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NEGATIVE SENSITIVITY OF SILICON p—n JUNCTIONS

AS GAS SENSORS

The influence of ammonia vapors on /—V characteristics of the forward and reverse
currents in silicon p—n junctions with different doping levels was studied. Some samples
had anomalous high forward and reverse currents. They had negative sensitivity to am-
monia vapors. The forward and reverse currents decreased with increasing ammonia par-
tial pressure in the ambient atmosphere. This effect is explained under an assumption
that some ionized acceptor centers are present on the n-region surface and form a sur-
face conductive channel, which shorts the p—n junction. Adsorption of ammonia mole-
cules, which are donors in Si, compensates the surface acceptors and diminish the con-

ductivity of the channel.

1. INTRODUCTION

P—n junctions as gas sensors [l, 2] have
some advantages in comparison with oxide poly-
crystalline films [3] and Schottky diodes [4].
P—n junctions on wide-band semiconductors
have high potential barriers for charge carri-
ers, which results in low background currents.
P—n junctions on [II—V semiconductors exhibit
high sensitivity and selectivity to the gas com-
ponents [5, 6]. The advantage of silicon p—n
junctions as gas sensors is that they are com-
patible with silicon amplifying elements. Char-
acteristics of silicon p—n junctions as gas sen-
sors were studied in previous works [7—9].

The sensitivity of studied p—n structures
to donor vapors such as ammonium was ex-
plained with the field effect. In the electric field
of adsorbed positive ions a surface conductive
channel is formed, which sorts the p—n junc-
tion [5—9]. It results in an increase of the for-
ward and reverse currents in a p—n junction
in presence of a donor gas.

The purpose of this work is a comparative
study of the influence of ammonia vapors on
stationary /—V characteristics of silicon p—n
junctions with different surface currents.

2. EXPERIMENT

The measurements were carried out on sil-
icon p—n junctions with different gradients of
the doping concentrations. The n regions were
doped with phosphorus and p regions with bo-
ron. The surface of p—n junctions was not cow-
ered, so there was only a natural oxide layer.
The parameters of the studied samples are pre-
sented in Table 1. The samples were ranged in
breakdown voltage. C—V characteristics of all
the samples were linear in a plot C=3(V), so

44

the p-n junctions were linear. The values of the
doping concentrations gradient correlated with
the breakdown voltages and were in the range
between 4.5-10*" ¢cm~—* and 4,5-10% cm—*, as
evident from Tab. 1.

Table 1
Parameters of samples

Number of the
sample

Breakdown volt-
age, Volts 3.3 5.1 8.9 18

Gradient of the
doping concen-
trations, cm—*

45-10% | 5.1-10% | 2.6-10% | 4.6-10*

Ideality coeffi-
cient of I—V
curve

1.82 2.89 1.44 2.92

Depletion layer
width from 60 93 125
C—V curve, nm
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Depletion layer
width from 44 37 54 36
[—V curve, nm

[—V curves of the forward current in all the
samples are presented in Fig. 1. Over the cur-
rent range between 10 nA and 1 mA the /—V
curve can be described with the expression

I(V) = LyexplqgV/(n,kT)], (1)

where [, for each sample is a constant; ¢ is
the electron charge; V' denotes bias voltage;
k is the Boltzmann constant; T is temperature;
n, is the ideality coefficient. The ideality coefi-
cients for all the studied samples are presented
in Tab. I.

Ideality coefficients of all the /—1V character-
istics essentially exceed the ideal value n,=1.
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Deviation from the value n,= 1 can be ascribed
to the local phonon-assisted tunnel recombi-
nation on deep levels in non-homogeneities of
the p—n junction [10]. The local depleting lay-
er wide in these non-homogeneities can be es-
timated from the expression [10]

—1

: (2)

gh®

n,= |l ———
Lo 6m, (w, kT)2

where n,,=1 or n,=2 for related recombina-
tion mechanisms; A is the Plank constant; m,
is the tunnel effective mass of current carri-
ers; w, is a parameter of the non-homogenei-
ty of the p—n junction, which is used in the

expression
1

Po 2
w=w, =L — ,
V(a )

where w is the local p—n junction width at
voltage V; ¢, is the equilibrium barrier height
in the p—n junction.

The local depletion layer widths of the p—n
junctions, obtained from such analysis of /—V
curves, are presented in Tab. 1. It is evident
that the depletion layer widths in the non-ho-
mogeneities, responsible for the recombination
current, are remarkably smaller, than the values,
estimated from C—V curves. The maximum dif-
ference between these values is for the sample
with a breakdown voltage of 18 V.

Fig. 2 presents [—V characteristics of re-
verse current in the p—n junctions. The samp-
les with breakdown voltages of 3.3 and 5.1 V
exhibit exponential rise of the current with the
voltage. This corresponds to the tunnel break-
down mechanism. In the sample with a break-
down voltage of 8.2 V the current does not
exceed 107 A at V<5 Volts. And the sam-
ple with a breakdown voltage of 18 V exhibit
anomalous high reverse current. This is in ac-
cordance with high forward current in this sam-
ple and anomalous thin depletion layer in the
non-homogeneities, which are responsible for
the recombination current.

