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REDUCTION OF RECOMBINATION LOSSES
IN NEAR-SURFACE DIFFUSION EMITTER LAYERS
OF PHOTOSENSITIVE SILICON 𝑛+-𝑝-𝑝+ STRUCTURES

When creating an 𝑛+-emitter in photosensitive structures of the 𝑛+-𝑝-𝑝+ type, the structure of
its near-surface layer after the diffusion operation is found to be substantially damaged with in-
creased recombination losses. The influence of additional growing-etching cycles of the silicon
dioxide layer on the emitter surface when manufacturing such photosensitive silicon struc-
tures on their photoelectric and recombination characteristics is studied. It is shown that the
application of such an additional treatment in the production of photosensitive silicon struc-
tures allows the recombination losses to be effectively reduced and, thereby, the photovoltaic
parameters of such structures, including their spectral and threshold photosensitivities, to be
significantly improved.
K e yw o r d s: photosensitive silicon structure, near-surface layer, emitter, recombination
losses, heat treatments, silicon dioxide layer.

1. Introduction
Improving the characteristics of semiconductor pho-
tosensitive structures, in particular, silicon-based
ones, which serve as a basis for the creation of such
photosensitive devices as solar cells, photodiodes,
photosensors, coordinate-sensitive elements, and oth-
ers remains a challenging task for a long time [1–
3]. This goal can be achieved in three ways: (i) by
reducing the recombination losses of photogenerated
non-equilibrium charge carriers in the emitter and
base regions of the photosensitive silicon structure
(PSS), (ii) by reducing optical losses via the re-
flection of light from the PSS photoreceptive sur-
face, and (iii) by reducing ohmic losses induced by
the negative effect of the insufficiently small series
resistance and the insufficiently large shunt one of
the PSS.
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To reduce recombination losses, it is necessary to
minimize the rate of recombination processes on the
front and rear surfaces of the photosensitive struc-
ture, as well as in the bulk of its emitter and base
regions. In this case, a reduction of recombination
losses in the PSS base region and a decrease of the
surface recombination rate at the PSS rare surface
will increase the long-wave sensitivity of this struc-
ture. At the same time, a reduction of recombination
losses in the heavily doped emitter region (the Auger
recombination) and a decrease of the surface recom-
bination rate at the front surface of the PSS will in-
crease its short-wave sensitivity. It should be noted
that a low level of recombination losses must also be
provided in an already manufactured photosensitive
device, because silicon undergoes various active phys-
ical and chemical treatments during the manufacture
of a photosensitive structures, and those treatments
can change the recombination characteristics of man-
ufactured structures [4–9].

When fabricating PSSs with a classical design (the
base is of the 𝑝-type, the thin heavily doped emitter
region is formed near the photoreceiving surface of
the device, and the base region with a moderate dop-
ing level and the opposite conductivity type is located
between the emitter region and the heavily doped an-
tirecombination 𝑝+-layer and the rear contact), the
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initial stages of the surface oxidation of the highly
doped emitter 𝑛+-layer in such device, which was cre-
ated via the thermal diffusion of phosphorus, were
found to proceed much faster in comparison with the
typical oxidation rates of the surface of moderately
doped single-crystalline silicon. Additional studies of
the surface morphology of the emitter 𝑛+-region using
the raster electron microscopy method showed that
it has a highly defective, loose, and pore-like struc-
ture. It was suggested that such structural damage
may be a result of the enhanced recombination losses
in the PSS emitter region, which negatively affects its
photoelectric parameters, in particular, the thresh-
old sensitivity and the photosensitivity in the short-
wavelength spectral region, the short-circuit current,
and the open-circuit voltage. On the other hand, it is
known that heat treatment operations are widely and
successfully used to create Si–SiO2 systems with good
microstructural and electrophysical properties of the
Si–SiO2 interface [10–14].

The aim of this work is to study, in detail, the
mechanisms of recombination losses in photosensi-
tive 𝑛+-𝑝-𝑝+ silicon structures and search for ways
to improve their photoelectric parameters and spec-
tral sensitivity. We will try to decrease the recombina-
tion losses associated with the Auger recombination
in their emitter layer (by optimizing the doping level
of the latter) and to reduce the surface recombination
(via passivating the front surface by means of a sili-
con dioxide layer with a built-in positive charge and
creating the Si–SiO2 interface with higher-quality mi-
crostructural and electrophysical properties).

