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EFFECT OF AMMONIA VAPORS ON THE SURFACE CURRENT
IN SILICON P-N JUNCTIONS

I�V characteristics of forward and reverse currents in silicon p-n junctions were
measured in air, in air with ammonia vapors at several partial pressures of NH3, as well
as in air after ammonia vapors treatment. The influence of adsorbed ammonia molecules
on the forward current is explained by such processes: a) an increase in the surface re-
combination rate, caused by the electric field of ammonia ions, which are localized on the
external side of the natural oxide layer; b) etching out some surface recombination states.
The changes in the forward and reverse currents are reversible, so silicon p-n junctions
can be used as ammonia vapors sensors.

INTRODUCTION

Physical processes that can be utilized for
creation of gas sensors are extensively studied
[1, 2]. Sensors on thin polycrystalline and amor-
phous layers have high sensitivity, low cost,
simple technology. Disadvantages of such sen-
sors are high working temperatures of 150�
550°C [2], low controllability of the inter-crystal-
lite contact properties, low technological
compatibility with microelectronic elements.
Sensors on the silicon Shottky barriers with a
super-thin catalytic active metal layer Pt, Pd, Ni
utilize a change in the dielectric permittivity of
the depletion layer [3]. Such sensors work at
elevated temperatures of 150°Ñ, their sensibility
strongly depends on the thickness and structure
of the metal layer. Sensors on p-n junctions [4,
5] have crystal structure, high sensitivity at
room temperature, selectivity, and can be man-
ufactured in microelectronic technology. The
surface current induced by adsorption of NH3
molecules in p-n structures on GaAs and Al-
GaAs linearly depends on the applied voltage
and on the ammonia partial pressure. The am-
monia sensitivity of these sensors is due to
forming of a surface conducting channel in the
electric field induced by the ammonia ions ad-
sorbed on the surface of the natural oxide layer
[4]. The parameters of this channel must depend
on the characteristics of the actual semiconduc-
tor material. Therefore it is of interest to study
systematically this effect in p-n junctions on
different semiconductors. Sensors on III�V sem-
iconductors are hardly compatible with silicon
microelectronic elements.

The purpose of this work is a study of silicon
p-n junctions as ammonia vapors sensors.

1. I�V CHARACTERISTICS

I�V measurements were carried out on sili-
con p-n junctions manufactured in standard
technology re-crystallization from the solution in
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melted Al on the n-silicon (111) plane substrate.
The area of the p-n junction was of 0.25 mm2,
capacity  50 pF. The effect of saturated ammo-
nia vapors over water solutions of several NH3

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

Fig. 1. Forward branches of I�V characteristics of a p-
n structure: 1 � in air; 2 � at ammonia partial pressure
50 Pa; 3 � at 1000 Pa

Typical I�V characteristic of the forward cur-
rent in studied p-n structures presented as
curve 1 in Fig. 1 has an exponential section
which can be described as

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

where I0 is a constant; q is the electron charge;
V denotes bias voltage; k is the Boltzmann con-
stant; T is temperature; n ≈2 is the ideality con-
stant. Such I�V curves can be ascribed to re-
combination on deep levels in p-n junction and
(or) at the surface [6].
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Curves 2 and 3 in Fig. 1 were obtained in air
under ammonia vapors partial pressures of 50Pa
and 1000Pa, correspondingly. These curves illus-
trate that adsorption of ammonia molecules
strongly enhances the forward current in the p-
n junction. Curves 2 and 3 have exponential
sections described with equation (1) at the same
ideality constant as curve 1. This is evidence
that the forward current caused by adsorbed
ammonia molecules in studied p-n structures is
due to surface recombination.

Curves 1�4 in Fig. 2 are I�V characteristics
of the excess forward current ∆I in p-n junction
due to adsorption of NH3 molecules, measured
under partial pressures 10Pa, 50Pa, 200Pa, and
1000Pà, respectively. It is seen that I�V curves
of the excess current are non-linear. Therefore
the excess current in silicon p-n junctions unlike
III�V broad-gap semiconductors cannot be as-
cribed to formation of a conductive surface
channel with a voltage-independent electron
concentration.

