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Abstract—The mechanism of charge transfer in a new-type selective (with a tunable spectrum) injection
photodetector based on the M(In)—n-CdS—p-Si—M(In) structure with the internal amplification has been
analyzed. It has been shown that, in this structure, there is a mutual compensation of the drift and diffusion
fluxes of charge carriers. The counter drift and diffusion fluxes of nonequilibrium carriers at reverse current
densities 7 ~ 1078—10~7 A/cm? lead to the appearance of sign-reversal points of the photosensitivity in the
short-wavelength and long-wavelength regions of the spectrum. The mutual compensation of the counter
drift and diffusion current fluxes at current densities of the order of ~10~° A/cm? leads to the appearance of
a sublinear section in the reverse current—voltage characteristic over a wide range of bias voltages. It has been
found that the »n-SdS—p-Si heterojunction has a low density of surface states at the interface. This makes it
possible to develop an injection photodetector based on the considered structure with a high spectral sensi-
tivity S, = 5.0 x 10* A/W) and a high integrated sensitivity S, = 2.8 x 10* A/Im or 4.5 x 10° A/W in the for-

ward direction of the current.
DOI: 10.1134/S1063783415040162

1. INTRODUCTION

In the literature, there is no information on the
development of selective photodetectors with the
internal amplification, which are tunable at desired
electromagnetic radiation wavelengths under external
influences (for example, at an applied bias voltage)
and can selectively detect electromagnetic radiation.
The fabrication of these devices is an important prob-
lem, because one selective photodetector replaces sev-
eral photodetectors that are sensitive to different
ranges of electromagnetic radiation wavelengths and
are closely related to the band gap. In our view, such a
multifunctional photodetector can be developed based
on a semiconductor structure with heterojunctions
and controlled counter current fluxes of nonequilib-
rium charge carriers. Owing to this control, there is a
sign reversal of the photosensitivity at different thick-
nesses of the base, which correspond to specific elec-
tromagnetic radiation wavelengths in the wavelength
range of 300—1200 um. In this case, if the base of the
structure has a high electrical resistivity and is domi-
nated by diffusion currents in the current transport,
the photodetector, in addition to the above properties,
also exhibits the property of internal amplification of
the primary photocurrent. Elements of this structure
should consist of semiconductors that are sensitive to
optical signals in the near-ultraviolet, visible, and
near-infrared regions of the electromagnetic radiation
spectrum.

Such selective injection photodetector with high
output parameters can be developed based on the
M(In)—n-CdS—p-Si—M(In) structure with a hetero-
junction.

The literature contains information about the
design and fabrication of injection photodiodes based
on II-VI compounds, in particular, based on cad-
mium sulfide and cadmium telluride and their solid
solutions [1—4]. Koldaev et al. [1] considered the Ni—
n-CdS—n*-CdS structure based on CdS single crys-
tals, in which the amplification of the photocurrent
occurs under illumination with light at a wavelength
A = 0.22 pm with the injection of majority charge car-
riers into the high-resistivity #-region on the unillumi-
nated side of the n™—n junction.

In the M(In)—n-CdS—p-Si—M(In) structure pro-
posed in our work, the high-resistivity highly compen-
sated CdS layer with a low n-type conductivity plays
the role of an i-layer. The choice of the n-CdS—p-Si
heterojunction was motivated by the fact that this het-
erojunction was described in the literature [5]. More-
over, silicon is a well-studied material. In the structure
under consideration, the n-CdS—p-Si heterojunction
occupies a special place, because its parameters deter-
mine, to a large extent, the electrophysical and photo-
electric properties, and, finally, the mechanism of
charge carrier transfer in the structure. It is known that
the lattice constants and thermal expansion coeffi-
cients of cadmium sulfide and silicon differ signifi-
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Fig. 1. Current—voltage characteristic of the structure on a
semilogarithmic scale in the dark: (I) forward branch with
(3) third and (4) fourth sections and (II) reverse branch
with (/) first and (2) second sections (shown in the inset).

cantly from each other. Consequently, the density of
surface states at the interface of the heterojunction can
be significant. Therefore, special attention should be
paid to the methods used for decreasing the density of
surface states at the interface between cadmium sul-
fide and silicon. In order to solve this problem, it is
necessary to use different factors, such as the signifi-
cant ionic bond in CdS and the presence of a SiO, film
with a thickness of ~20 A (“dead” layer) [6] on the sil-
icon surface, which can affect the decrease in the den-
sity of surface states generated at the interface of the n-
CdS—p-Si heterojunction. The purpose of this work
was to investigate the mechanism of charge carrier
transfer in the M(In)—n-CdS—p-Si—M(In) structure,
both in the dark and in the light, in order to answer the
question as to how effectively this structure operates
and how much its properties correspond to the multi-
functional properties of the photodetector.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

For our investigations, the photosensitive M(In)—
n-CdS—p-Si—M(In) structure was prepared by depo-
sition of CdS powders (in a quasi-closed system under
a vacuum of 10~ Torr) onto the surface of a p-type sil-
icon wafer with an electrical resistivity p = 10 Q cm
and a thickness of 300 um [7]. The source (CdS) had a
temperature 7, ® 800—850°C, and the temperature
of the substrate (p-Si) was maintained within the range
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T, = 250—270°C. The investigations performed with
an MII-4 microscope revealed that the CdS films
grown on the p-Si-substrate consist of columnar crys-
tallites (grains), which are oriented in the direction of
the film growth and azimuthally misoriented. It was
found that the crystallite size depends substantially on
the technological conditions, primarily on the tem-
perature T of the silicon substrate. For example, crys-
tallites in the CdS films grown at the substrate temper-
ature 7, = 300°C had a size of ~3—4 pum and totally
penetrated throughout the entire film with a thickness
w = 2 um. The grown CdS films had a high electrical
resistivity p ~ (2—3) x 10'°Q cm and a low n-type con-
ductivity. Further, the metal—semiconductor contact
was prepared by deposition of indium onto the surface
of the CdS film under a vacuum of 10~ Torr for 25—
30 s at a substrate temperature of 373 K.

The I'T-shaped ohmic contacts were also deposited
by means of the vacuum evaporation of indium.

