.
In this study, we systematically investigated the impact of

an (NH4)2Sx-based passivation process on the optical proper-
ties of buried quantum wells (QWs) and the chemical
composition of the GaAs (001) surfaces by means of PL
spectroscopy and X-ray photoelectron spectroscopy (XPS)
measurements. The inhibitory effects of S termination on
surface oxidation were clearly shown. Suppressing surface
oxidation clearly enhanced PL intensity.

2. Experimental methods

Our experimental procedures are shown schematically in
Fig. 1. As starting material, we used an identical single
InGaAs QW structure grown on GaAs (001) substrate using
molecular beam epitaxy. After growth of a 300 nm GaAs
buffer layer at 580 °C, 10 nm In0.12Ga0.88As QW was grown at
490 °C. The QW was then capped with 100 nm GaAs at 490 °
C. The surface was finally capped with amorphous As by
supplying As2 flux (1× 10−5 Torr beam equivalent pressure)
at room temperature for 30min to protect the sample from
oxidation after exposure to ambient air. Before performing
each PL and XPS measurement the amorphous As was
removed by dipping the samples in ∼30% H2O2 solution.
This procedure enabled us to study identical surfaces for each
experiment. This sample is referred to as the “Reference”
sample in this paper. It should be noted that the H2O2 solution
oxidizes the GaAs surface. To remove the surface oxides, we
immersed the samples in buffered potassium hydroxide (KOH)
solution for 1 min,17) followed by rinsing in ultra-pure water
and N2 gas blowing. The sample at this step is referred to
“KOH-treated”. For sulfur termination, the KOH-treated
sample was dipped in ammonium sulfide solution with excess
sulfur [(NH4)2Sx] at 60 °C for 15min. The sample was then
taken out from the solution and dried by N2 blow without
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rinsing in water. Finally, we annealed the sample in vacuum
chamber at 150 °C for 30min using a ramp heater to evaporate
the excess sulfur atoms on the surface. The heating rate was
10 °Cmin−1. The annealing temperature was carefully cali-
brated by using thermo-couples set at the sample position. The
background pressure during the annealing was around
1× 10–3 Pa. The sample at this step is referred to “S-
terminated”.
After each chemical treatment, the samples were stored in

vacuum chamber to avoid further oxidation. To investigate
the temporal change of PL and XPS signals with air exposure
time, we took the samples out of the vacuum chamber and
exposed them to the air for different periods from less than
30 min to 30 d. For the PL measurement, we used an
Nd:YVO4 based laser emitting at a wavelength of 532 nm.
The PL signals were fed into a 50 cm spectrometer and
detected by a cooled charge-coupled device camera. The PL
measurement was performed mostly at 4 K, where the carrier
thermal escape from the QW was efficiently suppressed. In
addition, we measured the PL spectra at room temperature for
the samples after long-term air exposure (7 month) to clarify
the thermal impact on nonradiative recombination.
The surface chemical conditions were analyzed using an

XPS measurement system (Surface Science Instruments
M-Probe). XPS measurements were performed using mono-
chromatic Al Kα radiation (1486.6 eV) at room temperature.
Photoelectrons were detected at an angle of 35˚ from the
surface. The As 3d and Ga 3d spectra were measured and
fitted using a Voigt function with the ratio of Gaussian to
Lorentzian components fixed at 2.5. Peak separations of
0.70 eV and 0.45 eV, respectively, were assumed for the 5/2
and 3/2 spin–orbit components of As 3d and Ga 3d.

