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NEGATIVE SENSITIVITY OF SILICON p#n JUNCTIONS  
AS GAS SENSORS

The influence of ammonia vapors on I—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.

the p-n junctions were linear. The values of the 
doping concentrations gradient correlated with 
the breakdown voltages and were in the range 
between 4.5·1021 сm–4 and 4,5·1023 сm–4, as 
evident from Tab. 1.

T a b l e  1
Parameters of samples

Number of the 
sample 1 2 3 4

Breakdown volt-
age, Volts 3.3 5.1 8.2 18

Gradient of the 
doping concen-
trations, сm–4

4.5·1023 5.1·1022 2.6·1022 4.6·1021

Ideality coeffi-
cient of I—V 
cur ve

1.82 2.89 1.44 2.92

Depletion  layer 
width from 
C—V curve, nm

60 93 125 248

Depletion  layer 
width from  
I—V curve, nm

44 37 54 36

I—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 I—V 
curve can be described with the expression

 I(V) = I0 exp[qV/(nt kT)], (1)

where I0 for each sample is a constant; q is 
the electron charge; V denotes bias voltage; 
k is the Boltzmann constant; T is temperature; 
nt is the ideality coefficient. The ideality coeffi-
cients for all the studied samples are  presented 
in Tab. 1.

Ideality coefficients of all the I—V character-
istics essentially exceed the ideal value nt = 1. 

1. INTRODUCTION

P—n junctions as gas sensors [1, 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 III—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 I—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 
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Deviation from the value nt = 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]
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where nt0 = 1 or nt0 = 2 for related recombina-
tion mechanisms; h is the Plank constant; mt 
is the tunnel effective mass of current carri-
ers; wV is a parameter of the non-homogenei-
ty of the p—n junction, which is used in the 
expression
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where w is the local p—n junction width at 
voltage V; φ0 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 I—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 I—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 10–8 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 I—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

 SI = ΔI /ΔP, (4)

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

Fig. 4 presents I—V characteristics of re-
verse current in the p—n junction with break-
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Fig. 1. I—V characteristics of the forward current in p—n 
structures with different breakdovn voltages, Volts: 1 — 8.2; 

2 — 3.3; 3 — 5.1; 4 — 18
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Fig. 2. I—V characteristics of the reverse current in p—n 
structures with different breakdovn voltages, Volts: 1 — 3.3; 

2 — 5.1; 3 — 8.2; 4 — 18
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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 1—4 shows that adsorption of 
ammonia molecules does not increase the cur-

rent. The current in ammonia vapors is lower, 
than in dry air. And the sensitivity of this sam-
ple is negative, namely SI = – 20 µA/kPa at 
a bias voltage of 4 V and SI = – 0.7 µA/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

 SR = ΔI /(I0ΔP), (5)

where I0 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 
sensi tivity of a “normal” sample SR = 10 kPa–1 
at V = 1 V and for the “anomalous” one 
SR = – 0,7 kPa–1 at the same bias. A relative 
sensitivity of this sample reaches a  value of 
– 10 kPa–1 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 3 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 NH3 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
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Fig. 4. I—V characteristics of the reverse current in p—n 
structure with breakdown voltage of 18 Volts, measured 
in air (1) and in air with ammonia vapors of partial pres-

sure: 2 — 100 Pa; 3 — 500 Pa; 4 — 1000 Pa
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Fig. 3. I—V characteristics of the reverse current in p—n 
structure with breakdown voltage of 5.1 Volts, measured 
in air (1) and in air with ammonia vapors of partial pres-

sure: 2 — 100 Pa; 3 — 500 Pa; 4 — 1000 Pa
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junction is placed in ammonia vapors, NH3 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 NH3, 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.

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.

REFERENCES

 1. Ptashchenko O. O., Artemenko O. S., Ptashchen-
ko F. O. Vliyanie gazovoi sredy na poverkhnostnyi tok v 
p—n geterostrukturakh na osnove GaAs—AlGaAs // Fisika 
i khi miya tverdogo tila. — 2001. — V. 2, № 3. — P. 481—485.

 2. Ptashchenko O. O., Artemenko O. S., Ptashchen-
ko F. O. Vplyv pariv amiaku na poverkhnevyi strum v p—n 
perekhodakh na osnovi napivprovidnykiv А3В5 // Journal 
of physical studies. — 2003. — V. 7, № 4. — P. 419—425.

