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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]. P-n 
junctions on wide-band semiconductors have high 
potential barriers for current carriers, which results in 
low background currents, high sensitivity and selectiv-
ity to the gas components [5, 6]. 

The sensitivity of p-n sensors to donor gases as 
ammonia 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]. This mechanism is valid only for adsorbed mol-
ecules which are ionized on the semiconductor sur-
face. And it causes the gas selectivity of these sensors. 
The surface conducting channel is produced in these 
sensors under condition 

 m

s sN N ,  (1) 

where m

sN  and sN are the surface densities of ad-
sorbed molecules (ions) and surface electron states in 
the semiconductor, respectively. This determines the 
threshold gas concentration for these sensors. 

Characteristics of p-n junctions in silicon as am-
monia sensors were studied in previous works [7, 8]. 
It was shown that ammonia sensitivity of these struc-
tures is due to enhancing of the surface recombi-
nation, caused by NH

3
 molecules adsorption. The 

difference in the sensitivity mechanism can lead to 
differences in selectivity and other characteristics of 
sensors. 

The purpose of this work is a comparative study of 
the influence of ammonia, water and ethylene vapors 
on stationary surface currents in silicon p-n junctions, 
as well as on their kinetics. 

2. EXPERIMENT 

I-V measurements were carried out on silicon p-
n junctions with the structure described in previous 
works [7, 8]. The effect of vapors over water solutions 
of several NH

3
 concentrations, over distilled water 

and over liquid ethylene was studied on stationary I-V 

characteristics, as well as on kinetics of surface current 
in p-n junctions. 

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 10 nA and 1mA the I–V 
curve can be described with the expression 

 0( ) exp( / )I V I qV nkT! ,  (2) 

where I
0
 is a constant; q is the electron charge; V de-

notes bias voltage; k is the Boltzmann constant; T is 
temperature; n " 1.1 is the ideality constant. Some de-
viation from the value n=1 can be ascribed to recom-
bination on deep levels in p-n junction and (or) at the 
surface [9]. Curves 2, 3, 4 in Fig. 1 were obtained in 
air with vapors of water, ethylene, and ammonia, re-
spectively. The partial pressures of water, ethylene and 
ammonia vapors were of 2000Pa, 5000Pa, and 50 Pa, 
accordingly. A comparison between curves 1, 2, and 
3 in Fig. 1 shows that the sensitivity of p-n structures 
to ammonia vapors is the highest and to water — the 
lowest. 
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Fig. 1.  Forward branches of I-V characteristics of a p-n struc-
ture in air (1) and in vapors of water (2), ethylene (3) and am-
monia (4).
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Fig. 2 represents I–V characteristics of the reverse 
current in a p-n junction. Curve 1 was measured in air, 
and curves 2–4 were obtained in air with vapors of wa-
ter, ethylene, and ammonia, respectively. It is evident 
from Fig. 2 that the studied vapors strongly enhance 
the reverse current in silicon p-n structures. 
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Fig. 2.  Reverse branches of I-V characteristics of a p-n struc-
ture in air (1) and in vapors of water (2), ethylene (3) and am-
monia (4).

Curves 1, 2 and 3 in Fig. 3 depict I–V character-
istics of the additional current in a p-n structure, due 
to adsorption of water, ethylene, and NH

3
 molecules, 

accordingly. It is seen that, at a high enough reverse 
voltage, the additional reverse currents are higher than 
the corresponding forward currents. 
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Fig. 3.  I-V characteristics of the additional currents in a p-n 
structure in vapors of water (1, 1A), ethylene (2) and ammonia (3).  
Ordinates of curve 1A are multiplied by 10.

The (absolute, current-) sensitivity of a gas sensor 
can be defined as 

 IS I P! # # ,   (3) 

where #I is the change in the current (at a fixed volt-
age), which is due to a change #P in the corresponding 
gas partial pressure [10]. And the relative sensitivity is 

 0( )RS I I P! # # ,   (4) 

where I
0
 denotes the current in the pure air at the same 

bias voltage. 
The sensitivities of studied p-n junctions to water, 

ethylene (C
2
H

5
OH) and ammonia vapors at a forward 

bias voltage of 0.25 V and a reverse bias voltage of 3 V 
are presented in Tab. 1. 

