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The influence of the adsorption of water molecules on the photosen-
sitivity of a silicon p—n junction with interdigitated back contacts
has been studied. It has been shown that the examined structures
can be used for the creation of effective chemical sensors.

1. Introduction

One of the principles of the creation of semiconductor-
based sensors consists in the use of the influence of the
molecular physical adsorption on the charge state of a
working surface. Just such physical principles are used
in chemical sensors based on the field-effect transistor
structure [1]. The charge variation induces a change in
the near-surface band bending and, as a consequence,
a modification of the surface recombination rate S or
the emergence of an induced p—n junction. In the case
where the substantial variations of the current in some
semiconductor structure are associated with namely ad-
sorption processes at the surface, such a device is ex-
pedient to be used for further experimental researches,
as well as for the optimization of sensors and their de-
velopment. In the case where the base region of a sili-
con junction is illuminated with light belonging to the
strong absorption interval, the photocurrent is known to
depend substantially on S. It is also known that the
shorter the illumination wavelength, the stronger is this
dependence [2]. In the presented work, we study the
structure of this kind, namely, the p—n junction with in-
terdigitated back contacts [3,4]. The main domain of its
usage is solar power engineering. The indicated design
of a solar cell was proposed in 1977 in order to create
thin-film photoconverters to be used in sunlight collec-
tors. It allowed the developers to completely avoid losses
associated with shadowing the “useful area” by the con-
tacts, reduce losses stemming from the recombination of
photoinduced carriers in the emitter, diminish the dark
current and the series resistance of ohmic contacts, and
facilitate operations at composing the unit from separate
structures [5-10].
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The arrangement of ohmic contacts on the same wafer
surface and the peculiarities in the formation of a photo-
signal in structures of this type can be used while devel-
oping chemical sensors as well. The main advantages ex-
pectable from such devices include the elimination of the
aggressive influence of adsorbed substances on the trans-
mission of a useful signal into an external electric circuit
for its registration. Just those reasons were responsi-
ble for the determination of the complex of researches,
whose results are reported in this work.

2. Experimental Technique

The doping levels of the p-type silicon substrate, n-type
emitter, and pT-region in the structures under study
were 106, 102°, and 10'® cm 3, respectively. The area
of ohmic contacts amounted to 0.5 cm?. The thickness
of the pT-region (this region creates an electric field that
“repels” photo-induced carriers from the ohmic contact)
was 1 pum. The distance between interdigitated back
contacts was about 50 pm, and the diffusion length of
minority charge carriers in the substrate was equal to
100 pm. The total substrate thickness was 70 pm. No
layer for the surface passivation or optical loss reduc-
tion at the light reflection was intentionally formed at
the front face of the described structures. The uniform
spreading of the substances over the surface was ensured
by the use of a cover glass about 0.1 mm in thickness. To
create the immediate contact with interdigitated combs
at the dark surface, a silver paste was applied.

The spectral distribution of the photosensitivity was
determined with the help of a standard automated
installation on the basis of an IKS-12 spectrometer
equipped with a mechanical modulator. The modula-
tion frequency was about 445 Hz.

The spatial distribution of the photosensitivity was
studied by scanning the specimen surface with a laser
beam. The illuminating source was a helium-neon laser
with the wavelength A = 0.63 ym. The beam was posi-
tioned, by using a device based on acousto-optic crystals.
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The modulation frequency of the illumination intensity
was 700 Hz [6].

3. Experimental Results and Their Discussion

In Fig. 1, the spectral distributions of the photosensi-
tivity, Q(X), for the described structure in the air envi-
ronment and for the same structure with distilled water
between the cover glass and the illuminated surface are
depicted. Each curve is normalized by the correspond-
ing maximum value Quax. Additionally, we measured
the dependences of the dark current (Fig. 2,a) and the
current under the illumination of the specimen is with
an incandescent lamp (Fig. 2,b) on the external voltage.
It should be noted that the specimens under investiga-
tion were characterized by a good current rectification
of a few orders of magnitude at changing the voltage po-
larity (Fig. 2,a), which evidenced a high quality of the
barrier structure in the p—n junction. Figure 3 illus-
trates the surface distribution of the photosensitivity of
structures.