2. Experimental Specimens and Methods

Experimental studies were carried out on PSS speci-
mens with combined diffusion-field barriers [15]. Dif-
fusion-field barriers are created both with the help
of the thermal diffusion of shallow doping impurities
and owing to the built-in positive charge 𝑁𝑆0 of the
silicon dioxide layer deposited onto the surface of the
𝑛+-diffusion emitter layer (see Fig. 1, 𝑎). The appli-
cation of photosensitive silicon-based structures with
combined diffusion-field (induced) barriers makes it
possible to combine the advantages of the diffusion
and inversion PSSs and get rid of their disadvan-
tages [15–17].

The presence of a strong electric field (105–
106 V/cm) in PSSs with induced barriers and a small

a

b
Fig. 1. Band diagram (𝑎) and schematic diagram (𝑏) of a
photosensitive silicon structure with combined diffusion-field
barriers

depth of the induced junction location (≤0.1 𝜇m)
lead to the situation, when practically all electron-
hole pairs generated by electromagnetic (light) irradi-
ation in the near-surface region of silicon are brought
apart without recombination by the field, so that they
can contribute to the photocurrent. As a result, two
positive effects take place [15–17]. First, even a rel-
atively high concentration of electronic states at the
dielectric-semiconductor interface weakly affects the
surface recombination rate at the illuminated PSS
surface and the photocurrent magnitude. Second, the
short-wavelength photosensitivity in PSSs with in-
duced barriers turns out much higher than in ordi-
nary diffusion PSSs, which allows the former to be
used, in particular, in ultraviolet radiation detectors.

The experimental PSS specimens were fabricated
on the basis of KDB-9 silicon plates with the 𝑝-
type conductivity, the specific resistance 𝜌 ≈ 9 Ω cm
(the concentration of the doping acceptor impurity
𝑁𝑎 = 1.51 × 1015 cm−3), a thickness of 380 𝜇m,
and an area of 5× 5 mm2. The 𝑛+-type emitter was
formed by the thermal diffusion of phosphorus for
26 min at the temperature 𝑇 = 940 ∘C. For the pas-
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sivation of the specimen and the reduction of optical
losses, a two-layer anti-reflective SiO2 + Si3N4 coat-
ing was deposited onto the front (illuminated) sur-
face of the specimens. To reduce the recombination
at the metal-silicon contact, an anti-recombination
𝑝-𝑝+ junction [15] was formed on the rear specimen
surface by the thermal diffusion of boron for 20 min
at 𝑇 = 985 ∘C. Afterward, a continuous aluminum
contact was deposited onto it. An aluminum contact
in the form of a grid of narrow “fingers” connected
to a wider busbar was created on the photo-receptive
front surface (Fig. 1, 𝑏). The shaded area of the front
surface did not exceed 7%.

In order to study whether it is possible to improve
the characteristics of examined photosensitive struc-
tures by reducing the recombination losses in their
emitter 𝑛+-region, the frontal photoreceptive surfaces
of the emitter layer of the specimens belonging to dif-
ferent experimental groups, but manufactured in the
same technological process were subjected to addi-
tional (from one to three) treatment cycles (the etch-
ing and growing of the oxide layer), which was aimed
at transforming the thin near-surface porous silicon
layer into a silicon dioxide one and then removing the
latter by the subsequent etching. The SiO2 layer was
grown in the chlorine environment (in HCl vapors)
for 40 min at a temperature of 1050 ∘C and then
etched off in the hydrofluoric acid. Afterward, the
specimens were thoroughly washed in deionized wa-
ter. The thickness of the thermally grown SiO2 layer
before its etching was 110± 10 nm. After the manu-
facturing process was completed, the following stud-
ies were performed for various experimental groups of
PSS specimens:

∙ the measurements of the light current-voltage
characteristics (CVCs) under standard AM0 condi-
tions (the energy illuminance 𝑃𝐿 = 1360 W/m2, the
temperature 𝑇 = 25 ∘C); the results were used to
determine the main photoelectric and recombination
parameters;

∙ the measurements of the spectral dependences of
the short-circuit current under the automatic main-
tenance of a constant energy illuminance level in a
wavelength interval of 400–1200 nm; the results were
used to determine the spectral dependences of the ex-
ternal quantum efficiency;

∙ the measurements of the dark CVCs; the results
were used to determine the dark reverse current val-
ues at applied voltages of 0.01, 1, and 5 V.