Table 1 
Gas sensitivities of p-n structures 

H
2
O C

2
H

5
OH NH

3

S
I
 (0.25 V), nA/kPa 6 11 11000

S
I
 (–3 V), nA/kPa 70 800 20000

S
R
(0.25 V), 1/kPa 0.1 0.23 200

S
R
(-3 V), 1/kPa 3 50 900

It is seen in Tab. 1 that the studied p-n structures 
can be used, practically, as ammonia selective sensors. 
In an ammonia-free atmosphere these structures are 
sensors of water and ethylene. The reverse bias is pref-
erable for the sensors. 

Fig. 4 illustrates the kinetics of forward (a) and re-
verse (b) currents in a p-n structure after let in- and 
out of ammonia vapor with a partial pressure of 50 Pa. 
Similar curves were measured for water- and ethylene 
vapors. The response time t

r
 for current rise was esti-

mated as the duration of the current increase to 90% 
of its stationary value after letting in the corresponding 
vapor into the container with the sample. And the de-
cay time t

d
 was obtained in a similar way, for the current 

decrease from the stationary value to 10% of it. These 
procedures were carried out in regimes of forward and 
reverse bias. The resulting response- and decay times 
are presented in Tab. 2. 
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Fig. 4. Kinetics of forward (a) and reverse (b) cur-
rents in a p-n structure after let in- and out of ammonia 
vapor with a partial pressure of 50 Pa.
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Table 2 
Rise- and decay times of p-n gas sensors

H
2
O C

2
H

5
OH NH

3

t
r
 (0.25 V), s 30–35 10–16 25–40

t
d
 (0.25 V), s 10–15 5–8 20–30

t
r
 (-3 V), s 35–55 50–55 25–30

t
d
 (-3 V), s 25–30 10–12 8–9

The data in Tab. 2 show that the rise time of the 
signal for all the studied vapors is longer than the de-
cay time in both regimes. And the response time of the 
p-n structures as gas sensors does not exceed 55 s. 

3. DISCUSSION 

The mechanism of the ammonia sensitivity of the 
forward current in silicon p-n structures was discussed 
in previous works [7, 8]. Adsorbed and subsequently 
ionized molecules of a donor gas form the electric 
field which bends down c- and v- bands in the crystal 
at the surface. Under a high enough gas partial pres-
sure, a surface channel with electron conductivity is 
formed. This situation is realized in p-n structures on 
wide-band semiconductors at low enough biases [1, 
2, 5, 6]. With an increased bias voltage, electrons and 
holes are injected into the channel, and a regime of 
double injection is realized which results in a superlin-
ear rise of the current [6]. The double injection leads, 
at high enough injection current, to destruction of the 
channel. 

In the case of silicon p-n junctions, the destruc-
tion of the channel by injected charge currents occurs 
at relatively low forward bias voltages of ~0.1V, and the 
linear section of I–V curve practically is not realized 
[6]. Our experiments confirm this conclusion. Curve 
4 in Fig. 1 has a large section that corresponds to for-
mula (1) with ideality coefficient n=2.6. Such value 
of n suggests that the excess current, due to ammonia 
molecules adsorption, can be ascribed to the phonon-
assisted tunnel recombination at deep surface states 
[9]. 

I–V characteristics 2 and 3 in Fig. 1, measured 
in water- and ethylene vapors, respectively, have pro-
nounced linear sections in a semi-logarithmic plot, 
with ideality coefficients of 1.13 and 2.1, which argues 
that the increase of the forward current in these vapors 
is due to enhanced surface recombination. Thus, the 
mechanism of the sensitivity of silicon p-n junctions 
to ammonia-, ethylene- and ammonia vapors is the 
same. 

I–V characteristics of the excess reverse current, 
due to water- and ethylene molecules adsorption, 
which are plotted as curves 1and 2 in Fig. 3, have large 
linear sections. This means that the surface conduc-
tive channel, formed as a result of water- and ethyl-
ene molecules adsorption, is not destroyed at a reverse 
bias. And this channel is responsible for gas sensitivity 
of silicon p-n structures at reverse biases. 