To explain the results obtained, we assume that the
physical adsorption of water molecules brings about a
modification of the near-surface band bending in a vicin-
ity of the illuminated surface and a change of the sur-
face recombination rate S. If the base region in the sil-
icon junction is illuminated with light belonging to the
strong absorption interval, the photocurrent consider-
ably depends on S. It is a result of competition between
the recombination flux of charge carriers toward the il-
luminated surface and the charge carrier flux toward the
space charge region, just this difference governing the
photocurrent magnitude.

Our calculations were carried out with the use of
the software package PC-1D for simulating a one-
dimensional problem. The results obtained show that,
in the case of a silicon p—n junction with ohmic con-
tacts arranged at opposite surfaces (provided that the
rear surface is illuminated, the base thickness is 150 pm,
the emitter one is 0.3 pm, and the diffusion length of mi-
nority charge carriers is 70 pm), the recombination flux
toward the illuminated surface substantially reduces the
photocurrent induced at short wavelengths. Moreover,
the shorter the wavelength, the stronger is the photocur-
rent dependence on S. In particular, a decrease of the
wavelength by an order of magnitude results in a pho-
tocurrent variation by a factor of five. In our case, the
situation is qualitatively similar to that described above;
although the design features of the examined structure
bring about a distortion of current curves, a consider-
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Fig. 1. Spectral distributions of the quantum efficiency for a p—n
junction with interdigitated back contacts, which either contacts
with distilled water (1) or is in the air environment (2)

able influence of the recombination near the illuminated
surface on the photocurrent can be expected.

It is evident that, besides the photocurrent compo-
nent directed along the light propagation direction (the
y-axis), there also exists a component directed between
the comb contacts (the z-axis). Therefore, the expres-
sion for the quantum distribution of the photosensitiv-
ity in the range of the strong absorption by silicon can-
not be applied straightforwardly for carrying out the nu-
merical estimations [11]. The recombination flux toward
the surface can modify the current component directed
along the y-axis owing to the “capture” of charge carri-
ers by the surface. For the correct results to be obtained
in this case, it is necessary that the model calculations
should be executed with regard for the current compo-
nents along both indicated directions.

With the help of the numerical two-dimensional sim-
ulation, it was calculated the dependences of the short-
circuit current and the open-circuit voltage on the re-
combination rate at the illuminated surface for pho-
toconverters with interdigitated back contacts under
AM 1.5 illumination conditions (Fig. 4) [3]. Although
the computer program Mdraw ISE TCAD 8.5 does not
allow the calculations to be fulfilled for a fixed wave-
length, the results obtained testify that the photocur-
rent substantially depends on the recombination pro-
cesses occurring at the surface. This conclusion remains
true, of course, in the case of the surface illumination
with separate short-wave spectral components as well.
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Fig. 2. Current-voltage characteristics of the examined structure: (a) in dark and (b) under the illumination in air (1) or when contacting

with distilled water (2)

a b
Fig. 3. Surface distributions of the photosensitivity in a p—n junc-
tion with interdigitated back contacts in air (a¢) and when con-
tacting with distilled water (b). Lighter grey colors correspond to
higher photocurrent densities

That is why it can be used for the following considera-
tion.

If the adsorption of water molecules affects the ini-
tial band bending near the illuminated surface (the band
bending increases or decreases with respect to the initial
value), then, according to the Stevenson—Keyes model,
the rate of surface recombination can also change [12,13].
Accordingly, if the parameter S diminishes, the recombi-
nation flux of minority charge carriers (electrons) along
the y-axis decreases, and the total photocurrent density
increases. Therefore, the growth of the photosensitiv-
ity in the spectral range 0.5 pm < A < 0.8 pm is quite
probable just according to this circumstance (Fig. 1).
These results are in good agreement with increase of the
open-circuit voltage by 10% and the short-circuit cur-
rent by 25% (Fig. 2,b), as well as with experimental data
(Fig. 3). Really, when the parameter S diminishes from
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Fig. 4. Calculated dependences of the short-circuit current and
the open-circuit voltage (in the inset) on the recombination rate
at the illuminated surface for a p—n junction with interdigitated
back contacts. The diffusion length is 300 (1) and 100 pm (2)