The obtained results were compared with anal-
ogous characteristics and parameters obtained for
the PSS specimens in the control group. The latter
were manufactured in the same technological pro-
cess, but without the mentioned additional growing-
etching cycles of the oxide layer on their photorecep-
tive surfaces. Every experimental group included 8–
10 specimens.

The analysis of the light CVCs makes it possible, in
particular, to study the behavior of the short-circuit
current in photosensitive structures. Its value is de-
termined by the collection efficiency of photogener-
ated charge carriers. By analyzing the spectral de-
pendences of the short-circuit current, it is possible
to determine the peculiarities in the evolution of re-
combination processes, which, in turn, affect the col-
lection efficiency of non-equilibrium charge carriers in
those photosensitive structures. The determination of
the values of the reverse dark currents at various ap-
plied voltages also allows a comparative study of the
levels of recombination losses in manufactured speci-
mens belonging to different groups. Furthermore, the
lower the values of the dark currents, the higher the
threshold sensitivity, which is an extremely important
characteristic for photosensitive structures intended
for the manufacture of photosensors.

It should be added that the measurements of light
CVCs and spectral dependences were carried out on
a metrologically certified bench base, namely, on an
installation for phototechnical tests of solar cells and
an installation for determining the relative spectral
characteristics of photoconverters, respectively, at the
Center for testing photo-conversion devices and pho-
tovoltaic arrays of the V. Lashkaryov Institute of
Semiconductor Physics of the National Academy of
Sciences of Ukraine, which was certified by the State
authorities of Ukraine for technical competence and
independence [18, 19].

3. Experimental Results
and Their Discussion

The results of experimental studies demonstrate that
additional heat treatments brought about a substan-
tial decrease of the rate of emitter surface oxidation
followed by its stabilization. This fact testifies to the
removal of the pore-like structurally imperfect near-
surface layer in the course of the diffusional creation
of the emitter.
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The light CVCs were measured for experimental
PSS specimens in all groups. The specimens in the
control group (group 0) were not subjected to the ad-
ditional heat treatments and the removal of the oxide
layer that was formed on the emitter 𝑛+-layer when
those specimens were produced. The specimens in
groups 1 to 3 underwent an additional heat treatment
in the form of the cycles of the etching and thermal
growth of the SiO2 layer on their front surfaces. The
group numbers correspond to the number of ad-
ditional growing-etching cycles. The obtained light
CVCs were used to determine the photovoltaic pa-
rameters and the effective lifetime of non-equilibrium
minor charge carriers in the manufactured experimen-
tal PSS specimens belonging to various groups.

In order to determine the lifetime of non-equilib-
rium electrons, we used an approach that was devel-
oped and described in detail in works [20–22]. Here,
we describe it in a somewhat simplified form. Using
the generation-recombination balance equation for an
open PSS circuit in the approximation that light ab-
sorption is uniform over the specimen thickness, we
obtain

𝑅 =
Δ𝑛oc

𝜏eff
= 𝐺 =

𝐽sc
𝑞𝑑

, (1)

1

𝜏eff
=

1

𝜏𝑏
+

1

𝜏𝐴
+

𝑆Σ

𝑑
, (2)

𝐽sc = 𝑞
𝑑

𝜏eff
Δ𝑛oc, (3)

where 𝐽sc is the short-circuit current density, 𝑞 the
elementary charge, 𝑑 the thickness of the PSS base
region, 𝜏eff the effective lifetime of non-equilibrium
electron-hole pairs, 𝜏𝑏 the bulk lifetime, 𝜏𝐴 the life-
time before the recombination according to the Auger
mechanism, 𝑆Σ the sum of surface recombination
rates at both surfaces, and Δ𝑛oc the excess concen-
tration of electron-hole pairs under open-circuit con-
ditions. The latter parameter is given by the equa-
tion [20–22]

Δ𝑛oc = −𝑛0

2
+
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𝑛2
0

4
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)︂
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where 𝑛0 is the equilibrium concentration of electron-
hole pairs (for the studied PSS specimens, it is de-
termined by their doping levels), 𝑉oc the open-circuit
voltage, and 𝑛𝑖 the intrinsic concentration of electron-
hole pairs in silicon. The temperature dependence of

𝑛𝑖 is given by the expression [23]

𝑛𝑖 (𝑇 ) = 2.9135× 1015 𝑇 1.6 exp

(︂
−𝐸𝑔 (𝑇 )

𝑘𝑇

)︂
, (5)

where

𝐸𝑔(𝑇 ) = 1.17 + 2.143× 10−5 𝑇 − 7.85× 10−7 𝑇 2 +

+6.835× 10−10 𝑇 3 (6)

is the temperature dependence of the band gap width
in silicon [24].

