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Sulphur atoms passivation of GaAs surface and its influence on I-V
characteristics of forward and reverse currents, photocurrent spectrum, and sensitivity
of GaAs p-n structures as gas sensors were studied. The passivation reduces the
excess forward current and reverse current in p-n junctions, enhances the
photosensitivity in the spectral region of strong absorption, substantially increases the
sensitivity to ammonia vapors. All these effects are explained, taking into account
lowering of the surface states density as a result of sulphur atoms deposition

1. INTRODUCTION

Gas sensors on p-n junctions [1, 2] have some
advantages in comparison with these, based on oxide
polycrystalline films [3] and Shottky diodes [4, 5]. P-n
junctions on wide-band semiconductors have high
potential barriers for current carriers, which results in
low background currents. Sensors on p-n junctions [1,
2] have crystal structure, high sensitivity at room
temperature, selectivity to the gas components, and can
be manufactured in microelectronic technology. The
ammonia sensitivity of these sensors is due to forming
of a surface conducting channel in the electric field
induced by the ammonia ions adsorbed on the surface
of the natural oxide layer ['1, 2]. The surface current
induced by adsorption of NH; molecules in p-n
structures on GaAs linearly depends on the applied
voltage (at low biases) and on the ammonia partial
pressure (in some range depending on device
parameters).

The threshold NH; partial pressure of a sensor
on p-n junction depends on the surface states density in
the semiconductor [6]. The results of calculations [6]
predict rise of the sensitivity to low concentrations of a
donor gas when the surface states density in the p-n
junction is diminished. The surface states density in
GaAs can be lowered by sulphur atoms deposition
from some solutions [7].

The purpose of this work is a study of the
influence of sulphur atoms on surface currents in GaAs
p-n junctions, as well as on their parameters as
ammonia vapors sensors. Effect of sulphur-atoms
passivation on I-V characteristics of forward and
reverse currents, photocurrent spectrum, and gas
sensitivity of GaAs p-n structures was studied.

2. EXPERIMENT

1-V measurements were carried out on GaAs p-n
junctions with the structure described in previous
works [1, 2]. The effect of saturated ammonia vapors
over water solutions of several NH; concentrations

was studied on stationary /-V characteristics, as well as
on kinetics of surface current in p-n junctions.

The sulphur atoms deposition (passivation) was
carried out by a treatment of different durations in
30% water solutions of Na,S H,O.
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Fig. 1. Forward branches of [I-V
characteristics of a p-n structure: 1 — initial; 2 —
after passivation during 20s

1-V characteristic of the forward current in a typical
p-n structure is presented as curve 1 in Fig. 1. Over the
current range between 1pA and 1ma the I~V curve can
be described with the expression

I(V)=1,exp(qV /nkT), (1)

where /) is a constant; ¢ is the electron charge;
denotes bias voltage; & is the Boltzmann constant; 7T is
temperature; n~ 2 is the ideality constant. Such I-V
curves can be ascribed to recombination on deep levels
in p-n junction and (or) at the surface [8]. And the



corresponding current is known as a recombination
current.
At lower biases curve 1 has a section of an excess
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Fig. 2. Reverse branches of I-V characteristics
of a p-n structure: 1 — initial; 2 — after
passivation during 20s

current, which has an ideality constant »>2 and
corresponds to the  phonon-assisted  tunnel

recombination at deep centers [8]. This recombination

S, arb. units

1,2

1,0

!
0.8
[ \
|
0.6 /’ \
I 3
0.4 -
\\\\/_/_/
0.2
N

f -

0
1,25 1,3 135 14 145 15

E eV

Fig. 3. Photocurrent spectra of a p-n
structure: 1 — initial; 2 — after passivation during
40s ; 3 — after 60s

is located at the p-n junction non-homogeneities,
which cause local increase of the electric field [8].
Curve 2 in Fig. 1 was measured after p-n junction
passivation during 20s. It is evident that passivation
does not affect the recombination current (at / > 1pA)

2

and remarkably lowers the excess current. This
means that passivation during 20s reduces the surface
states density only in surface non-homogeneities,
which are responsible for the excess current.

Fig. 2 depicts the reverse branches of the -V
characteristic of the same sample, obtained before
(curve 1) and after passivation (curve 2). It is seen that
sulphur atoms deposition substantially reduces the
reverse current in a GaAs p-n junction. This indicates
that the reverse current is due to the same surface non-
homogeneities in the studied p-n junctions as the
excess forward current.

Curve 1 in Fig. 3 depicts the photocurrent
spectrum in one of the studied samples. The
photocurrent strongly falls off at the photons energies
hv>E,, where the electron-hole pares are generated in a
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Fig. 4. Forward branches of [V
characteristics of a p-n structure: 1 — in air; 2 —
at ammonia partial pressure 4000 Pa; 3 — after
passivation, at ammonia pressure 200 Pa

thin layer at the surface. It indicates that the lifetime
(and the effective diffusion coefficient) of current
carriers at the surface is much lower at the surface,
than in the bulk. Curve 2 in Fig. 3, measured after 20s
passivation, practically coincides with curve 1, which
means that this treatment does practically not change
the surface recombination velocity and consequently,
does not lower the deep states density on much of the
GaAs surface. It is in an agreement with the fact that
the 20s-passivation does not lower the recombination
current component.