Fig. 3 shows [—V characteristics of reverse
current in the p—n junction with breakdown
voltage of 5.1 Volts, measured in air and in air
with ammonia vapors of several partial pres-
sures. Adsorption of ammonia molecules strong-
ly increases the current.

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

(4)

where Al is the change in the current (at a
fixed voltage), which is due to a change AP in
the corresponding gas partial pressure [11]. An
analysis of the data in Fig. 3 yields an esti-
mation S, = 0.5 wA/kPa at a reverse bias volt-
age of 1 V.

Fig. 4 presents [—V characteristics of re-
verse current in the p—n junction with break-

(3)

S, = AI/AP,
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Fig. 1. [—V characteristics of the forward current in p—n
structures with different breakdovn voltages, Volts: 7 — 8.2;
2—33;,3—5.1;,4—18
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Fig. 2. [—V characteristics of the reverse current in p—n
structures with different breakdovn voltages, Volts: 7 — 3.3;
2—51;,3—82,4—18
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Fig. 3. [—V characteristics of the reverse current in p—n

structure with breakdown voltage of 5.1 Volts, measured

in air (/) and in air with ammonia vapors of partial pres-
sure: 2 — 100 Pa; 3 — 500 Pa; 4 — 1000 Pa
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Fig. 4. —V characteristics of the reverse current in p—n

structure with breakdown voltage of 18 Volts, measured

in air (/) and in air with ammonia vapors of partial pres-
sure: 2 — 100 Pa; 8 — 500 Pa; 4 — 1000 Pa

down voltage of 18 Volts (“anomalous sample”),
obtained in air and in air with ammonia vapors
of various partial pressures. A comparison be-
tween curves /—4 shows that adsorption of
ammonia molecules does not increase the cur-

46

rent. The current in ammonia vapors is lower,
than in dry air. And the sensitivity of this sam-
ple is negative, namely S,——20 pA/kPa at
a bias voltage of 4 V and S,=—0.7 uA/kPa
at V=1 V. The absolute value of the negative
sensitivity of this sample is some higher, than
the sensitivity of “normal” samples.

The relative sensitivity of a gas sensor is
defined as

Sp= AI/(I,AP), (5)

where [/, denotes the current in the pure air
at the same bias voltage. An analysis of the
data in Figs. 3 and 4 gives for the relative
sensitivity of a “normal” sample S, = 10 kPa~!
at V=1V and for the “anomalous” one
»=—0,7 kPa—! at the same bias. A relative
sensitivity of this sample reaches a value of
— 10 kPa=! at V=4 V. It is remarkable that
the current noise in “anomalous” samples is
higher, than in “normal” junctions. It is be-
cause the current of the “anomalous” samples
in the pure air is high.

3. DISCUSSION

The negative sensitivity to a donor gas,
namely, a decrease in the current as a result
of the donor molecules adsorption can be ex-
plained under an assumption that some accep-
tor centers are present on the n-region surface.
The corresponding schematic of the p—n struc-
ture is presented in Fig. 5. Ionized acceptors
(not shown) at (on) the surface of n-region form
an electric field, which bends up the c- and v-
bands. Therefore the depletion region J is bent,
as shown in Fig. 5. A channel of p-type conduc-
tivity 4 is produced at enough high number of
ionized acceptors. This channel shorts the p—n
junction, and therefore the forward and reverse
currents in dry air are high. When the p—n
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Fig. 5. Schematic of the p—n structure in NH; vapors:

1 — oxide layer; 2 — ions; 3 — depletion layer; 4 — conduct-

ing channel; 5 — surface states (rapid centers); 6 — states

on the oxide surface (slow centers). Dashed — the deple-
tion layer after adsorption of donor molecules



junction is placed in ammonia vapors, NH; mol-
ecules are adsorbed and ionized on the crystal
surface. The ionized donors 2 partly compensate
the acceptors mentioned and decrease the band
bending. Therefore the conduction channel be-
comes shorter, as shown with dashed lines in
Fig. 5, and the current in the channel decreases.

4. CONCLUSIONS

Silicon p—n junctions can have negative
sensitivity to donor vapors, such as ammonia.
In these structures the forward and reverse cur-
rents decrease in the atmosphere of donor gas-
es. Such p—n structures have acceptor centers
on (at) the surface of the n-layer. The electric
field of the ionized acceptors bends up c- and
v-bands and, at enough high density of accep-
tors, forms a channel with p-conductivity at the
n-layer surface. This channel shorts the p—n
junction, causing an additional current at for-
ward and reverse biases. Adsorption of donor
molecules, such as NH,, partly compensates
acceptors mentioned and decreases the surface
currents at forward and reverse biases.

The absolute (current-) and relative sensitiv-
ities of such p—n structures is negative, which
extends the functional possibilities of p—n junc-
tions as gas sensors.