The current—voltage (/—V) characteristics of the
fabricated M(In)—n-CdS—p-Si—M(In) structures
were measured in the forward and reverse directions of
the current in the dark and in the light at the illumi-
nance £=0.1—100 Ix at room temperature. The struc-
tures were illuminated with white light from an LG-75
laser at a radiation power in the range from 10 uW/cm?
to 0.75 mW/cm? with a wavelength of 0.625 um, as
well as using an incandescent lamp with the parame-
ters approximately corresponding to a reference lamp.
For this lamp, one lumen (1 Im) of electromagnetic
radiation in the visible spectral region contains 9.1 x
10-3 W [8]. The spectral dependence of the photosen-
sitivity of the structures was measured on a 3MR-3
monochromator at a temperature 7 = 300 K. The
radiation source was a DKSSh-1000 xenon lamp
operating in the mode of the minimum allowable
power. The lamp provided a light flux of 53000 Im and
a brightness of 120 Mcd/m? in the center of the light
spot. The radiation power of the lamp was calibrated in
absolute units with the use of a thermoelement
equipped with an RTE-9 quartz window. The
DKSSh-1000 xenon lamp in the ultraviolet and visible
regions had a continuous spectrum.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

The forward and reverse branches of the current—
voltage characteristic of a typical M(In)—n-CdS—p-
Si—M(In) structure are plotted on a semilogarithmic
scale in Fig. 1. The forward and reverse directions of
the current in the structure were provided by applying
the negative and positive potentials to the p-Si contact,
respectively. The analysis of the current—voltage char-
acteristics demonstrated that the studied structure
exhibit rectifying properties with a rectification ratio
K ~ 10° (the quantity K'is determined as the ratio of the
forward and reverse currents at a fixed voltage of 25 V).
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3. 1. Spectral Distribution of the Photosensitivity

The spectral distributions of photosensitivity .5,
without and with applying the bias voltage V'in the for-
ward and reverse directions of the current are shown in
Figs. 2a and 2b. The analysis of the spectral distribu-
tion of photosensitivity in the forward direction of the
current shows (Fig. 2a) that this curve has the spectral
range A = 389—1238 nm. The spectral sensitivity of
this structure begins with the wavelength A = 389 nm,
rapidly increases, and reaches the maximum value
S, = 2.7 A/W at the wavelength A = 480 nm in the
absence of a bias voltage. Then, the spectral sensitivity
decreases to zero at AL = 872.7 nm. The photosensitiv-
ity decay curve has a number of specific features,
which manifest themselves in the form of a step at A =
541.84—578.56 nm and three small peaks at A = 618,
740, and 821.8 nm. These features are associated with
the presence of impurities in cadmium sulfide layers.

Next (after the zero value at A = 872.7 nm), the
spectral sensitivity reveres sign, begins to increase, and
at A = 961.8 nm reaches the maximum value S, ~
0.2 A/W. Then, the spectral sensitivity smoothly
decreases to zero with an increase in the wavelength A
(A =1042.8 nm), after which it again increases (with a
sign reversal) and at A = 1200.3 nm, the value of S,
reaches the maximum of ~0.93 A/W. Further, with an
increase in the electromagnetic radiation wavelength,
the spectral sensitivity begins to decrease.

After applying a bias voltage to the sample, the
shape of the dependence 5,(A) remains unchanged,
and only the spectral sensitivity increases in magni-
tude, especially at the wavelengths A; = 480 nm and
A, = 872.7 nm, which correspond to peaks in the spec-
tral dependence of S,. For example, S, = 2.7 A/W at
V=0Vand S, =4.1 A/Wat V=2 mV. A similar pat-
tern can be observed for the second peak (A =
961.8 nm), for which S, =0.9A/Wat V=0Vand S, =
1.37 A/W at V= 2 mV. These data demonstrate that
the M(In)—n-CdS barrier and the n-CdS—p-Si het-
erojunction effectively separate the generated elec-
tron—hole pairs, and the internal amplification occurs
in the structure. In this case, in the greater part of the
spectral range of the photosensitivity, the value of .S,
significantly exceeds the spectral sensitivity of the
ideal photodetector (Fig. 2a, curve 4). The ideal pho-
todetector is a photodetector in which all the incident
photons are absorbed and generate electron—hole
pairs that are separated without loss by a potential bar-
rier and contribute to the photocurrent. In principle,
such a photodetector cannot be created. Nevertheless,
the experimental values of the spectral sensitivity over
a wide spectral range significantly exceed the values of
S, for the ideal photodetector at a given electromag-
netic radiation wavelength. This indicates the internal
amplification; moreover, the studied structure is very
sensitive to small levels of illumination. The high val-
ues of the integrated and spectral sensitivities are

PHYSICS OF THE SOLID STATE Vol. 57 No. 4

661

I
800
A, nm

Fig. 2. (a) (/—3) Spectral dependences of the photosensi-
tivity of the M(In)—n-CdS—p-Si—M(In) structure (/) in
the absence of bias voltage and (2, 3) at applied bias volt-
ages V'=(2) 0.5 and (3) 2.0 mV in the forward direction of
the current. (4) Spectral dependence constructed for an

ideal photodetector according to the formula S, = hﬁcxm‘ .

(b) (I—4) Spectral dependences of the photosensitivity of
the M(In)—n-CdS—p-Si—M(In) structure (/) in the
absence of bias voltage and (2—4) at applied bias voltages
V=(2)4,(3)6, and (4) 8.5 mV in the reverse direction of
the current. (5) Spectral dependence constructed for an
ideal photodetector according to the same formula as for
curve 4 in panel (a).

observed both in the intrinsic and impurity absorption
regions.

Now, we consider the spectral sensitivity as a func-
tion of the wavelength in the reverse direction of the
current in the absence and in the presence of different
bias voltages (Fig. 2b). It can be seen from this figure
(curve ) that, in the absence of a bias voltage, the
spectral sensitivity range lies in the wavelength range
A = 350—1350 nm and the parameter ) has the high-
est absolute values at A; = 480 nm and A, = 1248 nm,
where the photocurrent has a negative value. In the
short-wavelength region, with an increase in the elec-
tromagnetic radiation wavelength, the spectral sensi-
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tivity .S, decreases in the absolute value and, at A =
865.45 nm, becomes equal to zero, then changes the
sign, and begins to increase with a further increase in
the value of A. In the long-wavelength region, the peak
in the dependence 5, (1) is observed at A = 949.5 nm in
the range of positive photocurrents. Further, the spec-
tral sensitivity S, decreases again and passes through
zero at A ~ 1000 nm; then the photosensitivity changes
the sign and increases sharply in magnitude up to A =
1130 nm. With a further increase in the electromag-
netic radiation wavelength, the photosensitivity
decreases again. After applying a bias voltage, the sign-
reversal point of the photocurrent in the short-wave-
length region of the spectrum is significantly shifted
toward shorter wavelengths, and the absolute value of
the photocurrent decreases with an increase in the bias
voltage (Fig. 2b). A similar behavior of the photocur-
rent in the dependence S, (A) is observed in the long-
wavelength region of photosensitivity. However, in this
case, the sign-reversal point of the photocurrent is
shifted toward longer wavelengths of electromagnetic
radiation. Moreover, the rate of change in the absolute
value of the photocurrent as a function of the bias volt-
age is significantly less than that in the short-wave-
length region of the spectrum. For example, the sign-
reversal point of the photocurrent is shifted by
~260 nm at an applied bias voltage V' = 6 mV in the
short-wavelength region of the spectrum, whereas in
the long-wavelength region of the spectrum, it is
shifted by only 168 nm. The experiment demonstrates
that, when the bias voltage applied to the structure is
equal to 8.5 mV, the dependence S, (A) entirely covers
the region of positive photocurrents (Fig. 2b, curve 4).
This behavior of the dependence S, (1) of the reverse-
biased M(In)—n-CdS—p-Si—M(In) structure is
explained as follows. First, the M(In)—n-CdS junction
and the n-CdS—p-Si heterojunction effectively sepa-
rate light-generated nonequilibrium electron—hole
pairs. Second, the n-CdS—p-Si heterojunction injects
electrons into the base (n-CdS) of the structure at an
applied reverse bias voltage. Third, in the base of the
structure under investigation, the bipolar diffusion
current increases in magnitude with an increase in the
applied reverse bias voltage. In the reverse-biased
M(In)—n-CdS—p-Si—M(In) structure, electrons are
injected from the p-Si layer into a high-resistivity
compensated n-CdS layer at a sufficient concentration
of electrons in the p-Si layer or, when the thickness of
this layer is comparable to the diffusion length. In the
silicon substrate, the concentrations of equilibrium
holes and electrons are equal to 1.3 x 103 and 7.7 x
10* cm™3, respectively, for the electron mobility p, =
1500 cm?/(V's), the hole mobility p, = 480 cm?/(V s),
and the intrinsic carrier concentration n; = 10'° cm—3.
Hence, it follows that the concentration of nonequi-
librium electrons in the p-Si substrate is approximately
the same as the concentration of electrons (n, =