Note that the band-narrowing effect [20] is not
taken into account in Eq. (4). This approximation is
valid, if the Δ𝑛oc-values are not very high (Δ𝑛oc .
. 1015 cm−3).

From Eq. (3), we obtain the following dependence
of the effective lifetime on the excitation (injection)
level:
𝜏eff(Δ𝑛oc) =

𝑞𝑑Δ𝑛oc

𝐽sc
. (7)

In our case, the effective lifetime of non-equilibrium
electron-hole pairs in PSSs is mainly determined by
the bulk recombination, the interband and exciton
Auger recombination, and the surface recombination
[25, 26],

𝜏eff ≈
(︂
1

𝜏𝑏
+

1

𝜏𝐴
+

𝑆0

𝑑

)︂−1

, (8)

where 𝑆0 is the surface recombination rate at the front
surface. It should be noted that only such parameters
as 𝜏𝐴 and 𝑆0 change owing to the growing-etching
processes of the oxide layer on the front surface.

The values of the photoelectric and recombination
parameters determined for the fabricated experimen-
tal PSS specimens from various groups are shown in
Table 1. As one can see from the presented results,
the values of the short-circuit current in the speci-
mens of group 1 (after one growing-etching cycle of
the oxide layer on the front surface of the photosen-
sitive structures) increased by approximately 10% in
comparison with the specimens of the control group 0
(from 5.7–5.8 to 6.3–6.4 mA), and the values of the
open-circuit voltage by about 3% (from 590–595 to
605–615 mV). The effective lifetime of minor charge
carriers also increased, which testifies to a positive
effect of the additional heat treatment and is a con-
sequence of a substantial reduction of the recombi-
nation rates at the surface and in the near-surface
layer of the emitter region. The application of two
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Fig. 2. Typical spectral dependences of the external quan-
tum efficiency EQE obtained for the experimental specimens
of photosensitive structures from control group 0 (squares) and
group 1 (triangles). Curves 1 and 2 show the simulation results
obtained for experimental spectra using the PC-1D program.
Curve 3 is the spectral dependence of the reflection coefficient
for the SiN𝑥–SiO2 system calculated taking multiple reflections
in the specimen into account

Table 1. Influence of the number
of additional growing-etching cycles of the SiO2

layer on photoelectric and recombination
parameters of experimental PSS specimens

Group

Number of
additional

heat
treatments

Short-
circuit
current
𝐼sc, mA

Open-
circuit
voltage
𝑉oc, mV

Effective
lifetime
𝜏eff , 𝜇s

0 0 5.7–5.8 590–595 99–100
1 1 6.3–6.4 605–615 160–162
2 2 5.1–5.9 575–600 64–111
3 3 5.7–6.4 595–610 104–157

and three cycles of the oxide layer growing-etching
does not increase further the values of photovoltaic
parameters and effective lifetime in comparison with
those for the specimens of group 1. On the contrary,
some deterioration of the photovoltaic parameters is
observed, which, as is known, may be associated with
the formation of recombination centers in the bulk,
if the total time of high-temperature treatments dur-
ing the oxidation process is long (see, for example,
works [27, 28]).

The analysis of the results obtained for the spectral
dependences of the external quantum efficiency, EQE,
showed that the value of the spectral photosensitivity
in a wavelength interval of 400–800 nm increased con-