3. Results and discussion

Figures 2(a)–2(c) show the low-temperature PL spectra of the
Reference, KOH-treated, and S-terminated samples, imme-
diately after the chemical treatment (air exposure time of less
than 30 min). While all the samples exhibited a clear PL
emission peak at around 900 nm from the InGaAs QWs, there
were significant differences in their intensity. The integrated
PL intensities of the KOH-treated and S-terminated samples

were 1.2- and 1.4-fold larger than that of the Reference
sample, respectively, as seen in Fig. 2(d). The results reveal
that both the KOH treatment and S termination are effective
for enhancing the PL emission efficiency. We attribute the
enhanced PL intensity to the decreased number of nonradia-
tive recombination centers at the surfaces.
Next, we investigated the time-dependent change in the PL

intensity of these samples with exposure to air. Figure 3 shows
the changes in the integrated PL intensity of the three samples
after air exposure for certain periods of time. As expected, the
PL intensity of the Reference sample, where the surface oxides
had already been formed by dipping in the H2O2 solution,
exhibits marginal change: even after 30 d, the intensity
decreased by only ∼10% from the initial value. On the other
hand, the PL intensity of the KOH-treated sample changed
rapidly: after 5 d, the intensity decreased by more than 20%,
reaching nearly the same level as that of the Reference sample,
suggesting that the surface chemical condition of the KOH-
treated sample converges with that of the Reference sample
due to oxidation. The PL intensity of the S-terminated sample
also decreased by 16% in the first five days, then more slowly
later. It is important here to note that the intensity of the S-
terminated sample is always more than 20% higher than that
of the other two samples, suggesting that the S termination is
stable even after exposure to air for one month.
We also measured the PL spectra at room temperature for

all the samples after long-term storage in air (7 months).
Figures 4(a)–4(c) show the room temperature spectra of the
three samples, together with their low temperature spectra
measured at 4 K. The PL signals at room temperature are
around three orders of magnitude weaker than those mea-
sured at 4 K due to the impact of carrier thermal escape from
the shallow QW. Remarkably, the intensity contrast between
the three samples is more significant at room temperature
than 4 K. At room temperature, the S-terminated sample
shows intensities twice as strong as the others. However, at
4 K, the S-terminated sample shows intensities around 1.2
times higher than the other samples, the signature of which is
similar with what we observed in Figs. 2 and 3. We attribute
the enhanced contrast to increased probability that carriers
reach the surface before being recombined in the QW.

Fig. 1. Schematic drawing of experimental procedures.
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XPS measurements were carried out to study the chemical
states of the three samples and their relation to their optical
properties. Figures 5 and 6 respectively show the As 3d and
Ga 3d core-level spectra. The spectra in (a) were measured
from the sample within 30 min after the treatment, and those
in (b) were measured from the sample that had been exposed
to air for 14 d.
The As 3d spectra were fitted with components corre-

sponding to Ga–As, AsO, As2O3, As2O5, and GaAsO4, and
the Ga 3d spectra were fitted with Ga–As, Ga2O3, and
GaAsO4 components. The quantities of Ga- and As-oxides

measured from the Reference sample [top panels of Figs. 5(a)
and 6(a)] are more than two-fold those measured on the
cleaned (2× 4)-reconstructed GaAs(001) surface after ex-
posure to air for 24 h (data not shown). It is therefore
confirmed that H2O2 treatment strongly facilitates the oxida-
tion of the GaAs surface immediately after the removal of the
amorphous-As cap layers. In the KOH-treated sample
[middle panels of Figs. 5(a) and 6(a)], the oxide-related
components are significantly lower than seen in the reference
sample [Figs. 5(c) and 6(c)], indicating that the Ga- and As-
oxides had been effectively removed by the KOH treatment.
When the Reference sample had been exposed to air for

14 d, the intensities of oxide-related components increased
slightly [top panels of Figs. 5(a), 5(b) and 6(a), 6(b)]. On the
other hand, for the KOH-treated sample, the oxide-related
components had drastically increased after 14 d, such that
their intensities were comparable with those of the Reference
sample [middle panels of Figs. 5(a), 5(b) and 6(a), 6(b)]. This
means that the KOH treatment was able to remove most of
the oxides, but is not effective in suppressing oxide formation
that takes place after long periods of exposure to air.
The As 3d spectrum measured immediately after the S

treatment is shown in the bottom panel of Fig. 5(a). There is
little evidence of components that would indicate the
presence of As-oxides. While the formation of As-oxides is
confirmed after 14 d, as shown in the bottom panel of
Fig. 5(b), the amount of oxides is one order of magnitude
smaller than those seen on the KOH-treated sample
[Fig. 5(c)]. On the other hand, Ga-oxides components can

(a) (b) (c)

(d)

Fig. 2. Low-temperature PL spectra of (a) Reference, (b) KOH-treated, and (c) S-terminated samples right after the chemical treatment (Day 0). The
integrated intensity of these spectra is plotted in (d).