103 cm™3) in the base (n-CdS layer), which was deter-
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mined for the parameters pcys # 3 x 10'° Q cm and
W, = 100 cm?/(V s) [9]. Moreover, we should take into
account the probability of injection of electrons from
the metal contact (In) deposited on p-Si, because the
thickness of the silicon wafer is of the same order of
magnitude with the electron diffusion length L,
which is ~400 um for the parameters t, = 50 ps and
w, = 1500 cm?/(V's) [10].

The appearance of a peak in the photosensitivity
curve with the maximum at the wavelength A = 947 nm
suggests that the space charge of the n-CdS—p-Si het-
erojunction effectively injects nonequilibrium holes,
which are generated in the base, into the p-Si layer.

An increase in the photocurrent in the peak and its
broadening toward shorter wavelengths with the
applied bias voltage indicates that, in the base of the
structure, the bipolar diffusion current of nonequilib-
rium minority carriers (holes), which are supplied to
ensure the electrical neutrality of the injected elec-
trons from the n-CdS—p-Si heterojunction, increases
with an increase in the bias voltage. Since the structure
under investigation has a high-resistivity base, non-
equilibrium charge carriers, whose direction coincides
with the direction of the diffusion of hole minority
carriers [11], diffuse in the form of a plasma; i.e., elec-
tron—hole pairs move together.

The appearance of a sign-reversal point in the
dependence of the spectral distribution of the photo-
current gives reason to believe that the oppositely
directed diffusion and drift current fluxes in the base of
the structure completely compensate each other at a
specific thickness of the base. This thickness of the
base corresponds to the depth of the absorption of
electromagnetic radiation with a wavelength A. The
shift of the sign-reversal point of the photosensitivity
toward shorter wavelengths is determined by the bipo-
lar diffusion current, which is associated with the
injection of electrons from the n-CdS—p-Si hetero-
junction into the base. The shift of this point occurs by
means of applying small reverse bias voltages. The
experiment demonstrates that, after applying the bias
voltage V> 8.5 mV, the bipolar diffusion current in the
structure becomes dominant. Therefore, in the spec-
trum of the photosensitivity distribution, the sign-
reversal point of the photocurrent does not appear.

The analysis of the spectral sensitivity of the peak in
the long-wavelength region shows that, in the p-Si
substrate, there are electrons injected from the ohmic
contact (In), which create diffusion and drift electron
fluxes directed toward the n-CdS—p-Si heterojunc-
tion. In addition, there arise diffusion fluxes of non-
equilibrium electrons directed from the heterojunc-
tion to the metal contact due to the accumulation of
electrons near the heterojunction. The shift of the
sign-reversal point of the photosensitivity in the long-
wavelength region of the spectrum toward longer
wavelengths shows that the diffusion current directed
toward the drift and diffusion fluxes of electrons from
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the metal contact increases with an increase in the bias
voltage [12, 13]. This situation occurs when the con-
centration and gradient of electrons at the heterojunc-
tion become greater than those in the vicinity of the
metal contact (In). This effect is observed when the n-
CdS—p-Si heterojunction has a potential barrier and
skips not all electrons coming from the opposite
indium contacts. The shift in the long-wavelength
region of the spectrum at the bias voltage V= 8.5 mV
becomes smaller than that at = 6 mV. This demon-
strates that the n-CdS—p-Si heterojunction begins to
skip electrons; i.e., the accumulation of electrons
becomes weaker due to changes in the properties of the
heterojunction.

The above analysis of the spectral distribution of
the photosensitivity in the reverse direction current
confirms that electrons from the n-CdS—p-Si hetero-
junction are injected into the base.

Further, in order to prove the existence of the pri-
mary photocurrent amplification, we investigated the
dark and light current—voltage characteristics of the
structure (Fig. 3). The light current—voltage charac-
teristics were measured at different levels of illumina-
tion E by the white light and at different powers P of
laser irradiation with the wavelength A = 625 nm
(Table 1). The performed investigations demonstrate
that there is indeed a photocurrent enhancement
effect in the M(In)—n-CdS—p-Si—M(In) structure.
For example, we have the spectral sensitivity S; = 2.3 x

10* A/W under irradiation from a laser with the power
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Fig. 3. Dark and light current—voltage characteristics of
the reverse branch: (/) in the dark, (2) under irradiation by
white light with the illuminance £ = 0.1 Ix, (3) under laser
irradiation with a wavelength A = 625 nm and a laser power

P =10 uW/cm>.