Curve 3 in Fig. 3, as I–V characteristic of the ex-
cess reverse current in ammonia vapors, is superlinear. 
This can be tentatively ascribed to injection processes 
or (and) strong-field effects. 

An interesting result of our study is that the sensi-
tivity of silicon p-n structures as gas sensors is higher 

at reverse bias than at forward bias. Gas sensitivity of 
the forward current was observed only at low bias volt-
ages V<0.4 Volts. The limiting of gas sensitivity of the 
forward current is caused by two factors. First, with the 
forward bias voltage exponentially rises the bulk injec-
tion current, and the surface current becomes negli-
gible. And second, the electrons and holes, injected 
into the surface channel at a high enough forward bias, 
screen the electric field of adsorbed ions and suppress 
its effect on the electrons distribution at the surface. 

The next question is the mechanisms of processes 
that determine the response time of p-n junctions as 
gas sensors. The rise- and decay curves of the surface 
current forward currents in a p-n structure after let in- 
and out of ammonia, ethylene and water vapors are 
plotted in Fig. 5. For the rise curves parameter #I was 
taken 0 ( )I I I t# ! $ , where I

0
 is the stationary value 

of I; for decay curves ( )I I t# ! . It is seen that all the 
curves have pronounced linear sections in a semi-log-
arithmic plot. This means that there is a single process 
which is responsible for the inertia of current rise and 
decay. The estimated values of characteristic rise time 
%
r
 and decay time %

d
 for the excess forward and reverse 

currents in p-n structures are presented in Tab. 3 
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Fig. 5. Rise (1–3) and decay (1A–3A) curves of the forward 
currents in a p-n structure after let in- and out of vapors: 1, 1A – 
ammonia; 2, 2A – ethylene; 3, 3A – water. Curves 1A – 3A are 
shifted down by 2. 

Table 3 
Characteristic rise- and decay times of p-n structures

H
2
O C

2
H

5
OH NH

3

%
r
 (0.25 V), s 16.1 7.9 14.0

%
d
 (0.25 V), s 8.9 5.0 10.2

%
r
 (-3 V), s 14.3 14.5 9.3

%
d
 (-3 V), s 11.5 3.2 8.6

The inertia of the p-n structures as gas sensors can 
be due to molecular processes at the surface of the ox-
ide layer and (or) to electron transitions at fast surface 
states on the boundary silicon–oxide and slow states 
on the external surface of the oxide. The electronic 
mechanism is preferable in light of the fact that the 
characteristic rise- and decay times %

r
 and %

d
 for three 
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studied vapors are of the same order of magnitude, 
while the sensitivities differ by three orders. For the 
electronic mechanism is also characteristic inequality 

r d%  % , which was observed for all studied gases at for-
ward and reverse biases, as seen in Tab. 3. Tentatively, 
the response time of the studied p-n gas sensors is due 
to the recharging of surface states, as a result of the ad-
sorption of molecules from the ambient atmosphere. 

4. CONCLUSIONS 

Forward and reverse currents in silicon p-n junc-
tions are sensitive to ammonia, ethylene and water va-
pors in the ambient air. The sensitivity to NH

3
 vapor 

is by orders of magnitude higher than to other studied 
vapors. Therefore silicon p-n junctions can be used 
as selective ammonia vapor sensors. Selectivity of the 
sensor is due to donor properties of NH

3
 molecules. 

The sensitivity of silicon p-n structures to the men-
tioned vapors at forward biases is caused by enhancing 
of surface recombination, as a result of band bending 
in p-region, due to electric field of adsorbed ions. 

The gas sensitivity of studied p-n structures at re-
verse biases is due to forming of a surface conductive 
channel which shorts the p-n junction. 

The forward bias voltage of the sensor is limited by 
exponential rise of bulk injection current and screen-
ing of the electric field, induced by adsorbed ions, by 
injected electrons and holes. Therefore the reverse 
bias is preferable for the sensors and provides higher 
gas sensitivity, than the forward bias. 