Fig. 3. Time-dependent change in the integrated PL intensity of the three
samples after exposure to air for certain periods of time. They were measured
at 4 K.
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be clearly seen in the spectrum measured immediately after
the S treatment [bottom panel of Fig. 6(a)]; the quantities of
Ga-oxides are much greater than those on the KOH-treated
sample. However, the amount of Ga-oxides increased
only minimally after 14 d, as shown in Fig. 6(c). The S

treatment is therefore extremely effective in removing As-
oxides, as well as in preventing further oxidation of both As
and Ga.
A comparison of the the observed changes in the XPS

spectra [Figs. 5(c) and 6(c)] with the PL results (Fig. 3),

(a) (b) (c)

Fig. 4. PL spectra of the three samples after being stored in air for 7 months for the (a) Reference, (b) KOH-treated, and (c) S-terminated samples. The solid
lines are the spectra measured at room temperature and the broken lines are the spectra measured at 4 K.

(a) (b)

(c)

Fig. 5. As 3d core-level spectra of the three samples. (a) immediately after preparation and (b) after exposure to air for 14 d. The ratios of the oxide-related
components (As–O/Ga–As) are plotted in (c).
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reveals a clear correlation between them. Shown in Figs. 7(a),
7(b) are PL intensities plotted as a function of the XPS
intensity ratio of As–O/Ga–As (Ga–O/Ga–As). The PL
intensity monotonically decreases with increasing As–O/
Ga–As ratio [Fig. 7(a)], while no clear correlation could be
found for Ga-oxides [Fig. 7(b)]. It therefore appears that the

formation of As-oxides increases the density of nonradiative
recombination centers, resulting in the observed decrease in
PL intensity.
It is important to note here that it is possible to maintain

nearly As-oxide-free surfaces if the S-terminated samples are
transferred to another vacuum deposition system within

(a) (b)

(c)

Fig. 6. Ga 3d core-level spectra of the three samples. (a) immediately after preparation and (b) after exposure to air for 14 d. The ratios of the oxide-related
components (Ga–O/Ga–As) are plotted in (c).

(a) (b)

Fig. 7. PL intensities plotted as a function of the XPS intensity ratio of As–O/Ga–As (a) and Ga–O/Ga–As (b). Red dots represent data points. Broken line
represents fitting of the experimental data.
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30 min. By coating these surfaces with dielectric materials,
the surface properties are likely to endure.39) We have thus
confirmed the effectiveness of S termination followed by
coating with dielectric materials.

4. Conclusions

We studied the effects of sulfur termination using (NH4)2Sx
treatment on the photoluminescence properties of buried
InGaAs QWs in GaAs (001). Immediately after S termina-
tion, we observed higher PL intensity than that seen in the
H2O2-treated reference sample. After removing the surface
oxides by KOH treatment, we observed an immediate
enhancement. However, the PL intensity sharply decreases
and falls to nearly the same level as that of the Reference
sample after just a few days, since KOH treatment is not
effective in suppressing oxide formation under conditions of
long exposure to air. In contrast, the intensity of the S-
terminated samples remained brighter than that of the
Reference and KOH-treated samples even after 30 d. The
surface chemical conditions as revealed by XPS showed the
formation of As-oxides to be a major contributor to the
nonradiative recombination process at the surface, since we
observed a clear correlation between PL intensity and As–O/
Ga–As ratio. S termination thus effectively and durably
suppresses the formation of As-oxides at the surface.
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