P = 10 pW/cm? and the integrated sensitivity S, =
2.75x 10* A/Im (3 x 10 A/W) under irradiation by the
white light with the illuminance £ = 0.1 Ix at room
temperature and at a bias voltage V=20V (Table 1). It
should be noted that the structure under investigation
is very sensitive to small levels of illumination and has

Table 1. Photocurrent /py,, integrated sensitivity S, and spectral sensitivity S, of the structure as functions of the illumi-

nance F, laser irradiation power P, and bias voltage V'

White light Laser irradiation
E, Ix v,V Ip, pA/cm? Sine> A/Im Sine, A/W P, uW/cm? | Ip,, pA/cm? S, A/W
0.05 5 120 24 0.26 x 10* 0.7 25 36
10 1920 384 4.2 x 10* 385 550
15 14614 2923 3.21 x 10° 2140 3057
20 203250 40650 4.47 x 10° 35250 50358
0.1 5 148.6 14.8 0.2 x 10* 10 133 13.3
10 2354.4 235.44 2.6 x 10* 2000 200
15 17000 1700 1.87 x 10° 11200 1120
20 274500 27450 3% 10° 233560 23356
1 5 178 1.78 0.2 x 103 50 369.2 7.4
10 3020 30.2 3.32x 103 6075.6 121.5
15 18000 180 1.98 x 10* 38937.1 778.7
20 310220 3102 3.4%x10° 416333 8326
10 5 184 0.184 0.2 x 102 100 456 4.56
10 3600 3.6 4 x 102 7524 75.24
15 21000 21 2.31x 103 44025 440.25
20 410500 410 4.5x10% 448320 4483.2
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Fig. 4. Capacitance—voltage characteristic of the M(In)—
n-CdS—p-Si—M(In) structure at a frequency f = 10 kHz
and a temperature 7= 300 K.

high values of the integrated and spectral sensitivities
in the intrinsic and impurity absorption regions
(Table 1). Moreover, it was found that an increase in
the level of illumination by the white light and an
increase in the laser irradiation power lead to a
decrease in the integrated sensitivity .5;,, and the spec-
tral sensitivity .5, whereas an increase in the forward
bias voltage leads to an increase in the spectral and
integrated sensitivities.

In the structure under investigation, the transfer of
charge carriers is determined in many aspects by the
properties of the n-CdS—p-Si heterojunction. There-
fore, before analyzing the current—voltage character-
istics, we investigate the capacitance—voltage charac-
teristics of the structure.

3.2. Capacitance—Voltage Characteristic

One of the informative and nondestructive meth-
ods used for obtaining information about the interface
is the method of frequency capacitance—voltage char-
acteristics. According to the analysis of the capaci-
tance—voltage characteristics of the structure under
investigation, we are dealing here with the metal—
insulator—semiconductor (MIS) structure) (Fig. 4).
This is quite natural because, in the M(In)—n-CdS—p-
Si—M(In) structure, the n-CdS layer is a high-resistiv-
ity compensated material. Therefore, this layer and
oxide layers formed during the deposition of CdS on
the surface of a silicon wafer under vacuum can mani-
fest themselves as an insulator. The experimental
capacitance—voltage characteristic (Fig. 4, curve )
was measured at room temperature at a frequency of
the test signal /= 10 kHz, because, at the given fre-
quency, the capacitance—voltage characteristic of the
MIS structure is more clearly pronounced. This
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means that the densities of surface states Ngg in the
heterojunction are slow surface states.

Using the capacitance of the insulator C; = 3.35 nF
and the formula for the parallel-plate capacitor C =
€,eS/d, we determined the thickness of the insulator
d; ~ 0.26 um at the parameters g, = 8.85 x 10~'* F/cm,
€ =10, and S ~ 0.1 cm?. The calculated thickness of
the insulator differs from the thickness of the high-
resistivity base (n-CdS), which is equal to ~2 pum.
From the minimum capacitance of the structure
Cin = 0.9 nF (Fig. 4), we determined the thickness of
the space charge W= 0.98 um [14], which is approxi-
mately equal to half the thickness of the base (n-CdS).
At thermodynamic equilibrium, the thickness of the
space charge, which was calculated from the capaci-
tance C = 1.8 nF in the absence of a bias voltage, was
found to be ~0.49 um. These results are logical if we
take into account that the thickness of the space
charge decreases in the forward direction of the cur-
rent and, on the contrary, increases in the reverse
direction of the current as the bias voltage increases.
Moreover, these experimental data also suggests that
the resistance of the space charge is a determining
resistance of the structure as a whole. This is indicated
by the fact that the capacitance of the space charge
coincides with the capacitance of the insulator in the
capacitance—voltage characteristic. The appearance
of a plateau in the capacitance—voltage characteristic
after applying the reverse bias voltage V' = 25—30 V is
explained by the fact that the expansion of the space
charge is compensated by the injection of electrons
from the n-CdS—p-Si heterojunction.

The density of surface states of the MIS structure is
determined from the shift in the experimental capaci-
tance—voltage characteristic with respect to the calcu-
lated curve at the same capacitance [14]. Hence, it fol-
lows that Ngg= AVC/q.

For the calculated capacitance—voltage character-
istic, the concentration of equilibrium holes p, was
determined from the flat band capacitance and from
the circular section of the capacitance—voltage char-
acteristic. In order to determine the concentration of
equilibrium holes p, from the capacitance—voltage
characteristic, the steep section of this characteristic
was plotted in the C—2—V coordinates, in which it has
two slopes (Fig. 5, straight lines / and 2). From the
slopes of these straight lines, according to the standard
formula [15]

=2 _dV
qaoasSza’(C_z)

Po oY)

where q is the electron charge, g is the dielectric con-
stant of free space, gy is the dielectric permittivity of
the semiconductor, V), is the potential barrier height,
and S is the surface area of the structure, we deter-
mined the concentrations of equilibrium holes p, =
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Fig. 5. Capacitance—voltage characteristic of the M(In)—

n-CdS—p-Si—M(In) structure in the C2—Vcoordinates at
a frequency f= 10 kHz and a temperature 7= 300 K.

8.3 x 10" and 2.1 x 10" cm~3, respectively. This means
that the subsurface semiconductor—silicon layer is
nonuniform in thickness. By extrapolating the depen-
dence C2(V) on the voltage axis V, we determined the
height of the potential barrier V, = 0.89 £ 0.02 eV for
electrons of the metal into p-Si. The concentration of
equilibrium holes was also determined from the flat
band capacitance according to the formula [14]

C - BES )

pz >
d+ € kTaozg,-
Es\ pog

where g; is the permittivity of the insulator and d; is the
thickness of the insulator. In this case, it was found
that py~ 1.8 x 103 cm=3.

The concentrations of equilibrium holes p, deter-
mined from the capacitance—voltage characteristic
are in good agreement with the equilibrium hole con-
centration ~1.3 x 10" cm—3 obtained for p-Si.

The calculated capacitance—voltage characteristic
(Fig. 4, curve 2) was constructed in the same manner
asin [14].

The dependence of the surface potential y ¢ deter-
mined as in [16] on the applied bias voltage is shown in
Fig. 6. The dependence of Ng on g is shown in
Fig. 7.

