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ABSTRACT: As one of the successful approaches to GaAs surface
passivation, wet-chemical nitridation is applied here to relate the effect of
surface passivation to carrier recombination processes in bulk GaAs. By
combining time-resolved photoluminescence and optical pumpTHz
probe measurements, we found that surface hole trapping dominates the
decay of photoluminescence, while photoconductivity dynamics is limited
by surface electron trapping. Compared to untreated sample dynamics, the
optimized nitridation reduces hole- and electron-trapping rate by at least 2.6
and 3 times, respectively. Our results indicate that under ambient
conditions, recovery of the fast hole trapping due to the oxide regrowth
at the deoxidized GaAs surface takes tens of hours, while it is effectively
inhibited by surface nitridation. Our study demonstrates that surface
nitridation stabilizes the GaAs surface via reduction of both electron- and
hole-trapping rates, which results in chemical and electronical passivation of
the bulk GaAs surface.
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■ INTRODUCTION

Bulk GaAs crystals with their direct band gap and high electron
mobility have extensive applications in electronic and
optoelectronic devices.1−4 The development of the GaAs
technology has been impeded by high density of surface states
on GaAs. At ambient conditions, on the surface of bulk GaAs,
an oxide layer is formed, which is expected to lead to charge
trapping.5,6 Charge trapping reduces free carrier lifetime and
worsens electronic properties of devices. In addition, the oxide
layer is physically unstable and could be corroded over time,
which would degrade the performance of devices.7 To improve
the performance achieved by the state-of-the-art GaAs-based
optoelectronic devices, efficient surface passivation could be
the key factor.
Over the past years, a variety of methods have been

developed for passivating the GaAs surface.8−11 One conven-
tional but technologically demanding method is an epitaxial
growth of a high band gap layer, such as AlGaAs, GaP, Al2O3,
and GaN on the GaAs surface.12−16 The high band gap layers
could reduce the surface trap density and thus reduce
photoluminescence (PL) decay rate15,17,18 and improve the
performance of GaAs-based devices.19−21 Chemical passiva-
tion, such as sulfidation and nitridation by wet chemistry, is
another typical and inexpensive passivation approach.9,22−24

Sulfidation of the surface by wet chemistry improves the
efficiency of solar cells.24,25 However, the sulfide layer is

unstable at ambient conditions, and a protective layer is
needed to prevent the sulfide layer’s degradation.26 Surface
nitridation by hydrazine sulfide solution can form a GaN
monolayer at the GaAs surface. This monolayer can protect the
crystal surface against oxidation over a period of months and
significantly improve the GaAs optical and electrical proper-
ties.17,26−28 Overall, surface nitridation is a stable and effective
method for passivation of the GaAs surface. However, a
comprehensive description of processes influenced by nitride
passivation, in particular carrier recombination processes, is
not yet available.
The ultimate way to evaluate surface passivation is to

quantify its effect on the performance of the device of interest.
However, the production and characterization of devices are
usually nontrivial. Therefore, it is desirable to develop an
approach to evaluate the effect of surface passivation on charge
carrier dynamics prior to device manufacturing. Steady-state
and time-resolved spectroscopy are well-accepted character-
ization methods that can provide a detailed description of the
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processes within the materials of interest.29,30 In particular, PL
quantum yield (PLQY) measurement is a useful steady-state
technique that is naturally coupled with the description of the
thermodynamic limit of photovoltage in photovoltaics.31,32

In this work, we studied the effect of surface nitridation on
carrier recombination dynamics in GaAs crystals by means of
time-resolved photoinduced luminescence (TRPL) and optical
pumpTHz probe (TRTS) techniques. Furthermore, from
PLQY measurements, we found that surface nitridation
significantly reduces the density of nonradiative trapping
centers as compared to naturally oxidized and HCl solution-
processed GaAs surfaces. By comparing TRPL and TRTS
kinetics, we concluded that surface hole-trapping process
quenches radiative recombination, while surface electron
trapping dominates photoconductivity dynamics. We found
that the best-effort nitridation as compared to the sample with
surface oxides can reduce hole- and electron-trapping rates by a
factor of 2.6 and 3, respectively. After native oxides were
removed using HCl solution, which is complemented by an
increase in the TRPL decay time, we observed PL decay time
shortening over tens of hours toward the level measured in
naturally oxidized GaAs, most probably because of a
surprisingly slow formation of the new oxide layer on the
surface of GaAs. On the contrary, within 100 h, we observed
no change in TRPL decay time in GaAs after nitridation,
proving that GaAs surface after nitridation effectively prevents
the oxide regrowth. These results demonstrate that nitridation
does stabilize the GaAs surface and reduce both electron- and
hole-trapping rates.