siderably for the experimental specimens in group 1
(they were fabricated using one cycle of the oxide
layer growing-etching on their front surfaces) in com-
parison with the corresponding value obtained for the
experimental specimens in control group 0 (they were
fabricated with no additional growing-etching cycles
of the SiO2 layer, Fig. 2). In particular, the value of
spectral photosensitivity became approximately twice
as large at a wavelength of 400 nm. Such a photosen-
sitivity growth is connected with a decrease of recom-
bination losses in the emitter due to the removal of its
near-surface porous layer via the additional operation
of the oxide layer growing and etching. Additional
(two or three) growing-etching cycles lead to a cer-
tain photosensitivity reduction in a wavelength inter-
val of 400–800 nm for the experimental specimens in
groups 2 and 3 in comparison with that for the spec-
imens in group 1, which may also be associated with
the formation of bulk recombination centers, if the to-
tal time of high-temperature treatments is long. Ne-
vertheless, the specimens in groups 2 and 3 had a
much higher photosensitivity in a wavelength inter-
val of 400–800 nm as compared with the specimens
in control group 0; in particular, the photosensitivity
value at a wavelength of 400 nm for the specimens in
groups 2 and 3 was 1.5–1.8 times higher in compari-
son with that for the specimens in the control group.

The experimental spectral dependences of the ex-
ternal quantum efficiency EQE for the PSS specimens
in groups 0 (control) and 1 were simulated using the
PC-1D software program [29]. The simulation results
are shown in Fig. 2 (curves 1 and 2 ). One can see a
good agreement between the experimental and the-
oretical dependences. The parameters of theoretical
curves are quoted in Table 2.

From the analysis of the data in Table 2, it follows
that even if one additional growth-etching cycle for
the SiO2 layer is performed, the surface recombina-
tion rate at the front surface decreases by two orders
of magnitude, and the maximum surface concentra-
tion of major carriers decreases by a factor of five,
to 3× 1019 cm−3. The resistance of the emitter layer
becomes approximately 3 times lower at that. The de-
crease in the surface concentration of major carriers
leads to a substantial decrease of the Auger recombi-
nation rate in the emitter layer. Hence, the reduction
of the surface and Auger recombination rates gives
rise to the growth of the effective lifetime in the PSS
in accordance with Eq. (8).
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a b c
Fig. 3. The influence of the number of additional growing-etching cycles of the SiO2 layer on the average value of reverse dark
currents 𝐼𝑟 in experimental PSS specimens for various values of the applied reverse voltage 𝑉𝑟 = 0.01 (𝑎), 1 (𝑏), and 5 V (𝑐)

It was already mentioned that the determination
of the reverse dark current values at various applied
voltages makes it possible to carry out a comparative
study of the recombination loss levels in the emitter
layers of the manufactured PSS specimens from dif-
ferent groups and, accordingly, their threshold sensi-
tivities. The distributions of the reverse dark current
values over the groups of the examined experimental
specimens at various applied voltages (0.01, 1, and
5 V) are shown in Fig. 3.

The dependences of the reverse current on the ap-
plied voltage (𝐼𝑟(𝑉𝑟), the reverse branch of the dark
CVC) are shown in Fig. 4. The plots are exhibited
on the log-log scale in order to demonstrate the to-
tal range of the reverse current variation, because
the specimens from control group 0 had reverse cur-
rents by orders of magnitude larger than the spec-
imens from other groups. If the same dependences
are plotted on the linear scale along both axes, their
character can be determined. In particular, the de-
pendences 𝐼𝑟(𝑉𝑟) for the specimens from groups 0
and 1 have a sublinear character and the increas-
ing values of the equivalent shunt resistance, as the
reverse voltage increases; the dependences for the
specimens from group 2 have a superlinear character
and the decreasing values of the equivalent shunt re-
sistance. Finally, the dependences for the specimens
from group 3 have a character close to linear (see Ta-
ble 3). Those specific features can be used to select
the optimal mode for the operation of such structures
with the reverse bias.

From the analysis of the data depicted in Figs. 3
and 4, one can see that the values of the reverse
dark currents for the experimental PSS specimens in
group 1 are lower by more than an order of magnitude

Fig. 4. Reverse branches of the dark CVCs for PSS specimens
subjected to various numbers of growing-etching treatment cy-
cles of the SiO2 layer and without etching the SiO2 layer (initial
control group 0, squares)

Table 2. Parameters of theoretical
spectral dependences of EQE (Fig. 2)

Parameter Curve 1 Curve 2

Base thickness, 𝜇m 380 380
Base doping level, cm−3 1.5× 1015 1.5× 1015

Lifetime in the base, s 1.6× 10−4 1.6× 10−4

Emitter doping
profile Erfc Erfc
peak level, cm−3 3× 1019 1.5× 1020

layer resistance, Ω/� 90 26
Surface recombination
rate, cm/s

front surface 103 105

rare surface 103 103

SiO2 layer thickness, nm 30 30
Si3N4 layer thickness, nm 45 45
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in comparison with the values obtained for the exper-
imental PSS specimens in control group 0. A larger
number of the growing-etching cycles for the oxide
layer on the emitter surface (not at all applied volt-
age values) leads to a further reduction of the reverse
dark current values. However, it should be noted that,
after three growing-etching cycles, the reverse dark
currents in the experimental PSS specimens (group 3)
were almost two orders of magnitude lower in com-
parison with the values obtained for the specimens
from the control group.