The analysis of the dependence yg (V) demon-
strates that, at thermodynamic equilibrium, the struc-
ture has the surface potential y¢= 0.04 eV. This means
that, at the interface, the surface of a semiconductor
(silicon) is negatively charged, which leads to a down-
ward band bending. The downward band bending can
also occur due to the presence of negatively charged
acceptor surface states that capture holes from the
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Fig. 6. Dependence of the surface potential of the applied
bias voltage.

valence band and transform into the neutral state,
which results in the formation of a depletion layer on
the surface of p-Si. It can also be seen from the figure
that the flat band state is realized when the positive
bias voltage V= 1.68 Vis applied to the top M(In) elec-
trode, after which a further increase in the bias voltage
leads to the upward band bending. After applying a
negative potential to the M(In)—n-CdS contact, the
structure under investigation is turned up in the for-
ward direction of the current; therefore, electrons are
injected from the #n-CdS layer into p-Si, but no injec-
tion of holes from silicon into #-CdS occurs [17]. Let
us assume for simplicity that the effective masses and
other parameters of the charge carriers are equal to
each other, respectively. Hence, we can write the

\VSaeV
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Fig. 7. Dependence of the effective density of surface states
on the surface potential.
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expression M = (1,/1,) = exp[—(E,, — E)/kT]| [17],
where E,, and E, are the band gaps of the wide-band-
gap and narrow-band-gap semiconductors, respec-
tively; and 7, and I, are the currents of holes and elec-
trons, respectively. The quantity M shows that the cur-
rent flows from the wide-band-gap semiconductor
into the narrow-band-gap semiconductor. Indeed,
from the relationship for M. it follows that the ratio M
is the more rigorous, the greater is the difference
between the band gaps AE, of the semiconductors. For
example, in the case of the heterojunction between sil-
icon and germanium, the ratio between the currents
flowing from silicon into germanium and the currents
flowing from germanium into silicon differs by a factor
of 1%, In our case, the difference between the band
gaps AE, of Si and CdS forming the heterojunction is
equal to 1.3 eV, whereas for Si and Ge, we have AE, =
0.4 eV. Hence, it follows that the ratio M for the n-
CdS—p-Si heterojunction should be significantly
greater, and the current flowing in the structure under
investigation is determined exclusively by electron
beams from #-CdS into p-Si. The above arguments are
valid for ideal heterojunctions. In real heterojunc-
tions, surface states exist at the interface between the
semiconductors, and, therefore, the ratio M may be
not strict. Surface states are formed according to the
following reasons: (a) due to the difference in the crys-
tal lattice constants of p-Si and #n-CdS contacting with
each other, which is more than 7% [6]; and (b) during
the technological processes. These surface states can
be recombination centers or centers of tunneling for
holes into the base of the structure. Nevertheless, we
assume that the current flowing in the structure is pre-
dominantly determined by electron fluxes coming
from the M(In)—n-CdS junction. Therefore, there
occurs a downward band bending. Furthermore, it was
found that the surface potential changes significantly
with an increase in the bias voltage. For example,
when the bias voltage V= —1.12 Vis applied to the top
metal electrode, the surface potential becomes equal
to 0.48 e¢V. However, when the positive reverse bias
voltage is applied to the top metal electrode, the sur-
face potential yg (V) varies relatively little. For exam-
ple, at the applied bias voltage V' = 27 V, the surface
potential g is bent upward by only —0.24 eV. This
behavior of the surface potential is caused by a high
density of surface states in the upper half of the band
gap of silicon. This assumption is confirmed by the
performed experimental investigations of the distribu-
tion of surface states Ngg as a function of the surface
potential ygg (Fig. 7). The dependence Ngy(yyg) is
characterized by a higher density of surface states at
positive values of the surface potential, and the value of
Nggsbecomes equal to ~6 x 10" cm=2 at W= —0.24 eV.
The value of Nggin the lower half of the band gap is sig-
nificantly less than in the upper half of the band gap.
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For example, Ngg~9.5x 10°cm—2at yg =0.08 eV and
N~ 1.9x 10" cm—2 at yg =0.48 eV.

Hence, it follows that the densities of surface states
in the lower half of the band gap have low values and
change insignificantly in magnitude at an energy dis-
tance of ~0.48 eV from the middle of the band gap. It
should be noted here that, in both the upper half and
the lower half of the band gap, there are effective den-
sities of surface states with charged states, which natu-

rally does not include neutral surface states of the Ng
type (neutral acceptor surface states).

The experimental results presented above confirm
the fact that we obtained the n-CdS—p-Si heterojunc-
tion with a relatively low density of surface states, even
though the lattice constant of cadmium sulfide and sil-
icon differ by more than 7%. The obtained experimen-
tal results are understandable if we take into account
that, in the heterojunction, there is an intermediate
layer that smoothes the difference in the lattice con-
stants of cadmium sulfide and silicon. Such interme-
diate layers can be solid solutions of these semicon-
ductors or thin oxide layers that exist on the surface of
silicon (Si0,) or arise (CdO, and SO,) during the for-
mation of the n-CdS—p-Si heteropair. However, the
determination of the composition of the intermediate
layer is the subject to further investigation.

Thus, the results obtained from the capacitance—
voltage characteristic demonstrate that the structure
under investigation behaves as an MIS structure, in
which the main potential barrier is created in the n-
CdS subsurface layer at the interface of the n-CdS—p-
Si heterojunction. These data also demonstrate that
one of the reasons for the high concentrations of non-
equilibrium electrons in the high-resistivity base (n-
CdS) in the forward direction of the current is a rela-
tively low density of surface states in the lower half of
the band gap of silicon. This circumstance can be
explained by the fact that, in the forward direction of
the current, nonequilibrium charge carriers interact
with the surface states Ngg located in the lower half of
the band gap, whereas in the opposite direction, they
interact with the surface states located in the upper
half of the band gap of silicon. Based on these data, we
constructed the band diagram of the M(In)—n-CdS—
p-Si—M(In) structure (Fig. 8).

The band diagram of the M(In)—n-CdS—p-Si—
M(In) structure (Fig. 8) indicates that the forward and
reverse currents are limited by the electrical resistance
of the space-charge layer at the interface of the n-
CdS—p-Si heterojunction. This space charge consists
of positively charged immobile donor centers and
mobile holes and is located in the #n-CdS subsurface
layer, because the concentration of holes in p-Si is ten
orders of magnitude greater than the concentration of
electrons in the #-CdS layer. In this structure, the con-
tact between metallic indium and #-CdS is also pro-
vided by the contact potential difference V, = 1.1 eV.
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However, in this case, an enriched space charge layer
arises on the n-CdS surface, because the work function
of the metal (indium) is less than the work function of
the semiconductor (n-CdS) (Fig. 8). Therefore, the
external potential applied to the structure, including
the contact potential difference, falls predominantly
on the space charge layer formed between p-Si and n-
CdS. It should be noted that, in this case, the surface
states Ngg at the interface between the contacting
semiconductors of cadmium sulfide and silicon can
affect the height of the potential barrier, the nature of
which is determined both by the difference in the
parameters of the crystal lattices of the heteropair and
by the technological conditions used in the fabrication
of the heterojunction.