10* to 102 cm/s (Fig. 4), the results of numerical simu-
lations and the experimentally determined photoconver-
sion parameters become comparable at the qualitative
level. Additional arguments in favor of the substantial
role of recombination processes in a vicinity of the illu-
minated surface can also be obtained from photocurrent
measurements under a permanent illumination with the
use of a violet light-emitting diode with A = 0.4 pm
(Fig. 5).
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Fig. 5. Relative enhancement of the spectral sensitivity for a struc-
ture with interdigitated back contacts when contacting with dis-
tilled water (1) and under the permanent illumination with a light-
emitting diode (2)

The influence of the additional stationary photogen-
eration in such an experiment can be compared qualita-
tively with the effect of a constant voltage applied across
a near-surface “floating” junction, when the light source
is switched on. Such a photogeneration may give rise to
changes in the near-surface band bending and the sur-
face recombination rate S. For this reason, the relative
variation of the photocurrent, (Q(\) — Qo(A))/Qo(N),
decreases if the wavelength increases from 0.6 to 1 pm.
It this case, the fraction of quanta that are absorbed in
the specimen depth increases, and the contribution made
by recombination processes at the illuminated surface
to the photocurrent diminishes. In Fig. 6, the cross-
section of the photocurrent distribution over the sur-
face is depicted in the case where the current is induced
by a laser beam, and the permanent illumination with
a blue light-emitting diode (A = 0.47 pm) is carried
out.

Hence, the permanent illumination can enhance the
sensor response of the structure concerned. To ex-
plain the results obtained, we proceeded from the as-
sumption that the dominant role in recombination pro-
cesses is played by a level with the energy close to
the middle of the energy gap in silicon. However, a
discrete or continuous system of donor-acceptor lev-
els can actually exist at the surface. We hope that
qualitative conclusions hold true in this case as well.
An enhancement of the surface adsorption efficiency
can be attained by using additional layers with re-
quired structural properties. For instance, porous sili-
con is known to be characterized by a developed sur-
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Fig. 6. Distributions of the photo-induced current in a structure

with interdigitated back contacts that contacts with distilled water

under a permanent illumination with a blue light-emitting diode
(solid circles) and without illumination (hollow circles)

face with high adsorption ability. Therefore, one may
suppose that the creation of a thin (less than 2 pm)
porous layer on the surface of a silicon p—n junction
with interdigitated contacts in the course of the elec-
trochemical etching will allow the characteristics of
the described sensor structure to be additionally im-
proved.

4. Conclusions

A possibility of using the structure on the basis of a sil-
icon p—n junction with interdigitated back contacts for
the creation of chemical sensors has been substantiated.
It has been demonstrated that the change of a photosig-
nal that takes place when water molecules are adsorbed
is associated with the variation of the recombination rate
on the illuminated surface.
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OIBNYHI BJIACTHUBOCTI CEHCOPHUX
CTPYKTYP HA OCHOBI KPEMHIEBOI'O
p—n-IIEPEXO/Y 3 3YCTPIYHUMU
I'PEBIHYATVIMU KOHTAKTAMI

HA TUJIbHIN ITIOBEPXHII

0.B. Kosuneyw, C.B. Jlumsunenxo
PesowMme

JocmimzkeHo BILUIMB acopOIil MOJIEKYJT BOAU Ha (POTOUYTIIUBICTH
KPEMHIEBOTO p—n-TIepexoAy i3 3yCTPiYHIMHI I'pebiHIaTHMU KOHTa-
KTaM¥ Ha TWIbHI moBepxHi. [lokazana MOXKJIMBICTD BUKOPUCTAH-
Hsl TaKUX CTPYKTYP [JIsI CTBOPEHHs e(DEKTUBHUX XIMIYHHUX CEHCO-

piB.
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