■ RESULTS AND DISCUSSION
We modified the GaAs (unintentionally doped) surface
according to the following procedures. For nitridation of the
GaAs (100) wafer, it was immersed in a low-alkaline hydrazine
sulfide solution (pH ≈ 8.5, 80 οC) for 10 min. After that, the
sample was rinsed by deionized (DI) water and then dried in
nitrogen. As a result of nitridation, a thin GaN1−xAsx layer was
formed on the GaAs surface. The schematic descriptions of the
nitridation reactions are shown in Figure 1. In step 1, HCl in
alkaline hydrazine sulfide solution reacts with the native oxides,
such as Ga2O3, As2O5, and As2O3,

33,34 which is expected to
lead to formation of dangling bonds on the GaAs surface. In
step 2, electrophilic adsorption centers are formed on the
oxide-free surface via electron transfer from the conduction
band of GaAs to (N2H5)

+ or H3O
+ in the solutions, and the

surface dangling bonds are terminated. Further selective
reaction of SH− anions with the surface arsenic forms
thioarsenic acid, H3AsO4, that is easily rinsed away, resulting
in Ga-terminated (100).35,36 In step 3, a GaN1−xAsx layer is
formed on the surface via the interaction between two N
dangling bonds (① in Figure 1) or via the reaction between N

dangling bonds and H2O (② in Figure 1). The composition of
As in the layer (x) was estimated from the correlation between
the emission peak energy and x (Supporting Information) and
found to be <0.06.37 For surface deoxidation, a precleaned
GaAs wafer was dipped into a 1 M HCl (Sigma-Aldrich, 37%)
water solution for 30 s at room temperature and then rinsed
with DI water before being dried in nitrogen. After removing
surface oxides using HCl, the surface of GaAs is expected to be
terminated by chlorine atoms.38,39 A detailed description of the
sample preparation, TRPL, TRTS, and PLQY measurements
can be found in the Supporting Information.
Then, we spectroscopically characterized the modified

surface in comparison to the native oxidized and deoxidized
form. First, we examined the time-integrated PL emission of
GaAs wafers with surfaces treated differently, as shown in
Figure 2. We observed that the time-integrated PL intensity of

the deoxidized wafer is about 2.5 times greater than that of the
naturally oxidized samples. After nitridation, we observed
further increase in the PL intensity, which is 3 times greater
than for the chlorine-terminated and 7.5 times greater than for
the naturally oxidized samples, indicating that surface
nitridation can further reduce the concentration of surface
trap centers.
To understand the underlying mechanisms of carrier

recombination, we analyzed TRPL kinetics. Figure 3a shows
TRPL kinetics of 10 min nitride-treated GaAs under varied
excitation photon flux. We observed that TRPL decays slower
with increasing excitation power. A similar phenomenon was
observed for GaAs having naturally oxidized and deoxidized
surfaces (Supporting Information). To rationalize this
observation, we should consider all mechanisms of charge
recombination. In general, PL in semiconductors is emitted
when mobile electrons and holes encounter each other and

Figure 1. Schematic of surface nitridation reactions at the GaAs surface.

Figure 2. Time-integrated PL spectra of GaAs wafers naturally
oxidized, deoxidized, and after 10 min nitridation treatment under
photoexcitation at 1.6 eV. The excitation photon flux was 1.9 × 1013

photons cm−2 pulse−1 for these PL spectra measurements.
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undergo radiative recombination. In GaAs, the decay of
photogenerated mobile carrier concentration can be induced
by radiative recombination of mobile electrons and holes,
nonradiative Auger recombination, and trap-assisted non-
radiative charge recombination having traps formed by defects,
impurities, and dangling bonds.40−42 Furthermore, separation
of mobile electrons and holes in space so that they do not
encounter each other should also lead to reduction in the
radiative recombination rate. Such spatial separation may occur
under an influence of an electric field gradient, for example,
because of the surface pinning effect.43 It is important to note
that although separated in space, photogenerated charges
remain mobile; thus, their recombination while being slowed
down will be of the radiative character.
The radiative recombination of mobile charges is a