3.3. Forward Current—Voltage Characteristic

It is known that the injection and accumulation
properties of potential barriers determine the current—
voltage characteristics of the structure. Therefore, we
investigated the forward current—voltage characteris-
tic of the structure in the dark, which is shown in Fig. 1
on a semilogarithmic scale. The analysis of the forward
current—voltage characteristic of the M(In)—n-CdS—
p-Si—M(In) structure revealed that, at room tempera-
ture, it consists of four sections.

The first, second, and fourth sections of the for-
ward current—voltage characteristic are described by
the exponential dependence of the electric current on
the voltage and can be represented by the following
analytical expression:

I'= L[exp(qV/ckT)—-1], (3)

where c is the exponent, I, is the pre-exponential fac-
tor, ¢ is the electron charge, k is the Boltzmann con-
stant, 7 is the temperature in degrees Kelvin, and Vis
the bias voltage. It should be noted that the parameters
¢ and [, have different values for each section of the
current—voltage characteristic. The third section of
the current—voltage characteristic is described by a
sublinear dependence of the electric current on the
voltage.

Let us now analyze these sections of the forward
current—voltage characteristic. The first section of the
current—voltage characteristic is observed at current
densities / ~ 10~7—4 x 10~® A/cm~2 for the exponent
¢; = 1.04 and the pre-exponential factor /,, = 1.3 x
10~ A/cm? (see inset in Fig. 1). Formula (3) has these
values of ¢ and [, when thermionic emission currents
flow through the structure [14]. Thermionic emission
currents flow through the structures with the Schottky
barrier and in the MIS structures. The thermionic
emission current is described according to the follow-
ing formula [18]:

PHYSICS OF THE SOLID STATE Vol. 57 No. 4

667

E.=0.49 ¢V

(E(p)si :{09 eV

AE,=0.85eV

Fig. 8. Energy band diagram of the M(In)—n-CdS—p-Si—
M(In) structure.
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I= ATQe_k_T(eC—T— 1) - IOl(ec—T— 1). 4)

Iy, = AT’ e ", (5)

where A is the Richardson constant, A = 12 x
10° A/(m? K?); V) is the height of the potential barrier;
and Vis the bias voltage.

Using the experimental value [, = 1.3 x

10~ A/cm?, which was determined from the first sec-
tion of the current—voltage characteristic according to
expression (5), we found the potential barrier height
V5 =0.86+0.02 eV, which agrees well with the poten-
tial barrier determined from the current—voltage char-
acteristic (see Subsection 3.2). Thus, it was shown
that, in the first section of the current—voltage charac-
teristic, the current flows according to thermionic
emission mechanism. In this case, the current in the
M(In)—n-CdS—p-Si—M(In) structure is determined
by thermionic emission of electrons from M(In) into
n-CdS (Fig. 8).

In the second section of the current—voltage char-
acteristic in the range of current densities / = 1.8 x
107°—4 x 1073 A/cm?, the parameters ¢ and 1, signifi-
cantly increase and become equal to 3.6 and 5.4 x
10-8 A/cm?, respectively (see inset in Fig. 1). The per-
formed analysis demonstrated that there is an injec-
tion of charge carriers from the M(In)—n-CdS contact
into the quasi-neutral part of the base (#-CdS), and its
resistance plays an important role in determining the
current—voltage characteristic. In this case, holes are
not injected from the n-CdS—p-Si heterojunction into
the base, as was shown in [17]. This conclusion is valid
only for ideal heterojunctions. In real heterojunctions,
there exist surface states at the interface of the semi-
conductors, and they can be recombination centers or
centers for tunneling of holes. Nevertheless, we believe
that the current in the structure is predominantly
determined by electron fluxes coming from the
M(In)—n-CdS contact. The analysis of the second
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section of the current—voltage characteristic shows
that diffusion currents generated by minority non-
equilibrium charge carriers (holes) flow in the base.
These currents come from the opposite n-CdS—p-Si
contact in order to ensure the electroneutrality of
injecting electrons. From the literature, it is known
that, if the effect of accumulation is insignificant,
among the large diversity of current—voltage charac-
teristics in the diffusion mode, there remain only the
dependences I ~ exp(qV/kT) and I ~ exp(qV/ckT),
which were obtained for the first time by Shockley [19]
and Stafeev [20] for p—n diode structures with an
ohmic contact and a significant resistance of the base.

The expression obtained for the diffusion current
by Stafeev has the following form [20]:

I'= Ipexp(qV/ckT), (6)

where
¢ = (2b+cosh(w/L)+1)/(b+1), @)
I. = (kT/q)(bcosh(w/L))/[2(b
+1)Lptan(w/2L)],

b = p,/\, is the ratio of the electron and hole mobili-
ties, w is the thickness of the base, p is the electrical
resistivity of the base, [, is the pre-exponential factor,
and L is the minority carrier diffusion length.

Substituting the experimental value ¢ = 3.6 into
formula (7), we find that L = 0.48 um, pt = 8.8 x
10-8 cm?/V (the product of the mobility by the lifetime
of holes) for the parameters b = 38 [9] and w = 2 um.
It should be noted that the obtained data for the diffu-
sion length L relate to the bipolar diffusion length,
because the base of the structure is a high-resistivity
compensated material. Therefore, nonequilibrium
charge carriers diffuse in the form of a plasma; i.e.,
electron—hole pairs move together, and their direction
corresponds to the direction of the motion of minority
charge carriers, namely, holes. The plasma of elec-
tron—hole pairs diffuse like uncharged particles, in
which the mobility and diffusion coefficient remain
unchanged. The validity of this mechanism of current
flow is confirmed by the following estimate. We
obtained the relaxation curves in the absence of a bias
voltage. The relaxation time constants T = 3.5 x 1073
and 1.2 x 107 s were determined from the increasing
and decreasing relaxation curves, respectively. Fur-
ther, assuming that the first relaxation time constant is
the hole lifetime, from the experimental value of the
bipolar diffusion length L, we determined the bipolar
diffusion coefficient D~ 5.8 x 10~2 cm?/s for values of
L=0.48 umand t=3.5x 10~%s. The bipolar diffusion
mobility p, ~ 2.5 cm?/(V s) found from the coefficient
D = (kT/q) is in good agreement with the data avail-
able in the literature (u, = 7—8 cm?/(V s)) [9], if we
take into account that the base of the structure under
investigation is a polycrystalline material. Then, using

(®)
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the obtained value of the bipolar diffusion coefficient
D ~ 5.8 x 1072 cm?/s and formula [18] D = (D,o, +
D,c,)/(c, + c,), where 6, and o, are the hole and
electron conductivities of the base, respectively, we
evaluated the ratio of the electron conductivity to the
hole conductivity of the base ,/c, ~ 20, when the
electron mobility exceeds the hole mobility by a factor
of 40, i.e., p, = 40y, [9]. For this ratio of the electron
and hole conductivities in the base, the bipolar drift
mobility i, =~ 1, according to the estimate made from
the formula [18] p, = (1,5, — u,0,)/(c, + c,). For this
value of the bipolar drift mobility of holes, we obtained
the bipolar drift velocity of holes v, ~ 2.5 x 10> cm s™!
and the bipolar drift length Ly, ~ 6 x 107> cm for the
parameters p, = 2.5 cm?/(Vs), w2 um, 1= ~10"8s,
and V= 0.5 V. Hence, it follows that the values of L
and Ly, are almost identical; therefore, in the second
section of the forward current—voltage characteristic,
the dependence of the current on the voltage is
described by the diffusion mechanism [13].