To explain the obtained results, let us apply the
analysis of the data presented in works [30, 31]. In
[]30], the “self-gettering” effect was revealed which
occurred, when the active emitter 𝑛+-regions were
formed in 𝑝-type silicon using the thermal diffu-
sion of phosphorus. Namely, the volume of the sil-
icon substrate became, to a great extent, cleared
of generation-recombination complexes, which mani-
fested itself in the growth of the diffusion path length
of minor charge carriers, the homogenization of the
recombination characteristics of the space charge re-
gion, as well as the diminishing of the reverse currents
to the current saturation level of the reverse-biased
𝑛+-𝑝-junction typical of a defect-free material, simul-
taneously with the deterioration of the recombina-
tion parameters of the 𝑛+-region owing to its con-
tamination with impurities and defects gettered from
the bulk and rapidly diffusing. Just the features in-
dicated above were observed in the photovoltaic pa-
rameters of the studied structures, when thermally
growing silicon oxide, first of all for the structures of
groupe 1. In work [31], it was also proved that, when
creating 𝑛+-𝑝-junctions in 𝑝-type silicon plates in the
standard diffusion modes used in industry, the effect

Table 3. Influence of the number
of additional growing-etching cycles
of the SiO2 layer on the equivalent shunt
resistance of experimental PSS specimens

Group
Reverse voltage, V

0.01 1 5

Equivalent shunt resistance, Ω

0 6.06× 106 2.00× 107 2.59× 107

1 1.25× 108 7.69× 108 1.82× 109

2 1.67× 108 4.20× 108 2.38× 108

3 3.33× 108 1.92× 109 1.37× 109

of recombination-impurity gettering takes place, and
the effective lifetime of non-equilibrium charge carri-
ers in the bulk grows.

Thus, in our case, during the primary formation of
the emitter 𝑛+-region in the experimental PSS speci-
mens of all groups, the “self-gettering” effect [30] takes
place, i.e., the volume of the silicon wafer becomes
cleared from recombination impurities and defects,
which are removed into the heavily doped 𝑛+-region
because of the increased solubility of metal impurities
in phosphorus-doped silicon [32, 33]. Therefore, as a
result of the concentration growth of the recombina-
tion centers in the 𝑛+-region, the surface recombina-
tion rate increases, and the photosensitivity decreases
in the short-wavelength spectral region at the wave-
lengths 𝜆 < 600 nm. The volume of the silicon sub-
strate becomes, to a great extent, cleared of rapidly
diffusing impurities and defects, which is manifested
in the longer lifetime of minor charge carriers in the
base 𝑝-region of experimental PSS specimens. The
further heat treatment of the specimens (for 10 min
in the case of the specimens from group 0 and 40 min
in the case of the specimens from groups 1, 2, and 3)
at a temperature of 1050 ∘C during their oxidation
in HCl vapors favors the additional gettering and the
effect enhancement. As a result, the gettered recom-
bination impurities and defects in the specimens of
groups 1, 2, and 3 transit into the grown silicon ox-
ide layer with a thickness of 110 ± 10 nm. The sub-
sequent etching of this oxide layer fulfils two task:
a) it removes recombination impurities and defects,
and b) it controllably reduces the thickness of the
heavily doped 𝑛+-region, thus reducing the negative
effect of the interband and exciton Auger recombina-
tion [15]. Analogous processes take place during the
further oxidation-etching cycles.

The simulation results for the spectral dependences
of the external quantum efficiency, which were ob-
tained using the PC-1D program and described ear-
lier, confirm the proposed model representation of the
processes occurring in the researched PSS specimens.

