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Photoluminescence, Raman spectroscopy and X-ray photoelectron spectroscopy are used to study electronic
and atomic structure of n-InP(100) surfaces treated with different sulfide solutions. It is shown that the sulfide
treatment causes removal of the native oxide layer from the semiconductor surface and formation of the passivating
layer consisting of In—S chemical bonds with the structure dependent on the solution composition and atomic
arrangement at the initial surface of the semiconductor. This is accompanied by an increase in photoluminescence
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dipole that modifies the depth distribution of the bands potentials and thus the surface electronic structure.
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1. Introduction

Indium phosphide (InP) is one of the most important
[II-V semiconductor materials actively used in modern
electronic and optoelectronic devices [1-4], as well as in
nanostructures [5-8].

The characteristics of nanostructures are determined in
a great extent by the properties of surfaces and interfaces.
Surfaces of III-V semiconductors are characterized by high
density of surface states in the band gap, which leads to
the high velocity of non-radiative surface recombination.
Therefore, surface passivation is often necessary to reduce
electronic and optical losses in nanostructures, as well
as to stabilize chemically their surface [9]. One of the
most widely used methods for passivating the surface of
III-V semiconductors is treatment with sulfide-containing
solutions or gases. In particular, sulfide passivation has
been used to modify the electronic properties of InP-based
nanowires [10], as well as InP/insulator [11-13] interfaces.

Sulfide passivation leads to the removal of the native
oxide layer from the semiconductor surface and to the
formation of a passivating coating on it, which prevents
surface oxidation and modifies the spectrum of surface
states. In addition, it was found that the composition of
the sulfide solution could have a significant effect on the
efficiency of the electronic passivation of the surface [14].
As a rule, electronic passivation of the surface manifests
itself as an increase in the intensity of edge photolumi-
nescence (PL), which indicates a decrease in the surface
recombination velocity [13,15,16]. Nevertheless, the reasons
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for the decrease in the non-radiative recombination at the
n-InP(100) surface are still not clear, since the band bending
at the n-InP(100) surface remains essentially unchanged
after sulfide passivation [16-18]. In this regard, it is
necessary to analyze the effect of passivation in various
solutions on the atomic and electronic structures of the
InP(100) surface.

In this paper, the electronic and atomic structures of
n-InP(100) surfaces treated with aqueous or alcoholic
sulfide solutions are studied by photoluminescence (PL),
Raman scattering (RS) spectroscopy, and X-ray photoelec-
tron spectroscopy (XPS) in order to find the relationship
between the electronic passivation efficiency and the atomic
structure of the passivated surface.

2. Experimental procedure

Samples were cleaved from n-InP(100) wafers with the
doping levels of 6 - 10!7 and 2 - 10'® cm~3. The wafer with
the doping level of 6- 10 cm=> was cut from a crystal
grown by the Czochralski method, while the wafer with
the doping level of 2 - 10!8 cm—> was the epitaxial layer of
corresponding concentration with the thickness of 2 microns
grown on an n-InP(100) substrate. After preliminary
washing in toluene and acetone [18], the samples were
treated for various times with one of the ammonium
sulfide [(NH4),S] solutions, in which concentration or
solvent was varied. As solutions, either the standard aque-
ous solution of ammonium sulfide ((NHy),S (40—48 wt%
in Hy0)), Merck-Sigma-Aldrich), hereinafter denoted as
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nInP(100), 6 - 107 cm ™ [18] nInP(100), 2 - 10" cm ™3
Treatment
. . Intensi Intensi
(solution, treatment time) PL, rel. utl};its VB, eV § nm PL, rel. utl};its VB, eV 8, nm
Initial (non-treated) 1 0.17 15.6 1 0.21 7.2
(NH4)2Sy (4%), 10 min 42 027 8.1 - - -
(NH4)S4q (44%), 10 min 575 0.17 10.5 - - -
(NH4),S + 2PA, 10 min 79 0.17 9.0 0.75 036 6.1
(NHj)2S + 2PA, 1 min 109 0.17 62 - - -
(NHj)2S + 2PA, 2 min - - - 125 0.36 6.1

standard aqueous (NH4),S solution with concentration of
~ 44%, or ammonium sulfide solutions prepared from the
standard one by diluting with water or 2-propanol to the
concentration of ~ 4%. After sulfide treatment, the samples
were rinsed with water (or 2-propanol for alcoholic-solution-
treated samples) and dried in air.

