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EFFECT OF AMMONIA VAPORS ON THE SURFACE CURRENT

IN SILICON P-N JUNCTIONS

[-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°C, 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. -V CHARACTERISTICS
[—V measurements were carried out on sili-
con p-n junctions manufactured in standard

technology re-crystallization from the solution in

© 0. O. Ptashchenko, F. O. Ptashchenko,
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melted Al on the n-silicon (111) plane substrate.
The area of the p-n junction was of 0.25 mm?,
capacity =50 pF. The effect of saturated ammo-
nia vapors over water solutions of several NH,
concentrations was studied on stationary I—
V characteristics, as well as on kinetics of sur-
face current in p-n junctions.
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Fig. 1. Forward branches of [-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

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

where [, is a constant; g is the electron charge;
V denotes bias voltage; % is the Boltzmann con-
stant; T is temperature; n =2 is the ideality con-
stant. Such -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 [-V characteristics
of the excess forward current A/ in p-n junction
due to adsorption of NH; molecules, measured
under partial pressures 10Pa, 50Pa, 200Pa, and
1000Pa, respectively. It is seen that [-V curves
of the excess current are non-linear. Therefore
the excess current in silicon p-n junctions unlike
[I[I-V broad-gap semiconductors cannot be as-
cribed to formation of a conductive surface
channel with a voltage-independent electron
concentration.
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Fig. 2. [-V characteristics of the excess forward cur-
rent due to ammonia molecules absorption at different NH;
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 [—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

S, = AI/AP, (2)

where A/l is the change in the current, which
corresponds to a change AP in the ammonia
partial pressure. It is seen in Fig. 3 that S, 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.
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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, -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.
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Fig. 3. Effect of the ammonia partial pressure on the
excess forward current at different forward bias voltages:
1 —025V;2—03V;3—036V

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. lonized 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 de-
picted in Fig. 4, the n-layer surrounds the p-
region at the perimeter, and the effective p-n
junction area is



Sy =S +ndw,, (3)

where S, is the geometrical area of the p-n junc-
tion; d is diameter of the junction; w, is the p-
layer thickness.
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Fig. 4. Schematic of the p-n structure in NH;
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

Al =1, (rdw, /S,), (4)

where [, 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

(5)

2
C, =C,,exp [(th”‘) },

24m, (kT)’

where C, is a constant; E, is the maximum
electric field on the surface; m, is the effective
mass of the tunneling hole. As Em is propor-
tional to the density of the adsorbed ions charge
@;, 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

NH, molecules adsorption can be expressed as
the sum of two components

Al =1, +1, (6)

where [, denotes the through current in the
case of conductive channel formation; /g is the
surface recombination current

[S = qlPSArlOLns’ (7)

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

L, =yD.w, /S, (8)

where D,  is surface electron diffusion coeffi-
cient; w,, 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

S=0,0N (9)

ns~n” " se’

is the cross section of surface states
, denotes the thermal
is the density of empty

where G,
for electron capture; v
electron velocity; N,
surface states.
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Fig. 5. Forward branches of [V characteristics of a
p-n structure in air after a treatment in ammonia vapors at
NH; 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
An, and surface electron diffusion length L,  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 An,
and L, 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 -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 An, L, 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 [—V characteris-
tics of a typical p-n structure measured in NH,
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
SUA at ammonia partial pressure of 1000 Pa at
a reverse bias voltage of 4 V.
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Fig. 6. Reverse branches of -V characteristics of a p-
n structure in ammonia vapors at NH; 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
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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 -V curves caused
by ammonia molecules adsorption is reversible.

Two effects of adsorbed NH; 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 NH; 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 S, is constant at ammonia partial pres-
sures P<100 Pa and reaches 2-10-% 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 Alr>> Al;. Therefore the regime
of reverse bias is preferable for the ammonia
sensor on silicon p-n junction.
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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 NH;, 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 recombination
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.
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BIJIUB MAPiB AMiAKY HA MOBEPXHEBUM CTPYM ¥ KPEMHi€BUX P-N MEPEXOJAX

Jocainxxeno BAX npsiMoro i 3BOpoTHOro CTpyMiB B KpeMHi€BHX p-n MepeXxofax B MOBITpi, B NMOBITPi NpH HasiBHOCTI Mapis
amiaky TpH pi3HHX 3HaueHHsX mapujanabHoro THcKy NHj, a Takoxk B moBiTpi micas o6po6ku B mapax amiaxky. Bmaus
afcopOOBaHUX MOJeKy/]l aMiaky Ha MNPSMUH CTPYM IOSICHIOETbCS TaKUMM IpoLlecaMH: a) 3POCTAHHAM IHTEHCHBHOCTI
noBepxHeBoi pekoMOiHaLil, 3yMOBJIEHUM eJIeKTPUYHHUM TI0JeM iOHIiB amiaKy, JOKa/li30BaHUX Ha 3OBHIlIHIH NOBepXHi LIapy
BJIACHOTO OKCHIY; 0) CTpPAaBJIOBAHHSAM 4YaCTHHH I[OBePXHEBUX peKOMOiHAUifHUX LEHTPiB. 3MiHM MpsIMOro i 3BOPOTHOrO
CTpyMiB 0OODOTHi, TaK 110 KPeMHi€Bi p-n Mepexoau MOXKHa BUKODHUCTOBYBATH SIK CEHCOPM MHapiB aMiaky.
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BJIUSIHUE MAPOB AMMHUAKA HA MOBEPXHOCTHbLIA TOK B KPEMHUEBBLIX P-N MEPEXOJAX

HMccenenoBanst BAX npsiMoro n 06paTHOr0 TOKOB B KDEMHHEBBIX P-N Mepexoax B BO3LyXe, B BO3LyXe MpPH HaJIHYHK NapoB
aMMHaKa NpU Pa3/MYHbIX 3HAueHHUsX NapuuanbHoro Aasjenust NHj, a Takke B Bo3ayxe nocse o0pabOTKH B Napax aMMHaka.
Bnusinue agcop6HUpoBaHHBIX MOJIEKY/ aMMHAKa Ha MPSIMOH TOK OOBSICHSETCS TAKHMH INPOLEeCCaMH: a) POCTOM MHTEHCHBHOCTH
MIOBEPXHOCTHOH pEeKOMOHWHALUM, OOYCJOBJEHHBIM 3/€eKTPHYECKHM I10JIeM HOHOB aMMHaKa, JOKa/JM30BAHHBIX Ha BHeELIHEH
TOBEPXHOCTH CJIOS COOCTBEHHOTO OKCHAa; 0) CTPaBIMBAaHMEM 4YacTH MOBEPXHOCTHBIX PeKOMOWHALMOHHBIX LEHTPOB.
M3MeHeHUsT IPSIMOrO M 0OPATHOrO TOKOB OOpaTHMBbl, TAaK YTO KPEMHHEBBIE P-N MepeXoibl MOXKHO HCIIOJb30BATh KaK CEHCOPBI
MapoB aMMHaKa.
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