The negative sensitivity to ammonia vapors
of the silicon p—n junctions with acceptor sur-
face doping is of the same order, as the posi-
tive sensitivity of p—n structures without such
doping.

The response time of the sensors with pos-
itive and negative sensitivity at room tempera-
ture is of 100 s.
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The current noise in the sensors with neg-
ative sensitivity is higher, than in other struc-
tures of positive sensitivity because of higher
current in pure air.
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NEGATIVE SENSITIVITY OF SILICON p—n JUNCTIONS AS GAS SENSORS

Abstract

The influence of ammonia vapors on /—V characteristics of the forward and reverse currents in silicon p—n junc-

tions with different doping levels was studied. Some samples had anomalous high forward and reverse currents. They
had negative sensitivity to ammonia vapors. The forward and reverse currents decreased with increasing ammonia par-
tial pressure in the ambient atmosphere. This effect is explained under an assumption that some ionized acceptor cen-
ters are present on the n-region surface and form a surface conductive channel, which shorts the p—n junction. Adsorp-
tion of ammonia molecules, which are donors in Si, compensates the surface acceptors and diminish the conductivity
of the channel.

Key words: gas sensor, p-n junction, surface states, conductive channel, sensitivity.
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HETATUBHA YYTJIUBICTb KPEMHIEBUX p—n MEPEXOJIB SIK TA30OBUX CEHCOPiB

Pestome

JHocaimxkeno BrninB napis amiaky Ha BAX mpsivoro i 3BOpOTHOr0 CTpPyMiB KpeMHi€BUX p—n TMepexoaiB 3 pi3HHM piB-
HeM JeryBaHHS. Jleski 3pa3ku MaJju aHOMa/JbHO BUCOKi NpsIMHM i 3BOPOTHMH CTPyMU. BOHM Masnu HeraTHBHY YyTJMBICTb IO
napiB amiaky. Ilpsmuii i 3BOpOTHHE CTPyMH 3MeHIIyBasluCs 3i 3pOCTAHHAM MNapLiaJbHOrO THCKY aMiaky B HaBKOJHULIHIH at-
moctepi. [lanuil edeKT MOSICHIOETbCS Yy MPUITYLLEHH], 10 HA MOBEPXHi n-00/acTi 3HAXOAAThCS {OHI30BaHi akLeNnTOpPHI LEHTPU
i GopmyiOTb MPOBiMHUH KaHAJ, SKHH 3aKopouye p—n mepexin. AmcopOuisi MoJeKkysa amiaky, siki € HOHOpamMH B Si, KOMIIeH-
Cye TMOBEpPXHEeBi aKLENTOpH i 3MeHIIye eJeKTPONpPOBiAHICTb KaHAJy.

KuatouoBi cJjoBa: rasoBuil ceHcop, p-n nepexii, MoBepxHeBi CTaHW, MPOBIAHHE KaHaJ, YyTJHBICTD.
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@. A. [Imawenko, A. A. [Imawenxo, I'. B. [Jogearniok
OTPUUATEJIbHASl YYBCTBUTEJIbHOCTb KPEMHHUEBBIX p—n MEPEXOJ10B KAK IA30BbIX CEHCOPOB

Pesiome

HccnenoBano BausiHMe NapoB amMMmuaka Ha BAX mpsiMoro M o6paTHOrO TOKOB KPEeMHHMEBBIX p—1 TE€PEXON0B C pas/ny-
HbIM ypOBHEeM JerHpoBaHHs. HexoTopele 06pasiiel HMenn aHOMaJbHO BBICOKHE MPSMOH M 0oOpaTHbIN TOKH. OHM MMeJIH OTpH-
LaTesJbHYI0 UYBCTBUTENBHOCTb K MapaM aMMuaka. [IpsiMoll ¥ oO6paTHbIE TOKM yMeHbLIAIUCh C POCTOM MapLUabHOrO JaBJe-
HUS aMMHaka B OKpyxKamollei atmocdepe. [laHHbIH 3(h(eKT 0ObICHAETCS B MPEAINOIOKEHNH, YTO HA MOBEPXHOCTH 71-00JIaCTH
HaXOMASTCS MOHU3UPOBAHHblE aKLENTOPHble LEHTPbl U (DOPMUPYIOT MPOBOASILIME KaHas, KOTOPbIH 3akopauuBaeT p—rn Iepe-
XOZ. AncopOuust MOJIEKYJT aMMHaKa, KOTOpble SIBJISIOTCS JOHOpPaMH B Si, KOMIEHCHPYET MOBEPXHOCTHbIE AKLENTOPbl H yMEHb-
11aeT 3/1eKTPONPOBOJHOCTb KaHalja.

KatoueBble cjoBa: TasoBblli CeHCOp, p—n Mepexol, MOBEPXHOCTHbIE COCTOSIHHS, INPOBOASIIME KaHaJs, YyBCTBHTEJb-
HOCTb.