Micro-PL and micro-RS were carried out in air at room
temperature using T64000 spectrometer (Horiba JobinYvon,
Lille, France) with confocal microscope. To excite the
spectra, the line of a He—Cd laser (Plasma, Inc., Russia)
with the wavelength 1 = 442nm (2.81 eV) was used. When
measuring the PL spectra, the laser beam was focused
into the spot with diameter of ~ 1um. During PL mea-
surements, the radiation density did not exceed 50 W/cm?.
The micro-RS spectra were measured at radiation density
of ~ 5.5kW/cm? at the same point of the sample as the
micro-PL spectra.

XPS studies were carried out on an Escalab 250Xi photo-
electron spectrometer using an AlK, source with a photon
energy of 1486.6 eV. The binding energy was referred to
Fermi level. The binding energy scale was calibrated by
measuring the Au 4f 7/, (84.0eV) and Cu 2ps,, (932.7¢V)
core level spectra using a special calibration sample. The
residual vacuum pressure in the analysis chamber was better
than 1-10~° mbar.

3. Results and discussion

After sulfide treatment in any of the considered solu-
tions, the PL intensity of n-InP(100) with a doping level
of 6-10"7 cm™3 increased significantly [18] (see Table),
indicating the electronic passivation of the surface. The
highest efficiency of electronic passivation was achieved
after surface treatment of n-InP(100) in (NH4),S + 2PA
alcoholic solution. As in the case of the surface treatment
with 1M aqueous Na,S solution [16], the greatest increase
in the PL intensity was achieved at a short-term (~ 1min)
surface treatment.

Surface treatment of the n-InP(100) with the doping level
of 2-10"¥ cm~3 with alcoholic solution did not lead to a
significant increase in the PL intensity of n-InP(100) (Fig. 1
and Table). As in the case of a less doped semiconduc-
tor [18], the PL spectrum of the initial untreated n-InP(100)
represents an asymmetric peak with a maximum at energy

of about 1.37eV. This value corresponds approximately to
the energy difference between the valence band edge and
the Fermi level in the semiconductor bulk [19]. Besides,
a small feature is observed in the spectrum at energy
corresponding to the band gap of indium phosphide at room
temperature (1.344 ¢V [20]).

After treatment of the n-InP(100) surface with the doping
level of 2-10cm™3 in alcoholic (NH4),S solution for
2min, the PL intensity increased by ~ 25% (Fig. 1 and
Table). Longer treatment for 10 min led to the degradation
of electronic passivation so that the PL intensity decreased
to a level of ~ 25% lower than the value characteristic of
the initial untreated n-InP(100) surface (Fig. 1 and Table).

RS spectra of n-InP(100) with different doping le-
vels measured before and after surface treatment with

A =442 nm
........ As is
(NH,),S +2PA

— 2min
= 10 min

PL intensity, arb. units

Energy, eV

Figure 1. PL spectra of nInP(100) with the doping level
of 2-10®cm™> measured before and after treatment with
(NH4)2S+2PA solution for 2 and 10min. (A color version of
the figure is provided in the online version of the paper).
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Figure 2. RS spectra of n-InP(100) with doping levels of 6 - 10'” (a) and 2 - 10" cm™* (b) measured before and after treatment with

(NH4)2S + 2PA solution for 1—-2 and 10 min.

(NH4),S + 2PA solution for different times are shown in
Fig. 2. The RS spectra of the initial samples have a
shape typical for n-doped InP(100) [21]. In particular,
the spectra exhibit the LO peak (~ 341cm™!) stemming
from scattering by longitudinal optical phonons in the near-
surface depletion layer, as well as L= (306cm™') and
the L* bands associated with scattering by phonons and
plasmons in the semiconductor bulk. The position of the
L* band maximum corresponds to the doping level of the
used sample [22].