The quantity /), is approximately equal to the cur-
rent at which the conductivity of the base region is
twofold increased by the injection; i.e., the equilib-
rium conductivity becomes equal to the nonequilib-
rium conductivity of the base, followed by the transi-
tion to high levels of injection. Therefore, assuming
that 1, = 5.4 x 10~ A/cm? corresponds to the initial
voltage of the second section of the current—voltage
characteristic (0.1 V), we find the electrical resistivity
of the base p=1.5x 101 Q cm.

The electrical resistivity of the base p thus deter-
mined is the lower limit, whereas the direct measure-
ment of the resistivity of the film shows that p = 2.3 x
10'°Q cm.

It can be seen from Fig. 1 that, between the second
and third sections of the current—voltage characteris-
tic, there is a section with the curvature. According to
the data available in the literature [12, 13], a sublinear
section of the current—voltage characteristic is
observed when the diffusion and drift fluxes of non-
equilibrium charge carriers are directed toward each
other. As was mentioned above, in the forward direc-
tion of the current, the electroneutrality of injected
electrons in the high-resistivity base of the M(In)—n-
CdS—p-Si—M(In) structure is provided by an equal
amount of holes coming from the opposite contact.
Most likely, in order to realize a sublinear section of
the current—voltage characteristic, the counter diffu-
sion and drift currents should have almost the same
value. In the structure under consideration, the bipo-
lar diffusion current directed to the n-CdS—p-Si het-
erojunction and the bipolar drift currents directed to
the n-CdS—M(In) contact satisfy the above condition
at bias voltages of 3—8 V, so that, in the experiment,
there appears a sublinear section of the current—volt-
age characteristic. If the modulation of filling of deep
centers plays a decisive role in the bipolar drift velocity
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of nonequilibrium charge carriers, the current—volt-
age characteristic in sublinear section is described by
the following analytical expression [12, 13]:

V = Vyexp(alw), )]
where
a = (1/2)qD,N,. (10)

In expression (9), ¥, is the pre-exponential factor V, =

lﬁf b+1 P?b
W, b(by+b+1)Np(w)

, where D4 is the bipolar dif-

. . N, . . .
fusion coefficient, y = — is the trapping factor, p,, is

Pt

the static Shockley—Read factor, pg, is the concentra-
tion of nonequilibrium holes around the cathode (near
the M(In)—n-CdS) contact), p(w) is the concentration
of nonequilibrium holes around the anode (near the n-
CdS—p-Si contact). In formula (10), D, is the hole dif-
fusion coefficient, N, is the concentration of trapping
levels, and [/ is the current density.

Using expressions (9) and (10), we determined the
concentration of deep trapping centers N, = 2 x
10" cm=? for the parameters p, ~ 2.5 cm?/(V s) and
w =2 um. In this case, the expressions for the bipolar
drift velocity and the diffusion coefficient are simpli-
fied as follows:

v,~alD,, D,~D,. (11)

According to the estimation performed using for-
mula (11), we obtained the bipolar drift velocity v, =
6.5 x 10* cm/s for the parametersa~ 108 cm™' A1, I~
1.15x10*Acm™2,and D,~ 5.8 x 1072 cm?/s (asin the
second section of the current—voltage characteristic).
At this bipolar drift velocity of holes, the electron —
hole plasma travels a distance equal to Ly =~ 6.5 x
10~* cm for the lifetime of nonequilibrium charge car-
riers (~10~% s), which exceeds the bipolar diffusion
length by a factor of more than 20. This suggests a
modulation in the bipolar drift velocity of nonequilib-
rium charge carriers, and the contribution from the
bipolar drift current to the total current becomes sig-
nificant.

As was noted above, the fourth section of the cur-
rent—voltage characteristic is described by the expo-
nential dependence I = [exp(qV/c,kT), where ¢, =
68 and I, = 1.9 x 1077 A/cm?. Substituting these
experimental values into formulas (7) and (8), we
determine the ratio of the thickness of the base to the
diffusion length of holes w/L = 8.5 and L = 0.24 um,
as well as the electrical resistivity of the base p = 1.9 x
107 Q cm. The parameters L and p estimated from the
fourth section of the current—voltage characteristic
differ significantly from those calculated from the sec-
ond section of the current—voltage characteristic. The
difference between these values can be explained by a
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change in the properties of the base with an increase in
the current density in the structure. After the sublinear
section of the current—voltage characteristic, the
recharging of highly compensated recombination cen-
ters leads to a decrease in the lifetime of minority car-
riers, namely, holes. The structure acquires the prop-
erties of “long” diodes [21], in which the current is
predominantly determined by the drift mechanism. In
order to confirm this assumption, we determined the
bipolar diffusion and drift mobilities from the fourth
section of the current—voltage characteristic. The
experiments demonstrated that the bipolar diffusion
length in the fourth section of the forward current—
voltage characteristic is two times less than the value of
L in the second section of the current—voltage charac-
teristic and is equal to 0.24 um. In this case, the prod-
uct pt decreases by a factor of four. Further, assuming
that the mobility and lifetime of the plasma of elec-
tron—hole pairs equally decrease by a factor of two,
from the expression L = (D)%, we find that D, = 3.3 x