Curve 3 in Fig. 3, measured after passivation for
60s, has a high-energy shoulder, which argues that this
treatment is sufficient for a substantial reducing of the
surface recombination states density.

Fig. 4 illustrates the effect of the sulphur
passivation on the sensitivity of GaAs p-n junctions as
gas sensors. Curves 1 and 2 are measured in air and in
ammonia vapors at a NHj partial pressure of 4000 Pa,
respectively. The curves practically coincide, which



means that the surface current in this p-n junction is
not sensitive to ammonia vapors. Curve 3 is obtained
on the same sample in ammonia vapors at a NH;
partial pressure of 200 Pa (20 times lower, than curve
2) after passivation for 20s. It is seen that placing the
passivated p-n junction in ammonia vapors strongly
increases the forward excess current. Similarly
behaves the reverse current. It indicates that sulphur-
atoms passivation essentially enhances the sensitivity
of GaAs p-n junctions as ammonia Sensors.

3. DISCUSSION

One of mostly interesting questions, which
appear in the light of presented experimental results, is
why the low-duration (20s) sulphur passivation
substantially reduces the excess current (at /<1pA)
and does not affect the recombination current (at
I>1pA). For an explanation of this phenomenon one
must take into account some features of these two
currents. The recombination current passes at much of
the surface and is proportional to the surface
recombination velocity, which linearly depends on the
surface states density. Therefore low decrease in the
surface states density only slightly lowers the
recombination current. At the other hand, the excess
current is located at the non-homogeneities, where the
surface depletion layer is thinner than in the average
and the electric field is stronger. Ideality coefficient of
I-V characteristic of the excess current n>2, which is
due to the dependence of the surface recombination
center cross section on the field.

The cross section of surface states for current
carriers capture, due to phonon-assisted tunneling [8],
can be expressed as

(¢hE,,)’
24m,(kT)’

where C, is a constant; E,, is the maximum
electric field on the surface; m; is the effective mass of
the tunneling carrier. In turn, £, linearly depends on
the local surface states density. Therefore the surface
centers capture cross section (and the excess current) is
predicted by this model to exponentially grow with the
local surface states density. This effect must be
observed in electric fields of the order of 10° V/cm.

Thus, the excess current in GaAs p-n junctions is
much more sensitive to the change in the surface
states, caused by sulphur atoms deposition, than the
recombination current, which agrees with a prediction
of model calculations [8].

A substantial decrease in the reverse current in p-
n junctions, due to sulphur-atoms passivation as
illustrated in Fig. 2, can be explained, taking into
account that reverse current is located at the same non-
homogeneities as the forward excess current.

The results of photocurrent measurements
presented in Fig. 3 can be explained taking into
account that the light was directed along the p-n
junction, and the photons were directed on the lateral
surface. In the case

ad <1, 3)

C, =C,,exp )
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where & is the absorption coefficient; d is the
p-n structure width, for the photocurrent can be written

Iph ~(1-r)odL, D, 4

where r is the reflectivity; L, is the bulk
minority-carriers diffusion length; @ is the photon
flux. If the inequalities are valid

l/d<a<l/L,, S
the photocurrent is proportional to L, as
Iph ~(1-r)L,®. (6)
And in the case of
a>1/L, 7

the photocurrent is proportional to the effective surface
diffusion length L, as

I, ~(01-r)L®, (8)

where

L =\Dw,/ /S, 9)

D; is the surface diffusion coefficient for minority
carriers; w; is the effective thickness of the surface
layer where the carriers are located; S is surface
recombination velocity.

From the photocurrent spectrum, by using (6) and
(8), we obtain

Iy, /1y ~L /L, (10)
where [ % and [ Zh are the photocurrent values

in the spectral maximum and at hv>FE g

respectively.
An analysis of curves 1 an 2 in Fig. 3 by using

(10) yields Ls / Lb ~ 0.06 before passivation and
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Fig. 5. Schematic of the p-n structure in
NH; vapors: 1 — oxide layer; 2 — ions; 3 —
depletion layer; 4 — conducting channel; 5 —
surface states

L /L, =0.33 after the treatment.

The effect of passivation on the ammonia-
sensitivity of p-n structures can be interpreted by using
the model [6], schematically depicted in fig 5.