After sulfide treatment of n-InP(100) with the doping
level of 6-10"7c¢cm™3 the ratio of LO and L~ peak
intensities decreased significantly [18], which indicates a
narrowing of the near-surface depletion layer [23]. The
greatest decrease in the ratio of intensities (more than by a
factor of 3) was observed when n-InP(100) was treated with
the (NHy4)2S + 2PA solution for 1 min (Fig. 2,a). Longer
treatment with the alcoholic (NHy),S solution or treatment
with aqueous (NHy),S solutions led to a somewhat smaller
decrease in the ratio of the intensities of the LO and L™
peaks (by a factor of 1.5—2.0) [18].

Effect of sulfide treatment of n-InP(100) with the doping
level of 2-10"® cm™3 on the ratio of LO and L~ peak
intensities was significantly smaller (Fig. 2,b). Thus, after
treatment with (NHa4),S + 2PA solution for 2 or 10 min, the
ratio of the intensities of LO and L~ peaks decreased by
~ 17% (Fig. 2, b).
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Thus, treatment of the n-InP(100) with sulfide solutions
leads to electronic passivation of its surface. To elucidate
the mechanism of electronic passivation, the chemical
composition and electronic structure of the passivated
n-InP(100) surfaces were studied by XPS. In general,
treatment with sulfide solutions leads to the removal of
the native oxide layer from the InP(100) surface and the
formation of a passivating coating consisting mainly of
indium sulfides [16-18].

Typical spectra of P 2p and In 4d core levels, measured
before and after sulfide treatment of the n-InP(100) surface,
are shown in Fig. 3. As was shown earlier [16-18],
the initial n-InP(100) surface before sulfide treatment is
covered with a native oxide layer consisting of indium
phosphates and oxides. Treatment with any of the sulfide
solutions considered leads to almost identical changes in
the P 2p and In 4d core level spectra. For example, after
surface treatment with a standard (NHa4),S aqueous solution
for 10 min, the layer of indium phosphates is completely
removed from the n-InP(100) surface, and instead of
the component associated with indium oxides InyOy, a
component related to indium sulfides appears in the In 4d
core level spectrum (Fig. 3). Surface treatment with any
other of the solutions considered leads to similar changes in
the P 2p and In 4d core level spectra [18].

The positions of the P—In and In—P bulk components in
the fitting of the P 2p and In 4d core-level spectra were used
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Figure 3. Fitting of the spectra of P 2p (a) and In 4d (b) core levels measured before and after treatment of the n-InP(100) surface with

standard aqueous (NHj4),S solution for 10 min.

to determine the band bending values for the n-InP(100)
surfaces before and after treatment with various sulfide
solutions. For InP, the binding energies of the P—In(2p3,2)
and In—P(4ds;;) bulk components relative to the edge
of the valence band (Eypm) are 127.74eV [24,25] and
16.65eV [26], respectively. The values of the band bending
estimated in this way (the position of the conduction band
minimum (Ecgy) relative to the Fermi level on the surface),
averaged over the data for the P—In(2ps,2) and In—P(4ds,)
bulk components are presented in the Table.

Thus, treatment of the n-InP(100) surface with sulfide
solutions leads to a modification of the surface electronic
properties, which manifests itself as an increase in the
PL intensity and change in the shape of the RS spectra,
indicating decrease in the near-surface depletion layer. In
this case, the value of the near-surface band bending
remained unchanged or even increased (see Table). Based
on the obtained values of the near-surface band bending Vg,
the doping level n, and taking into account the transition
layer width & ~ 4.4nm [27], it is possible to estimate the
width of the near-surface depletion layer &p in the initial
untreated InP by the formula

. IS()VB

where ¢ is the static dielectric constant of InP (g9 = 12.5),
and e is the electron charge. The values of the near-

surface depletion layer width §y calculated by formula (1)
in initial InP samples with the doping levels of 6 - 10!7 and
2-10"® cm~3 were 15.6 and 7.2nm, respectively (see Ta-
ble). The width of the near-surface depleted layer in the
InP samples treated with sulfide solutions was calculated
from the ratios of the peak intensities I(LO)/I(L™) in the
RS spectra, similarly to the works [18,27]. The obtained
values are presented in the Table.