bimolecular (second-order) process, which is dependent on
the product of concentrations of mobile electrons and holes,
thus on the square of the concentration of absorbed excitation
photons, and thus on the square of the incident photon flux.
Furthermore, Auger recombination is dependent on the third
power of the flux. Therefore, both Auger recombination and
radiative recombination processes should lead to a faster PL
decay with increasing concentration of photogenerated charges
under increased excitation power if the decay is dominated by
these processes. This expectation is opposite to that of what we
observed in the experiment. On the contrary, the decay of PL
dominated by charge trapping under an excessive amount of
traps should not speed up as this process is of the first order.
Thus, TRPL kinetics in our case is most likely dominated by
the charge-trapping processes. At high injection, a unique type
of excessive traps should lead to a first-order rate equation with
an exponential decay function. We note that PL exhibits a
nonexponential decay in all three samples. This nonexponen-
tial PL dynamics may be related to inhomogeneous
distribution of trap energy and thus, trapping rates in the

samples. Also, two channels of PL reduction due to charge
trapping and spatial separation could be responsible for
different PL decay rates, thus leading to a two-exponential
appearance of the decay. Further, the observed slowing down
of the PL decay, if dominated by charge trapping, can be
understood via trap filling. Indeed, at low fluence, charge
carriers are efficiently captured by empty traps. This leads to a
fast PL decay. With increasing fluence, some traps are filled by
photogenerated charges at the arrival of the next excitation
pulse. Consequently, the charge-trapping rate decreases and PL
decays slower.
On the other hand, at low injection, the role of spatial

separation of charges due to surface pinning could be also
substantial.44 With increase in the injection level, the
contribution of the charge separation induced by the surface
electric field will decrease as charges of a certain polarity will
compensate the surface field. Consequently, the contribution
of the early PL decay induced by the charge separation in the
surface pinning-induced electric field will decrease. At the same
time, on a longer timescale, mobile charges should recombine
easily, and the long-time PL decay should speed up. Thus, the
observed dependency of the PL decay on the excitation
intensity does not agree with the dominance of the surface
pinning effect.
Furthermore, we can discriminate the role of charge trapping

and spatial separation in the PL dynamics, considering the
overall efficiency of steady-state PL. For that, we measure an
absolute PLQY defined as the ratio of the number of emitted
photons to the number of absorbed photons (Supporting
Information). As pointed out above, spatial separation of
photogenerated charges should not reduce QY but rather delay
the PL decay. Nevertheless, for all studied samples, we record
QY at the level of one percent, suggesting that nonradiative
recombination of charges is the dominant process.

Figure 3. (a) Normalized TRPL kinetics and (b) PL decay times of GaAs after 10 min nitridation under varied excitation fluencies from 0.7 to 7.0
× 1013 photons cm−2 pulse−1 at 1.6 eV. (c) Normalized TRPL kinetics and (d) PL decay times of the GaAs wafer after having been naturally
oxidized, deoxidized, and nitrided with varying nitridation times. The excitation photon energy and flux were 1.6 eV and 1.9 × 1013 photons cm−2

pulse−1, respectively. Solid lines are the fitting curves based on double-exponential functions. The fitting parameters are given in the Supporting
Information. In the Figure 3(b,d), TRPL decay time is quantified via 1/e methods.
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For simplified quantification of the nonexponential PL
dynamics, we consider the time it takes for the emission
intensity to decay to 1/e of its initial value, as shown in Figure
3b,d. We find that at the fluency of 1.9 × 1013 photons cm−2