Fig. 2. I�V characteristics of the excess forward cur-
rent due to ammonia molecules absorption at different NH3

partial pressures, Pa: 1 � 10; 2 � 50; 3 � 200; 4 �
1000

Fig. 3 illustrates the dependence of the ex-
cess forward current in studied p-n structures
on the ammonia partial pressure. Curves 1�3
were obtained from I�V characteristics and cor-
respond to forward bias voltages 0.25V, 0.30V
and 0.36V, respectively. The sensitivity of gas
sensor can be defined as

,IS I P= ∆ ∆ (2)

where ∆I is the change in the current, which
corresponds to a change ∆P in the ammonia
partial pressure. It is seen in Fig. 3 that SI in-
creases with bias voltage up to 0.36V and de-
pends on the ammonia partial pressure. Maxi-
mum sensitivity was observed at P < 100 Pa.

2. MECHANISMS OF SENSITIVITY

Non-linear excess currents, due to NH3 mol-
ecules adsorption, were observed in p-n junc-
tions on III�V semiconductors at sufficiently
high forward biases [5] and explained as a result
of the surface recombination enhanced by trans-
verse electric field.

In the case of silicon p-n junctions, I�V
curves measured in ammonia vapors are parallel
to those obtained in air, as is seen from a com-
parison of curves 2 and 3 with curve 1 in Fig. 1.
This suggests that the currents in air and in
ammonia vapors are of similar mechanisms. The
ideality coefficient of n = 2 corresponds to the
current caused by the electron-hole recombina-
tion at deep states. For the current measured in
air, these centers can be placed in the bulk
depletion layer, as well as at the surface.  And
the recombination centers responsible for excess
currents in ammonia vapors are localized at the
surface.

Fig. 3.  Effect of the ammonia partial pressure on the
excess forward current at different forward bias voltages:
1 � 0.25 V; 2 � 0.3 V; 3 � 0.36 V

Among mechanisms of the current increase
in silicon p-n junctions observed in ammonia
vapors are: a) enhancing of the effective p-n
junction area;

b) increase in the capture cross section of
surface states as an effect of strong transversal
electric field; c) enhancing of np product at the
surface due to electric field of captured ammonia
ions; d) a change in the surface states density.

Fig. 4. depicts a schematic of the silicon p-n
structure in ammonia vapors. Ionized molecules
of NH3 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 de-
picted in Fig. 4, the n-layer surrounds the p-
region at the perimeter, and the effective p-n
junction area is
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0 ,eff pS S dw= + π (3)

where S0 is the geometrical area of the p-n junc-
tion; d is diameter of the junction; wp is the p-
layer thickness.

Fig. 4. Schematic of the p-n structure in NH3

vapors: 1 � oxide layer; 2 � ions; 3 � depletion layer;
4 � conducting channel

The mechanism (a) is realized in the case, if
the second item on the right in formula (3) is
large enough. Than an increase in the current
must occur at some ions surface density, and
the current must be independent from the fur-
ther raise of the vapors partial pressure. The
maximum excess current predicted by this mo-
del is

( )0 0 ,pI I dw S∆ = π (4)

where I0 is the current in air.
In our case the second item on the right in

formula (3) is small and cannot distinctly affect
the current in p-n junction.

The mechanism (b) is due to an increase in
the capture cross section of surface states as an
effect of strong electric field due to captured
ions. As the surface recombination occurs main-
ly in p-region, there is a potential barrier for
holes recombining at surface states. And the
cross section of surface states for holes capture
can increase due to phonon-assisted tunneling
[6] 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 tunneling hole. As Em is propor-
tional to the density of the adsorbed ions charge
Qi, the capture cross section (and the excess
current) is predicted by this model to exponen-
tially grow with the partial pressure of ammonia
vapors. This effect must be observed in electric
fields of the order of 105 V/cm. In studied struc-
tures, the excess current linearly (and sublinear-
ly) increases with ammonia concentration,
which disagrees with this model.

