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ÅFFECT OF SULPHUR ATOMS ON SURFACE CURRENT IN GAAS P-N 
JUNCTIONS 

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 ad-
vantages 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 tem-
perature, 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 NH3 molecules in p-n struc-
tures 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 NH3 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 influ-
ence 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

I-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 NH3 concentrations 
was studied on stationary I-V characteristics, as well 
as on kinetics of surface current in p-n junctions.

The sulphur atoms deposition (passivation) was car-
ried out by a treatment of different durations in 30% wa-
ter solutions of Na2S

. H2O. 

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

I(V) = I0exp(qV/nkT), (1)

where I0 is a constant; q is the electron charge; V de-
notes bias voltage; k is the Boltzmann constant; T is 
temperature; n  2 is the ideality constant. Such I-V 
curves can be ascribed to recombination on deep lev-
els in p-n junction and (or) at the surface [8]. And the 
corresponding current is known as a recombination 
current.

Fig. 1. Forward branches of I-V characteristics of a p-n structure: 
1 – initial; 2 – after passivation during 20s

At lower biases curve 1 has a section of an excess 
current, which has an ideality constant n > 2 and cor-
responds to the phonon-assisted tunnel recombina-
tion at deep centers [8]. This recombination 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 I > 1 A) and 
remarkably lowers the excess current. This means that 
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passivation during 20s reduces the surface states density 
only in surface non-homogeneities, which are respon-
sible for the excess current. 

Fig. 2 depicts the reverse branches of the I–V char-
acteristic of the same sample, obtained before (curve 1) 
and after passivation (curve 2). It is seen that sulphur at-
oms 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.

Fig. 2. Reverse branches of I-V characteristics of a p-n structure: 
1 – initial; 2 – after passivation during 20s

Curve 1 in Fig. 3 depicts the photocurrent spectrum 
in one of the studied samples. The photocurrent strong-
ly falls off at the photons energies h!>Eg, where the 
electron-hole pares are generated in a 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 coin-
cides with curve 1, which means that this treatment does 
practically not change the surface recombination veloc-
ity and consequently, does not lower the deep states den-
sity 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 treat-
ment is sufficient for a substantial reducing of the sur-
face recombination states density.

Fig. 4 illustrates the effect of the sulphur passiva-
tion on the sensitivity of GaAs p-n junctions as gas 
sensors. Curves 1 and 2 are measured in air and in am-
monia vapors at a NH3 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 NH3 par-
tial 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 be-
haves the reverse current. It indicates that sulphur-at-

oms passivation essentially enhances the sensitivity of 
GaAs p-n junctions as ammonia sensors.

Fig. 3. Photocurrent spectra of a p-n structure: 1 – initial; 2 – 

after passivation during 40s ; 3 – after 60s

Fig. 4. Forward branches of I-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

3. DISCUSSION

One of mostly interesting questions, which appear 
in the light of presented experimental results, is why 
the low-duration (20s) sulphur passivation substan-
tially reduces the excess current (at I<1 A) and does 
not affect the recombination current (at I >1 A). 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 ve-
locity, 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 
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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 depend-
ence of the surface recombination center cross section 
on the field.

The cross section of surface states for current car-
riers capture, due to phonon-assisted tunneling [8], 
can be expressed as
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where Ct0 is a constant; Em is the maximum electric 
field on the surface; mt is the effective mass of the tun-
neling carrier. In turn, Em linearly depends on the lo-
cal surface states density. Therefore the surface cent-
ers 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 ob-
served in electric fields of the order of 105 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 predic-
tion of model calculations [8].

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

The results of photocurrent measurements pre-
sented 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 

)d < 1, (3)

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

Iph ~(1 – r))dLb*, (4)

where r is the reflectivity; Lb is the bulk minority-car-
riers diffusion length; * is the photon flux. If the in-
equalities are valid 

1/d < ) < 1/Lb, (5)

the photocurrent is proportional to Lb as

Iph ~(1 – r)Lb*, (6)

And in the case of

) < 1/Lb (7)

the photocurrent is proportional to the effective sur-
face diffusion length Ls as

Iph ~(1 – r)Ls*, (8)

where

/ ,
s s s

L D w S$
 (9)

Ds is the surface diffusion coefficient for minor-
ity carriers; ws is the effective thickness of the surface 
layer where the carriers are located; S is surface re-
combination velocity.

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

/ / ,m M

ph ph s b
I I L L  (10)

where 
M

ph
I  and 

m

ph
I  are the photocurrent values in the 

spectral maximum and at h! > Eg, respectively.
An analysis of curves 1 an 2 in Fig. 3 by using (10) 

yields Ls/Lb  0.06 before passivation and Ls/Lb  0.3 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.

Fig. 5. Schematic of the p-n structure in NH3 vapors: 1 – oxide 
layer; 2 – ions; 3 – depletion layer; 4 – conducting channel; 5 

– surface states

Ionized molecules of NH3 are placed on the ex-
ternal 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 pe-
rimeter and shorts the p-n junction.

The electric field at the semiconductor surface is 
given by 

E = e/(++0)(Qs + !Qs), (11)

where +0 and + is the permittivity of vacuum and of the 
semiconductor, respectively; !QS is the surface den-
sity of the adsorbed ions charge. The density of the 
charge on surface states was calculated as 

Qs = eNs(p – n)/(p + n + 2nc), (12)

where NS is the surface density of these states; p, n are 
the electrons and holes concentrations at the surface; 
n³ is the intrinsic carriers concentration. In NH3 va-
pors, the charge on surface states is negative, and the 
conducting channel is formed only in the case of the 
inequality 

Ni > Ns. (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 NH3 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 treat-
ment.
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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 h! > E. The passivation also en-
hances the sensitivity of GaAs p-n structures as am-
monia 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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àòîì³â ñ³ðêè. 
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Èññëåäîâàíû ïàññèâàöèÿ ïîâåðõíîñòè GaAs àòîìàìè ñåðû è åå âëèÿíèå íà ÂÀÕ ïðÿìîãî è îáðàòíîãî òîêîâ, ñïåêòð ôî-
òîòîêà è ÷óâñòâèòåëüíîñòü p-n ïåðåõîäîâ íà îñíîâå GaAs êàê ãàçîâûõ ñåíñîðîâ. Ïàññèâàöèÿ óìåíüøàåò èçáûòî÷íûé ïðÿìîé 
òîê è îáðàòíûé òîê â p-n ïåðåõîäàõ, ïîâûøàåò ôîòî÷óâñòâèòåëüíîñòü â ñïåêòðàëüíîé îáëàñòè ñèëüíîãî ïîãëîùåíèÿ, ñóùåñ-
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ñîñòîÿíèé â ðåçóëüòàòå íàíåñåíèÿ íà ïîâåðõíîñòü àòîìîâ ñåðû. 