pulse−1 after 1.6 eV excitation, PL lifetime of GaAs after the
best nitridation (see below) is ∼225 ps, which is 1.6 times
longer than that for the deoxidized GaAs (∼140 ps) and 2.8
times longer than that for the naturally oxidized sample (∼80
ps). Further, we find that PL decay time of the nitrided GaAs
depends on the nitridation time: PL decays slower with
increasing nitridation time until 10 min, and with a further
increase in the nitridation time, the PL decay speeds up
(Figure 3c,d). This observation can be rationalized as follows.
Naturally, a certain nitridation time is required to fully convert
the GaAs surface.27 On the other hand, SH− anions could
incorporate into the chemisorbed layer upon longer nitridation
and break the short-range order of the overlayer,35 which could
create new trapping centers. Moreover, the formation of a thick
GaN layer upon longer nitridation may induce strain on the
surface of the GaAs wafer because of the high GaAs/GaN
lattice mismatch.27 Such strain could create defects that would
function as new trapping centers. Thus, from our TRPL
measurements, we see that ∼10 min of nitridation time is
optimal for balancing these two mechanisms. The observed
dependency suggests a requirement of careful optimization of
the surface nitridation procedure for obtaining an efficient
GaN passivation layer for GaAs.
It is useful to compare the PL passivation effect evaluated by

different approaches. Naturally, time-integrated TRPL spectra
represent relative QY measurements; thus, the ratio of
intensity of integrated spectra [1 (naturally oxidized): 2.5
(HCl-treated): 7.5 (best nitridation)] is expected to agree with
the ratio of the absolute QY values (1:1.6:2.6). We associate
the mismatch of these values with the different types of
excitation: 80 MHz short pulse in time-integrated TRPL
spectra and continuous wave in the case of absolute QY. Most
probably, much more intense short-pulse excitation leads to
filling of some traps out of their distribution, whereas others
are still active. We interpret our results such that both surface
deoxidation and nitridation have a stronger passivating effect
on the nonfilled traps. Also, when we compare the changes in
intensities of time-integrated spectra and of time-resolved PL
decays, we notice more pronounced passivation effect on time-
integrated spectra. Evidently, if the entire PL dynamics was
resolved in TRPL measurements, integrated spectra should be
proportional to the decay dynamics. We associate the observed

difference with the PL decay, which was not resolved in the
experiment. The temporal resolution of the streak-camera is
about 2 ps, and this implies that a faster PL decay process,
which apparently can be passivated more efficiently, could be
responsible for our observations.
As compared to TRPL where either electron and hole

trapping or both may influence the decays,40,41 TRTS is
selectively sensitive to time-dependent photoconductivity
Δσ(t) of the sample and hence to the product of carrier
mobility μ and the concentration of mobile photogenerated
charges.45 For GaAs, electron mobility (μe) is significantly
higher than hole mobility (μh);

46−48 thus, we presume that
Δσ(t) is mainly related to photogenerated electrons. Figure 4a
shows TRTS kinetics of nitrided GaAs under varying excitation
fluence. Apparently, Δσ(t) decays nonexponentially, and the
decay slows down with increasing excitation fluence. Similar
trends were also observed for naturally oxidized and deoxidized
GaAs (Supporting Information). The slowing down of the
Δσ(t) decay with increased excitation allows us to conclude
that, similar to TRPL results, the nonlinear recombination
processes such as bimolecular radiative and the third-order
Auger recombination do not dominate the observed dynamics.
Next, to separate contributions to the different effects of

surface nitridation on electron recombination processes, we
compare photoconductivity kinetics of GaAs wafers, with the
surface being naturally oxidized, deoxidized, and optimally
nitrided at the same excitation fluence. As shown in Figure 4b,
we find that the photoconductivity lifetime of the GaAs after
nitridation (∼1310 ps, see the Supporting Information) is 3.1
times and 1.8 times longer than that of the naturally oxidized
and deoxidized samples, respectively. This suggests that GaAs
surface nitridation can effectively reduce the concentration of
the electron traps and thus of the electron-trapping rate.
Evidently, time-dependent carrier mobility μe(t) may affect

the Δσ(t) dynamics in addition to the decrease in the mobile
carrier concentration, which depends on the overall charge
recombination or electron trapping. Thus, slowing down of the
Δσ(t) decay at high excitations may be related to both slower
disappearance of mobile electrons and to slower decay and
even increase in μe(t) with time. In the following, we consider
these two contributions to the Δσ(t) dynamics.
First, we assume that the change in mobility with time and

excitation intensity is not substantial. Then, in analogy to the
excitation-dependent TRPL dynamics, we associate the Δσ(t)
effect with trapping of mobile electrons. Apparently, not all
electrons are trapped up to 1 ns of delay time as significant