The model (c) takes into account an increase
in np product at the surface due to transversal
electric field. The excess forward current due to

NH3 molecules adsorption can be expressed as
the sum of two components

,th SI I I∆ = + (6)

where Ith denotes the through current in the
case of conductive channel formation; IS is the
surface recombination current

0 ,S P nsI ql S n L= ∆ (7)

where lP is the free perimeter length of the p-n
structure; S denotes the surface recombination
velocity; ∆n0 is the maximum electron density at
the surface in p-region; Lns is the surface elec-
tron diffusion length, which can be expressed in
equilibrium as

/ ,ns ns nsL D w S= (8)

where Dns is surface electron diffusion coeffi-
cient; wns is the effective thickness of the sur-
face layer where electrons are localized in p-re-
gion; for the surface recombination velocity can
be written

,ns n seS v N= σ (9)

where σns is the cross section of surface states
for electron capture; vn denotes the thermal
electron velocity; Nse is the density of empty
surface states.

Fig. 5. Forward branches of I�V characteristics of a
p-n structure in air after a treatment in ammonia vapors at
NH3 partial pressure 1000 Pa: 1 � after exposure in air
4 min; 2 � after 8 min; 3 � after 24 min

It is evident from equation (7) that an in-
crease in the product of surface electron density
∆n0 and surface electron diffusion length Lns can
lead to an increase in the surface current due to
ammonia molecules adsorption.  This corre-
sponds to mechanism (c). Computer calculations
[4, 5] showed that transversal electric field, due
to adsorbed ammonia ions, enhances both ∆n0

and Lns in surface layer of a p-n junction.
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The mechanism (d), namely a change in the
surface states density can also take place. Fig. 5
presents I�V characteristics of a typical p-n
structure measured in air after ammonia vapors
treatment. Curves 1, 2 and 3 were obtained after
exposition 4, 8 and 24 min in air, respectively. A
comparison of curves 1 and 3 shows that ammo-
nia vapors treatment decreases the currents in
p-n junction to values lower than stationary
ones. Therefore we can conclude that two effects
can occur in p-n junctions in presence of ammo-
nia vapors. First, the surface current increases
due to enhancing of ∆n0 Lns product in the elec-
tric field of adsorbed ions; and second, ammonia
vapors partly etch out the surface recombination
states that leads to a decrease in surface recom-
bination current. These two processes are of
different rate. The excess current is of electron
nature and rises rapidly, while the change in the
surface recombination states is due to chemical
reaction and requires a time of 10 min. It is
worth to note that an exposition in air restores
the surface states density and the surface cur-
rent in studied structures.

Reverse current in studied p-n junctions was
more sensitive to ammonia vapors than the for-
ward current. Fig. 6 presents I�V characteris-
tics of a typical p-n structure measured in NH3

vapors (curve 1) and after subsequent exposition
in air. Curves 2, 3 and 4 were obtained after air-
exposure of 2 min, 7 min and 23 min, corre-
spondingly. The excess reverse current exceeds
5µA at ammonia partial pressure of 1000 Pa at
a reverse bias voltage of 4 V.

Fig. 6. Reverse branches of I�V characteristics of a p-
n structure in ammonia vapors at NH3 partial pressure
1000 Pa (1) and after subsequent  exposure in air: 2 �
2 min; 3 � 7 min; 4 � 23 min

As is seen from Figs. 5 and 6, the kinetics of
reverse current restoration in air after ammonia
vapors treatment is slower than kinetics of for-
ward current. After placing in air, the reverse

current in p-n junctions monotonously decreases
for ≈30 min.

Kinetics of excess forward and reverse cur-
rents of silicon p-n junctions in ammonia vapors
also was different. The excess forward current
rapidly increased after introduction of ammonia
vapors into the container with the sample, and
than slowly decreased.  And the reverse current
slowly monotonously increased.

CONCLUSIONS

Silicon p-n structures can be used as ammo-
nia sensors. The change of I�V curves caused
by ammonia molecules adsorption is reversible.