 3. Bugayova M. E., Koval V. M., Lazarenko B. I. et 
al. Gazovi sensory na osnovi oksydu tsynku (oglyad) // 
Sensorna electronika i mikrosystemni tehnologii. — 2005. — 
№ 3. — P. 34.

 4. Baluba V. I., Gritsyk V. Y., Davydova T. A. et al. 
Sensory ammiaka na osnove diodov Pd-n-Si // Fizika i tekhni-
ka poluprovodnikov. — 2005. — V. 39, № 2. — P. 285—288.

 5. Ptashchenko O. O., Artemenko O. S., Dmyt ruk M. L. 
et al. Effect of ammonia vapors on the surface morpholo-
gy and surface current in p-n junctions on GaP. // Photo-
electronics. — 2005. — No. 14. — P. 97—100.

 6. Ptashchenko F. O. Effect of ammonia vapors on 
surface currents in InGaN p—n junctions // Photoelectro-
nics. — 2007. — No. 17. — P. 113—116.

 7. Ptashchenko F. O. Vplyv pariv amiaku na poverkh-
nevyi strum u kremniyevykh p—n perekhodakh // Visnyk 
ONU, ser. Fizyka. — 2006. — V. 11, № 7. — P. 116—119.

 8. Ptashchenko O. O., Ptashchenko F. O., Yemets O. V. 
Effect of ammonia vapors on the surface current in silicon 
p—n junctions // Photoelectronics. — 2006. — No. 16. — 
P. 89—93.

 9. Ptashchenko O. O., Ptashchenko F. O., Yemets O. V. 
Effect of ambient atmoswphere on the surface current 
in silicon p—n junctions // Photoelectronics. — 2009. — 
No. 18. — P. 28—32.

10. Рtashchenko A. A., Ptashchenko F. A. Tunnel sur-
face recombination in p—n junctions // Photoelectronics. — 
2000. — № 10. — P. 69—71.

11. Vashpanov Yu. A., Smyntyna V. A. Adsorbtsionna-
ya chuvstvitel’nost’ poluprovodnikov. — Odessa: Astro print, 
2005. — 216 p.

UDC 621.315.592

F. O. Ptashchenko, O. O. Ptashchenko, G. V. Dovganyuk

NEGATIVE SENSITIVITY OF SILICON p—n JUNCTIONS AS GAS SENSORS

Abstract
The influence of ammonia vapors on I—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.
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НЕГАТИВНА ЧУТЛИВІСТЬ КРЕМНІЄВИХ p—n ПЕРЕХОДІВ ЯК ГАЗОВИХ СЕНСОРІВ

Резюме
Досліджено вплив парів аміаку на ВАХ прямого і зворотного струмів кремнієвих p—n переходів з різним рів-

нем легування. Деякі зразки мали аномально високі прямий і зворотний струми. Вони мали негативну чутливість до 
парів аміаку. Прямий і зворотний струми зменшувалися зі зростанням парціального тиску аміаку в навколишній ат-
мосфері. Даний ефект пояснюється у припущенні, що на поверхні n-області знаходяться іонізовані акцепторні центри 
і формують провідний канал, який закорочує p—n перехід. Адсорбція молекул аміаку, які є донорами в Si, компен-
сує поверхневі акцептори і зменшує електропровідність каналу.

Ключовi слова: газовий сенсор, p-n перехід, поверхневі стани, провідний канал, чутливість.
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ОТРИЦАТЕЛЬНАЯ ЧУВСТВИТЕЛЬНОСТЬ КРЕМНИЕВЫХ p—n ПЕРЕХОДОВ КАК ГАЗОВЫХ СЕНСОРОВ

Резюме
Исследовано влияние паров аммиака на ВАХ прямого и обратного токов кремниевых p—n переходов с различ-

ным уровнем легирования. Некоторые образцы имели аномально высокие прямой и обратный токи. Они имели отри-
цательную чувствительность к парам аммиака. Прямой и обратный токи уменьшались с ростом парциального давле-
ния аммиака в окружающей атмосфере. Данный эффект объясняется в предположении, что на поверхности n-области 
находятся ионизированные акцепторные центры и формируют проводящий канал, который закорачивает p—n пере-
ход. Адсорбция молекул аммиака, которые являются донорами в Si, компенсирует поверхностные акцепторы и умень-
шает электропроводность канала.

Ключевые слова: газовый сенсор, p—n переход, поверхностные состояния, проводящий канал, чувствитель-
ность.