Figure 4. (a) Normalized photoconductivity (Δσ) kinetics of GaAs with 10 min nitridation under varied excitation fluencies after photoexcitation
at 1.6 eV. Solid lines are fitting curves based on double-exponential functions. (b) Normalized Δσ kinetics of GaAs wafers having naturally oxidized,
deoxidized, and nitrided surfaces with 10 min treatment. The excitation photon energy and flux were 1.6 eV and 2 × 1012 photons cm−2 pulse−1,
respectively. Solid lines are fitting curves based on double-exponential functions.
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long-time photoconductivity is observed for all excitations and
in all GaAs samples. This can be related to a slow charge
recombination, moderate electron trapping due to a relatively
small number of traps, or to a non-negligible detrapping
process of the electrons, which results in establishment of the
equilibrium of trapped and mobile electrons.41 With filling of
the trap, the trapping rate decreases, whereas the detrapping
rate may stay unchanged. As the proportionality of Δσ(t) to
the charge concentration varies with delay time, we can
conclude that the electron trapping or reaching the trapping−
detrapping equilibrium is not a very fast process. Furthermore,
the apparent difference in the dependence of Δσ(t) on
excitation for the GaAs surface with different treatments is
consistent with the conclusion that electron traps are
associated with the GaAs surface and that their density varies
under the exploited treatments.
Second, we make a seemingly improbable assumption that

the concentration of mobile electrons does not change with
time. From the PL decay, we concluded that the concentration
of mobile electrons and holes decreases with time in a
concerted manner. On the other hand, the PL yield values
clearly indicate that only a minor part of the photogenerated
charges recombine radiatively. Thus, we can assume that most
of mobile electrons are not involved in PL and the PL decay is
dominated by reduction in the mobile hole concentration.
Using the above assumption, we have to assign the observed
deceleration of the Δσ(t) dynamics to the time-dependent
electron mobility, which then has to decay slower at higher
excitations. We consider this outcome as highly improbable.
Indeed, in bulk GaAs at room temperature, the scattering
processes limiting μ(t) are49,50 carrier−carrier, carrier−
phonon, carrier−impurity, and carrier−plasmon, all of which
should be more efficient with the increase in the carrier
concentration and thus with that in the excitation fluence.42

This consideration agrees with the observations that at room
temperature, the steady-state mobilities μe and μh exhibit a
decreasing trend with the concentration of mobile charges.51 It
is important to note here that charge mobility decreases
gradually with time at any photon density of the short-pulse
excitation as the above listed scattering mechanisms are not
instantaneous. Therefore, as each of the scattering processes is
expected to be faster at higher excitations, we should expect
faster decay of Δσ(t) due to increasing scattering, contrary to
the observed trend.
Finally, the observed effect can be a combination of the

decay of the mobile electron concentration and the variation of
μe(t). To examine a possible contribution of μe(t), we first
assume that the electron concentration decay is independent of
the excitation density, and the concentration is proportional to

the excitation density at any delay times. Then, the observed
slowing down of Δσ(t) should be associated with the increase
in μe(t) as the charge concentration decreases. Contrary to this
expectation, we observed that Δσ(t) increases linearly with the
excitation density, both at early (see Figure 5a) and late (see
Figure 5b) delays. These observations suggest a constant μe(t)
over the presented range of excitations, which largely covers
the density range used when slowing down of Δσ(t) was
observed; see Figure 4a. We note here that at even higher
excitations, Δσ(t) does not change linearly with the excitation
density at early and late delay times; see Figure S5. The slope
of the dependency of Δσ(t) on carrier concentration actually
increases with time by ∼30%; see the Supporting information.
Such an increase in μe(t) with time, which is excitation-
independent at each delay, seems unreasonable. This implies
that the observed Δσ(t) behavior is most probably related to
the electron concentration decay function that changes with
time, as discussed earlier. It is possible that μe(t) does
contribute to the Δσ(t) decay changes as well, but it appears
reasonable to assign most of the decay to the mobile electron
dynamics.
It is noteworthy to consider the influence of the GaAs