Two effects of adsorbed NH3 molecules on I�
V characteristics of the forward current were
observed: a rapid increase of current and subse-
quent slow decrease. The sensitivity of silicon p-
n structures to NH3 vapors is caused by an in-
crease in the surface recombination rate due to
enhancing of electron density and the effective
diffusion length of electrons in the surface layer.
Ammonia vapors partly etch out surface recom-
bination states in silicon, however these states
are restored during an exposure of 30 min in air.

Maximum ammonia-sensibility of the forward
current in silicon p-n junctions is observed at
bias voltages of 0.35�0.36 V, which is remarka-
bly lower than in III-V semiconductors. The sen-
sibility SI is constant at ammonia partial pres-
sures P<100 Pa and reaches 2·10�8 A/Pa. At
P>100 Pa the sensitivity lowers.

Adsorbed ammonia molecules dramatically
change the reverse current in silicon p-n junc-
tions, so that the absolute value of the excess
reverse current ∆Ir >> ∆If. Therefore the regime
of reverse bias is preferable for the ammonia
sensor on silicon p-n junction.
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Äîñë³äæåíî ÂÀÕ ïðÿìîãî ³ çâîðîòíîãî ñòðóì³â â êðåìí³ºâèõ p-n ïåðåõîäàõ â ïîâ³òð³, â ïîâ³òð³ ïðè íàÿâíîñò³ ïàð³â
àì³àêó ïðè ð³çíèõ çíà÷åííÿõ ïàðö³àëüíîãî òèñêó NH3, à òàêîæ â ïîâ³òð³ ï³ñëÿ îáðîáêè â ïàðàõ àì³àêó. Âïëèâ
àäñîðáîâàíèõ ìîëåêóë àì³àêó íà ïðÿìèé ñòðóì ïîÿñíþºòüñÿ òàêèìè ïðîöåñàìè: à) çðîñòàííÿì ³íòåíñèâíîñò³
ïîâåðõíåâî¿ ðåêîìá³íàö³¿, çóìîâëåíèì åëåêòðè÷íèì ïîëåì ³îí³â àì³àêó, ëîêàë³çîâàíèõ íà çîâí³øí³é ïîâåðõí³ øàðó
âëàñíîãî îêñèäó; á) ñòðàâëþâàííÿì  ÷àñòèíè ïîâåðõíåâèõ ðåêîìá³íàö³éíèõ öåíòð³â. Çì³íè ïðÿìîãî ³ çâîðîòíîãî
ñòðóì³â îáîðîòí³, òàê ùî êðåìí³ºâ³ p-n ïåðåõîäè ìîæíà âèêîðèñòîâóâàòè ÿê ñåíñîðè ïàð³â àì³àêó.
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Èññëåäîâàíû ÂÀÕ ïðÿìîãî è îáðàòíîãî òîêîâ â êðåìíèåâûõ p-n ïåðåõîäàõ â âîçäóõå, â âîçäóõå ïðè íàëè÷èè ïàðîâ
àììèàêà ïðè ðàçëè÷íûõ çíà÷åíèÿõ ïàðöèàëüíîãî äàâëåíèÿ NH3, à òàêæå â âîçäóõå ïîñëå îáðàáîòêè â ïàðàõ àììèàêà.
Âëèÿíèå àäñîðáèðîâàííûõ ìîëåêóë àììèàêà íà ïðÿìîé òîê îáúÿñíÿåòñÿ òàêèìè ïðîöåññàìè: à) ðîñòîì èíòåíñèâíîñòè
ïîâåðõíîñòíîé ðåêîìáèíàöèè, îáóñëîâëåííûì ýëåêòðè÷åñêèì ïîëåì èîíîâ àììèàêà, ëîêàëèçîâàííûõ íà âíåøíåé
ïîâåðõíîñòè ñëîÿ ñîáñòâåííîãî îêñèäà; á) ñòðàâëèâàíèåì ÷àñòè ïîâåðõíîñòíûõ ðåêîìáèíàöèîííûõ öåíòðîâ.
Èçìåíåíèÿ ïðÿìîãî è îáðàòíîãî òîêîâ îáðàòèìû, òàê ÷òî êðåìíèåâûå p-n ïåðåõîäû ìîæíî èñïîëüçîâàòü êàê ñåíñîðû
ïàðîâ àììèàêà.