After treating the n-InP(100) surface with sulfide so-
lutions, the P 2p and In 4d core level spectra (Fig. 3)
look very similar, regardless the solution used and the
treatment time [18], while the electronic properties of such
surfaces differ significantly (see Table). In this case, despite
a significant decrease in the width of the near-surface
depletion layer, the band bending Vp remains unchanged,
or even increases in some cases. Thus, the width of the
near-surface depletion layer in the passivated n-InP(100) is
no longer described by formula (1). This indicates that
the near-surface band bending in passivated n-InP(100) is
determined not only by the density of surface states, but
also by the potential of surface dipoles [18].

To elucidate the reasons for the change in the poten-
tial of the surface dipole upon treatment of n-InP(100)
with various sulfide solutions, we analyzed the S 2p
core level spectra measured on passivated surfaces. The
spectra of the S 2p core level can be decomposed into
three components with binding energies approximately of

Semiconductors, 2022, Vol. 56, No. 7



XXVI International Symposium ,,Nanophysics and Nanoelectronics® 481

(NH,),S +2PA
S1/82~1.5

._‘
FTes]

(NHy),S, (
S1/S2~0.3

4%)

Normalized intensity, arb. units

168 166 164 162 160
Binding energy, eV

Figure 4. a — fitting of typical S 2p core level spectra [18] measured after treatment of N-InP(100) (n= 6 - 107 cm ™) surface with
indicated sulfide solutions. b — schematic representation for the atomic structure of these passivated surfaces.

161.4 (S1), 162.15 (S2) and 163.2¢eV (SO) (Fig. 4,a). The
S1 component can be assigned to sulfur atoms in the
In—S—In bridge bonds, and the S2 component is related
to sulfur atoms occupying phosphorus vacancies in the
near-surface monolayer of semiconductor [13] (Fig. 4,b).
The SO component is associated with excess sulfur in the
form of polysulfide clusters on the semiconductor surface.
It should be noted that the ratio of the intensities of
S1 and S2 components differed after treatment of the
n-InP(100) surface with various sulfide solutions (Fig. 4,a).
Moreover, comparison of the S1/S2 ratio values with the
corresponding values of the PL intensity and the width
of the near-surface depletion layer (Fig. 5) shows that
for the passivated n-InP(100) with the doping level of
6- 10 cm—3, the PL intensity increases with an increase
in the S1/S2 ratio. The increase in PL intensity indicates an
increase in the efficiency of surface electronic passivation.
In almost all cases, the width of the near-surface depletion
layer decreases in accordance with an increase in the PL
intensity (Fig. 5). The only exception is the treatment of
the surface with a dilute aqueous (NHy),S solution with a
concentration of 4% for 10 min, after which the PL intensity
did not increase as much as it should be expected from
the observed narrowing of the near-surface depletion layer
(Fig. 5). After such treatment, the component S2 dominated
in the S 2p core level spectrum (Fig. 4,a), however, in
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Figure 5. Correlation between the increase in PL intensity, the
width of the space charge layer §, and the ratio of the intensities
of the S1 and S2 components in the fitting of the S 2p core
level spectra of the n-InP(100) surface with the doping level of
6 - 10" cm™3, passivated with various sulfide solutions. For the
original (untreated) n-InP(100) surface, the increase in PL intensity
is 1, and the value § = 15.6 nm. The experimental data was used
from [18].

this case, simultaneously with the narrowing of the near-
surface depletion layer, an increase in the near-surface band
bending Vs was observed (see Table) indicating Fermi level
re-pinning in the band gap.
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Figure 6. Fitting of the S 2p core level spectra measured
after treatment of the n-InP(100) surface (n = 2 - 10'® cm™?) with
(NHy),S + 2PA solution for various times.

On the other hand, treatment of the n-InP(100) surface
with the doping level of 2-10%¥c¢m~> with alcoholic
(NHj,),2S + 2PA solution also resulted in the increase in the
near-surface band bending Vg along with narrowing of the
near-surface depletion layer (see Table). At the same time,
in the fitting of the S 2p core level spectra the S2 component
prevailed (Fig. 6) so that the S1/S2 ratios were 0.77 and 0.57
for treatment times of 2 and 10 min, respectively.