Additional oxidation-etching treatments of the
specimens in groups 1, 2, and 3 prolong the effec-
tive lifetime (Table 1). It occurs, first of all, owing to
the reduction of the recombination rate at the surface
and in the emitter [Eq. (8)]. As a result, a substan-
tial increase of the short-wavelength photosensitivity
(Fig. 2), a growth of the short-circuit current and
open-circuit voltage, and a decrease of the reverse
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current values within the whole interval of applied
reverse voltages (Figs. 3 and 4) take place, i.e., all
main characteristics of PSSs become better.

As one can see from the presented data, the most
pronounced improvement of the parameters of the re-
searched PSS specimens was attained after the first
additional oxidation-etching treatment, which testi-
fies that the initial silicon was rather pure and with
a low concentration of recombination impurities and
defects. This conclusion is also evidenced by rather
large lifetime values for non-equilibrium minor charge
carriers in the specimens of group 0.

To summarize, note that the application of one
to three cycles of the oxide layer growing-etching on
the emitter surface with combined diffusion-field (in-
duced) barriers considerably diminishes the level of
recombination losses in the examined specimens, in-
creases the short-wave spectral photosensitivity, and
significantly improves the threshold photosensitivity
of PSSs.

4. Conclusions

As a result of the research carried out in this work, it
is found that the surface of a heavily doped emitter
layer created by the diffusion contains a thin near-
surface damaged region with a porous structure. This
region induces considerable recombination losses in
photosensitive silicon structures, which are responsi-
ble for a strong reduction of the values of the short-
circuit current, the open-circuit voltage, the effective
lifetime of non-equilibrium current carriers, and the
photosensitivity in the short-wave spectral interval at
wavelengths of 400–800 nm. A high level of recombi-
nation losses is confirmed by appreciable values of re-
verse dark currents and is the origin of a low threshold
sensitivity of such structures.

It was experimentally shown that the additional
heat treatment of the specimens in the HCl envi-
ronment, which includes etching-growing cycles for
the silicon dioxide layer on the surface of the emit-
ter layer during the manufacture of a photosensi-
tive structure, is an effective tool to reduce the re-
combination losses via the removal of the damaged
porous layer and diminish the rate of Auger recom-
bination in the emitter. As a result, the photosensi-
tivity and the efficiency of such structures substan-
tially increase. Furthermore, the indicated additional
heat treatment considerably improves the threshold

characteristics of the silicon photosensitive structures:
their threshold sensitivity increases by more than an
order of magnitude after one growing-etching cycle of
the oxide layer on the emitter surface and by almost
two orders of magnitude after three cycles.

Model representations are proposed for the mech-
anisms giving rise to the reduction of recombina-
tion losses in the emitter layer of photosensitive
silicon structures with combined diffusion-field (in-
duced) barriers, if the growing-etching cycles of the
silicon dioxide layer on the surface of the emitter
layer are applied when manufacturing a photosensi-
tive structure.
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ЗМЕНШЕННЯ РЕКОМБIНАЦIЙНИХ
ВТРАТ У ДИФУЗIЙНИХ ПРИПОВЕРХНЕВИХ
ЕМIТЕРНИХ ШАРАХ ФОТОЧУТЛИВИХ
КРЕМНIЄВИХ СТРУКТУР 𝑛+-𝑝-𝑝+

Встановлено, що пiсля проведення операцiї дифузiї при
створеннi 𝑛+-емiтера фоточутливих структур типу 𝑛+-𝑝-𝑝+

його приповерхневий шар має значнi структурнi пошкодже-
ння з пiдвищеними рекомбiнацiйними втратами. Проведено
дослiдження впливу додаткових обробок у виглядi циклiв
стравлювання-вирощування шару двоокису кремнiю на по-

верхнi емiтера при виготовленнi таких фоточутливих крем-
нiєвих структур на їхнi фотоелектричнi i рекомбiнацiйнi ха-
рактеристики. Показано, що застосування таких додатко-
вих обробок у процесi виготовлення фоточутливих кремнi-
євих структур дозволяє ефективно зменшити рекомбiнацiй-
нi втрати i, тим самим, значно покращити фотоелектричнi
параметри таких структур, в тому числi i їхню спектральну
та порогову фоточутливiсть.

Ключ о в i с л о в а: фоточутлива кремнiєва структура,
приповерхневий шар, емiтер, рекомбiнацiйнi втрати, термо-
обробки, шар двоокису кремнiю.
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