Ionized molecules of NH; are placed on the
external side of the natural oxide layer. The electric
field of ions bends down c- and v- bands in the crystal.
If a conducting surface channel is formed, as is



depicted in Fig. 5, the n-layer surrounds the p-region at
the perimeter and shorts the p-n junction.
The electric field at the semiconductor surface is
given by
E =el(gg,))(Qg + AQ) (11)

where gpand ¢ is the permittivity of vacuum and
of the semiconductor, respectively; AQs is the surface
density of the adsorbed ions charge. The density of the
charge on surface states was calculated as

O, =eNy(p—n)/(p+n+2n,), (12)

where Ny is the surface density of these states;; p,
n are the electrons and holes concentrations at the
surface; n; is the intrinsic carriers concentration. In
NHj; vapors, the charge on surface states is negative,
and the conducting channel is formed only in the case
of the inequality

N,>N,. (13)

The absence of the ammonia-sensitivity of the
initial samples, as seen comparing curves 1 and 3 in
Fig. 4, can be explained, taking into account that the
surface states density is very high, and the inequality
(13) cannot be satisfied at NH; concentrations used. A
high sensitivity, that arises after passivation, as seen
comparing curves 1 and 3 in Fig. 4, is the result of the
reduction of the surface states density due to the
treatment.

4. CONCLUSIONS
Sulphur atoms deposition (sulphur passivation)
substantially reduces forward and reverse currents in
GaAs p-n junctions, increases the photocurrent in the

spectral region of AV > E . The passivation also

enhances the sensitivity of GaAs p-n structures as
ammonia sensors.

These effects are due to lowering the surface states
density as a result of such treatment. Mostly sensitive
to the passivation is the excess current, which passes
thru non-homogeneities, where the depletion layer is
thinned and phonon-assisted tunnel recombination
occurs.
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Summary

EFFECT OF SULPHUR ATOMS ON SURFACE CURRENT

IN GaAs P-N JUNCTIONS
O. O. PTASHCHENKO, F. O. PTASHCHENKO, N. V. MASLEYEVA, O,V. BOGDAN, V, V. SHUGAROVA

Sulphur atoms passivation of GaAs surface and its influence on /- characteristics of forward and reverse
currents, photocurrent spectrum, and sensitivity of GaAs p-n structures as gas sensors were studied. The passivation
reduces the excess forward current and reverse current in p-n junctions, enhances the photosensitivity in the spectral
region of strong absorption, substantially increases the sensitivity to ammonia vapors. All these effects are explained,
taking into account lowering of the surface states density as a result of sulphur atoms deposition

Pe3rome

BILIMB ATOMIB CIPKH HA TIOBEPXHEBHIA CTPYM

Y P-N IIEPEXO/JIAX HA OCHOBI GaAs
O. O. [ITALIIEAKO, ®. O. ITALLJEHKO, H. B. MACJIEEBA, O. B. FOIJIAH, B. B. IIIVI'APOBA

Jocnimkeno nmacusaito noBepxui GaAs aromamu cipku Ta ii BrutuB Ha BAX mpsiMoro i 3BOpPOTHOrO CTPyMiB,
CHekTp (OTOCTpyMy 1 YyTIMBICTH p-n IepexodiB Ha ocHOBI GaAs sk ra3oBux ceHcopiB. IlacuBaiis 3MeHITye
HA/UTMIIKOBUH TIPSIMUM CTPYM Ta 3BOPOTHHH CTPYM y p-h HEpexojaax, MiABUILYE (OTOUYTIMBICTh Yy CHEKTpaibHiN
00J1acTi CHJIBHOTO TIOTJIMHAHHS, CYTTEBO 301NIBIIYyE YYTIMBICTH JO TapiB aMiaky. Bci IIi sIBHINA IOSCHIOIOTHCS
3MEHILEHHM HIUILHOCTI MOBEPXHEBUX CTAHIB Y PE3YJIbTAaTI HAHECEHHS Ha TIOBEPXHIO aTOMIB CIpKH.

Pe3rome

BJIMSTHUE ATOMOB CEPbI HA TIOBEPXHOCTHBIA TOK

B P-N IEPEXOJIAX HA OCHOBE GaAs
A. A. ITALJEAKO, @. A. [ITALIJEHKO, H. B. MACJIEEBA, O. B. BOI'JIAH, B. B. IIVI'APOBA

HUccnenoansl naccuBanus nosepxHoctd GaAs atromamu cepbl U ee BiusiHue Ha BAX mpsimoro u obpatHoro
TOKOB, CIIEKTP (POTOTOKA M YYBCTBUTEILHOCTh P-N MEPex00B Ha ocHOBe GaAs Kak ra3oBbIX ceHcopoB. [laccuBamus
yYMEHBIIAeT W30BITOYHBIA TPSMON TOK M OOpaTHBIH TOK B p-h Iepexojax, MOBHIIIAeT (OTOYYBCTBHTEIHHOCTH B
CHEKTpaJbHON 00JIAaCTH CHIBHOTO TOIIIONIEHHUS, CYIIECTBEHHO MOBBIIIAET YyBCTBUTEIFHOCTD K MapaM aMMHuaka. Bee
9T SIBJICHHS OOBSICHSIOTCS yMEHBUIEHHEM IUIOTHOCTH MOBEPXHOCTHBIX COCTOSHMH B pe3yibTaTe HAaHECEHMs Ha
IIOBEPXHOCTh aTOMOB CEPBHI.