surface modification on the effect of charge diffusion, which
should also reduce the concentration of mobile electrons and
may increase their mobility, μe. We note here that surface
modification should not affect the bulk of GaAs. Spatial
distribution of photogenerated charge and thus their diffusion
should not depend on the excitation density (within the linear
excitation conditions) and on the status of the surface.
Therefore, an identical effect of diffusion is expected for all
GaAs samples independent of the surface treatment in a clear
disagreement with the experimental observations; see Figure
4b.
Thus, we conclude that the dynamics of charge concen-

tration is mainly responsible for the observed retardation of
Δσ(t) decay with excitation density.
Further, we have compared TRPL and THz kinetics of GaAs

with modified surfaces at similar excitation fluencies, as shown
in Figure 6. We find that PL decays much faster than
photoconductivity in GaAs with both the naturally oxidized
and nitrided surfaces (∼140 and ∼400 ps vs ∼420 and ∼1310
ps, respectively). As discussed above, photoconductivity decay
is at least partially associated with the mobile electron trapping,
while PL decay depends on both electron and hole trapping.
Much faster PL decay implies that PL dynamics is dominated
by the hole-trapping process.
Based on the comparison of PL and photoconductivity

decays, we also suggest to reconsider the applicability of the
frequently used terminology of surface recombination velocity

Figure 5. Photoconductivity of GaAs with 10 min nitridation measured at a delay time of (a) ∼1 ps and (b) ∼1 ns after photoexcitation at 1.6 eV
under varied excitation fluencies.
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(SRV). According to the definition of SRV, charges generated
in materials move to the material’s surface where they instantly
recombine either with each other or with trapped charges.
From our data, it is obvious that PL decay is not dominated by
charge recombination. Moreover, because the mobility of
electrons is much faster than that of holes, SRV extracted from
optical measurements was in general thought to be dominated
by electron trapping. However, in this study, we find that the
disappearance of mobile holes is faster than that of electrons.
This observation indicates that the process on the surface
should be reinterpreted. It appears that charge trapping rather
than recombination can be extracted from PL dynamics; thus,
“SRV” should be better renamed as “surface trapping velocity”.
At ambient conditions, a semiconductor surface is usually

oxidized. To evaluate the stability of the modified GaAs
surfaces, we measured PL decay after varying time of the GaAs
exposure to air and to N2. In GaAs with a deoxidized surface,
PL lifetime decreases by a factor of 2 after exposing it to air for
80 h, and the stabilized PL lifetime is nearly identical to that of
the naturally oxidized GaAs, as shown in Figure 7. In contrast,

within 60 h of N2 exposure, we did not observe any
pronounced change in the PL lifetime in the deoxidized
GaAs. These observations suggest an unexpected conclusion
that the GaAs surface deoxidized by HCl is resistant to air
exposure. The measured time contradicts the traditional belief
that surface oxidation occurs nearly instantly.52,53 The slower
oxidation time should be related to the replacement of chlorine
on the surface of GaAs with oxygen, which apparently takes
time. After surface nitridation, we did not observe any

measurable change in the PL lifetime during 80 h exposure
to air. Apparently, surface nitridation results in resistive
passivation of the GaAs surface, which could be of significant
importance for multiple applications of GaAs crystals.

■ CONCLUSIONS
In summary, we have investigated the effect of wet passivation
in GaAs wafers by nitridation in a low-alkaline hydrazine
sulfide solution. Recombination processes of photogenerated
carriers are studied in naturally oxidized, deoxidized, and
nitrided intrinsic GaAs wafers by means of time-resolved and
steady-state spectroscopy. We found that the trap-assisted
nonradiative recombination dominates the overall recombina-
tion process. The decay of photoconductivity is much slower
than the PL decay, indicating that the hole-trapping process
dominates PL quenching in GaAs (100). After optimized
nitridation of GaAs (100), hole and electron-trapping rates
reduce compared to naturally oxidized GaAs by factors of 2.6
and 3, respectively. Unpassivated deoxidized GaAs (100)
exposed to air undergoes oxidation in tens of hours. On the
contrary, nitrided GaAs (100) is resistive to air over at least
100 h. This study not only demonstrates efficient chemical and
electronic passivation by nitridation but also dwells on the
details of the carrier recombination processes on the surface of
GaAs (100).
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