The response time of silicon p-n sensors is below 

60 s at room temperature for all the studied vapors at 
forward and reverse biases. This time can be ascribed 
to recharging of slow surface centers. 
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ÂËÈßÍÈÅ ÎÊÐÓÆÀÞÙÅÉ ÀÒÌÎÑÔÅÐÛ ÍÀ ÏÎÂÅÐÕÍÎÑÒÍÛÉ ÒÎÊ Â ÊÐÅÌÍÈÅÂÛÕ P-N ÏÅÐÅÕÎÄÀÕ 

Ðåçþìå 
Èññëåäîâàíî âëèÿíèå ïàðîâ àììèàêà, âîäû è ýòèëåíà íà ÂÀÕ ïðÿìîãî è îáðàòíîãî òîêîâ, à òàêæå íà êèíåòèêó ïîâåð-

õíîñòíîãî òîêà â êðåìíèåâûõ p-n ñòðóêòóðàõ. Âñå óêàçàííûå ïàðû ïîâûøàþò è ïðÿìîé, è îáðàòíûé òîêè. Ãàçîâàÿ ÷óâñ-
òâèòåëüíîñòü p-n ñòðóêòóð ïðè ïðÿìîì ñìåùåíèè îáóñëîâëåíà ðîñòîì èíòåíñèâíîñòè ïîâåðõíîñòíîé ðåêîìáèíàöèè, à ïðè 
îáðàòíîì ñìåùåíèè ïðîâîäÿùèé êàíàë çàêîðà÷èâàåò p-n ïåðåõîä. ×óâñòâèòåëüíîñòü ê àììèàêó çíà÷èòåëüíî âûøå, ÷åì ê 
äðóãèì ïàðàì. Ýòî îáúÿñíÿåòñÿ äîíîðíûìè ñâîéñòâàìè ìîëåêóë NH

3
. Âðåìÿ ñðàáàòûâàíèÿ êðåìíèåâûõ p-n ïåðåõîäîâ êàê 

ãàçîâûõ ñåíñîðîâ ïðè êîìíàòíîé òåìïåðàòóðå íå ïðåâûøàåò 60 ñ. 
Êëþ÷åâûå ñëîâà: ïîâåðõíîñòíûé òîê, îêðóæàþùàÿ àòìîñôåðà, êðåìíèé. 
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ÂÏËÈÂ ÍÀÂÊÎËÈØÍÜÎ¯ ÀÒÌÎÑÔÅÐÈ ÍÀ ÏÎÂÅÐÕÍÅÂÈÉ ÑÒÐÓÌ Ó ÊÐÅÌÍ²ªÂÈÕ P-N ÏÅÐÅÕÎÄÀÕ 

Ðåçþìå 
Äîñë³äæåíî âïëèâ ïàð³â àì³àêó, âîäè ³ åòèëåíó íà ÂÀÕ ïðÿìîãî ³ çâîðîòíîãî ñòðóì³â, à òàêîæ íà ê³íåòèêó ïîâåðõíåâî-

ãî ñòðóìó â êðåìí³ºâèõ p-n ñòðóêòóðàõ. Âñ³ óêàçàí³ ïàðè ï³äâèùóþòü ³ ïðÿìèé, ³ çâîðîòíèé ñòðóìè. Ãàçîâà ÷óòëèâ³ñòü p-n 
ñòðóêòóð ïðè ïðÿìîìó çì³ùåíí³ îáóìîâëåíà çðîñòàííÿì ³íòåíñèâíîñò³ ïîâåðõíåâî¿ ðåêîìá³íàö³¿, à ïðè çâîðîòíîìó çì³ùåíí³ 
ïðîâ³äíèé êàíàë çàêîðî÷óº p-n ïåðåõ³ä. ×óòëèâ³ñòü äî àì³àêó çíà÷íî âèùà, í³æ äî ³íøèõ ïàð³â. Öå ïîÿñíþºòüñÿ äîíîðíèìè 
âëàñòèâîñòÿìè ìîëåêóë NH

3
. ×àñ ñïðàöþâàííÿ êðåìí³ºâèõ p-n ïåðåõîä³â ÿê ãàçîâèõ ñåíñîð³â ïðè ê³ìíàòí³é òåìïåðàòóð³ íå 

ïåðåâèùóº 60 ñ. 
Êëþ÷îâ³ ñëîâà: ïîâåðõíåâèé ñòðóì, íàâêîëèøíÿ àòìîñôåðà, êðåìí³é. 