The In—S—In bridge bonds (state S1, Fig. 4,5), as well
as the In—S—In bonds, in which sulfur atoms occupy
phosphorus vacancies (state S2, Fig. 4,b) have a dipole
moment due to the difference in the electronegativity of
sulfur and indium atoms. The dipole moment ds; due to
the state S1 and the dipole moment ds, due to the state S2
are directed oppositely (Fig. 4, b). In general, the magnitude
of these dipole moments can differ, for example, due to
the difference between interatomic distances [28,29] and the
charges of sulfur atoms in the S1 and S2 states.

Thus, the total surface dipole due to the In—S bonds
formed after sulfide treatment should depend on the S1/S2
components ratio in the fitting of the S 2p core level
spectra (Fig. 4,a). If most of the sulfur atoms are in the
S1 state (Fig. 4,b), then the direction of the total surface
dipole will correspond to ds;. According to theoretical
calculations [29], such a sulfide coating structure should be

the most stable. In the case of n-InP(100) with a doping
level of 6-10'7 cm™3, this atomic structure provides the
most efficient electronic passivation of the surface (Fig. 5).
And vice versa, if the state S2 predominates in the fitting
of the S 2p spectrum, then the surface dipole will have
opposite direction (corresponding to dsp). As a result,
the Fermi level may be re-pinned on the surface of the
passivated n-InP(100), since the direction of the dipole
field (Fig. 4,b) coincides with the direction of the field in
the near-surface depleted layer. Namely, the direction and
magnitude of the total surface dipole will depend on the
atomic structure of the sulfide layer, which, in turn, will be
determined by the characteristics of the chemical processes
occurring during sulfide passivation. Change in the near-
surface dipole will modify the band potential distribution
on the semiconductor surface and, therefore, the electronic
structure of its surface.

It should be noted that the ratio of the number of sulfur
atoms in the S1 and S2 states in the sulfide coating on the
InP(100) surface can be dependent not only on the sulfide
solution composition. Indeed, when the n-InP(100) surface
with the doping level of 6-10'7 cm™ was treated with
(NH4),S + 2PA solution, the sulfide coating characterized
by the ratio S1/S2 ~ 1.5 is formed (Fig. 4,a). On the other
hand, after treatment of the n-InP(100) surface with the
doping level of 2-10'® cm~3 with the same solution, the
S1/S2 ratio in the formed sulfide coating was significantly
less than 1 (Fig. 6). This result can be explained by the
influence of the atomic structure of the initial semiconductor
surface on the chemical processes of sulphidizing. In
particular, the In/P atomic concentrations ratio on the initial
nInP(100) surface with the doping level of 6 - 107 cm~3
was ~ 1.7, and after treatment with any of the considered
solutions, this ratio decreased to 1.6 [18]. On the n-InP(100)
surface with a doping level of 2- 10" cm—3 the In/P ratio
was 1.15, and after sulphidizing in (NHy4),S + 2PA solution
it increased to ~ 1.35.

Thus, when studying the electronic passivation of the
n-InP(100) surface by sulfide solutions, it is necessary
to consider the whole variety of chemical and electronic
processes at the semiconductor/solution interface, taking
into account the initial atomic and electronic structure of
the semiconductor surface, as well as the composition of
the solution.

4. Conclusion

Using photoluminescence, Raman scattering spec-
troscopy, and X-ray photoelectron spectroscopy, the elec-
tronic and atomic structures of n-InP(100) surfaces treated
with various sulfide solutions were studied in order to
establish the relationship between the efficiency of electronic
passivation and the atomic structure of the passivated
surface. It is shown that the treatment of the n-InP(100)
surface with sulfide solutions leads to an increase in the
PL intensity, accompanied by narrowing of the near-surface
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depleted layer of the semiconductor. After treatment with
sulfide solutions, the oxide layer is removed from the
semiconductor surface and a passivating coating is formed.
This passivating coating consists of two types of In—S
bonds, such as In—S—In bridge bonds and bonds in which
the sulfur atoms occupy phosphorus vacancies in the near-
surface monolayer. The fraction of sulfur atoms in bonds of
one type or another will determine the total dipole moment,
which in turn will determine the spatial distribution of the
band potential and, therefore, the electronic structure of the
surface. FElectronic passivation is the most effective when
In—S—In bridge bonds predominate. When most of sulfur
atoms occupy phosphorus vacancies, the Fermi level is re-
pinned and the near-surface band bending increases, which
leads to a decrease in the electronic passivation efficiency.
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