10~! cm? s7! for the parameters L = 0.24 um and 1 =
1.75 x 1078 s. Since D, = (kT/q)up, we find that the
mobility of the bipolar diffusion of free carriers p, =
12.5 cm?/(Vs). The bipolar drift mobility of free carri-
ers was determined as follows. It was assumed that, in
this section of the current—voltage characteristic, the
determining current in the structure is the drift cur-
rent. Therefore, from the values of the voltage and cur-
rent at the end of the fourth section of the current—
voltage characteristic (V' =20V, I = 0.18 A/cm?), we
determined the electrical resistivity of the base of the
structure. Next, assuming that all the hole trapping
centers (N, = 2 x 10'° cm™3), which play a decisive role
in the modulation of the bipolar drift velocity in the
sublinear section of the current—voltage characteris-
tic, are filled, we find that the concentration of the
electron—hole plasma is no less than 10'! cm~3, which
is significantly higher than the concentration of the
trapping centers. Then, using the formula R = pw/S,
where w = 2 um (thickness of the base), p is the elec-
trical resistivity of the base, and S = 0.1 cm? is the
active surface area of the structure, we determined the
bipolar drift mobility p, = ~112 cm?/(V's). It is known
that a significant part of the applied potential in the
injection diodes drops across the base of the structure.
Therefore, for simplicity, it is assumed that the poten-
tial V=20V applied to the structure is equally distrib-
uted among the M(In)—n-CdS injecting contact and
the base (n-CdS). In this case, we have the bipolar drift
velocity of holes v, ~ 5.6 x 10® cm/s. For this bipolar
drift velocity, we obtain the bipolar drift length of holes
Ly ~ 5.6 x 1072 cm for the parameter T ~ 107 s (the
lifetime of the electron—hole plasma), which is more
than three orders of magnitude greater than the bipo-
lar diffusion length (L = 0.24 um). The estimations
performed above demonstrate the dynamics of
increase in the bipolar drift velocity, which completely
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confirms that, in the fourth section of the current—
voltage characteristic, the drift mechanism dominates.

The fourth section of the current—voltage charac-
teristic is also fairly well described by the power law 1 ~
V2. At sufficiently high levels of injection, the concen-
tration of nonequilibrium charge carriers for the
M(In)—n-CdS junction increases substantially. Con-
sequently, even in the asymmetric junction, the second
component of the current, i.e., the drift current,
begins to play a significant role [17]. In this case, the
charge carrier drift in an electric field begins to play a
decisive role even at the boundary of the space charge
layer. The electrical conductivity of the base layer
increases more slowly as compared to the increase in
the current, and the current—voltage characteristic is
described by the power law [17]

= (9/8)a(ny—py)u,k,t(V'/w)S,

where n, and p, are the equilibrium concentrations of
electrons and holes, respectively; p, and p, are the
electron and hole mobilities, respectively; and t is the
lifetime of the electron—hole plasma.

Further, according to formula (12), we calculated
the product p,p, = 4 x 107 (cm? V=! s7!)2 for the
parameters p 2 x 101 Q cm, ny~ 106 cm=3, and p,, =
289 cm? V-!'s71 [9], the current /= 0.18 A cm~2, and
the voltage V=20 V. The obtained value of the product
WL, is four orders of magnitude greater than that
found in [22]. This difference is obtained for the elec-
tron mobility p,, = 289 cm? V- s~ and the hole mobil-
ity p, =8 cm? V-'s7!, i.e., as in the case of CdS single
crystals [9]. Moreover, the above estimate shows that
there is a modulation of the conductivity of the base,
where the main role is played by a rapid increase in the
bipolar drift mobility of nonequilibrium charge carri-
ers with the current. This is explained by the fact that
the bipolar mobility of the electron—hole plasma,
according to [22],

12)

T
b= ———U,l,
np, +py,

in the numerator, has the quantity that depends on the
difference in the concentrations of charge carriers.
Probably, in the fourth section of the current—voltage
characteristic, the numerator of expression (13)
changes, which leads to a sharp increase in the bipolar
mobility of the electron—hole plasma. The reason for
this behavior can be trapping levels for holes, which
actively manifest themselves at the same current den-
sities at which the fourth section of the current—volt-
age characteristic appears.

(13)

The investigations of the light current—voltage
characteristic for different levels of illumination by the
white light and for different laser irradiation powers
demonstrated that the current—voltage characteristic
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are identical in shape and have the same regularities of
change in the current as a function of the bias voltage
(Fig. 3). Moreover, the maximum values of the inte-
grated and spectral sensitivities are observed in the
fourth section of the current—voltage characteristic
(Table 1). From the data presented in Table 1, it fol-
lows that the highest value of the amplification of the
primary photocurrent is observed at low levels of illu-
mination by the white light, In this case, the amplifi-
cation of the primary photocurrent increases with an
increase in the bias voltage. For example, for the illu-
mination by the white light with an illuminance E =
0.05 Ix and at an applied forward bias voltage V'=20V,
we have the integrated sensitivity S;,, = 4.06 x 10* A/Im

(4.47 x 10° A/W), which decreases with an increase in
the illumination level and with a decrease in the bias
voltage. It can also be seen from Table 1 that, under the
laser irradiation with A = 0.625 pum, the spectral sensi-
tivity .S, is significantly less than the integrated sensi-
tivity S;,, for the same values of the incident radiation
powers and the same values of the bias voltages. For
example, for comparison, the integrated sensitivity
S~ 3.4 x 10° A/W upon illumination by the white
light with £=11x (9.1 x 107 W/cm?) and the spectral
sensitivity .5, = 5.04 x 10* A/W at a laser irradiation

power of ~7 x 10~7 A/W and a bias voltage V' =20 V.
Hence, it follows that the amplification of the primary
photocurrent occurs according to two mechanisms:
the “positive feedback” mechanism [23] and the para-
metric mechanisms [22, 24]. It should be noted that
the base of the structure under investigation is a high-
resistivity highly compensated semiconductor mate-
rial. Therefore, the base can include several deep trap-
ping levels, the modulation of filling for which occurs
under illumination by the white light.

3.4. Reverse Current—Voltage Characteristic

For convenience of the analysis, the reverse cur-
rent—voltage characteristic of the structure is pre-
sented in Fig. 1 for positive values of current. The
analysis demonstrates that, in the range of current
densities 7~ 1.3 x 10°—1.1 x 10~® A/cm?, thermionic
currents flow through the structure, because, in this
region, the current exponentially depends on the volt-
age with the ideality factor ¢ = 1.05 and the pre-expo-
nential factor /= 2.9 x 10~ A/cm?. Using the value of
I, = 2.9 x 10~ A/cm?, according to formula (5), we
obtained the height of the potential barrier V), = 0.98 +
0.02 eV, which is approximately equal to the value
determined from the forward current—voltage charac-
teristic. This is not surprising, because, in both cases,
we determined the same height of the potential barrier,
and only the direction of the current in the studied
structure. The emission of electrons occurs from cad-
mium sulfide into the metal (indium).

No. 4 2015



MECHANISM OF CHARGE TRANSFER IN INJECTION PHOTODETECTORS

In the range of current densities / ~ 1.3 x 1078—
5.2 x 1077 A/cm?, the current—voltage characteristic is
described by the exponential dependence [ =
1,exp(qV/ckT) with the exponent ¢, = 5.2 and the
pre-exponential factor 7, = 1.8 x 10~ A/cm?. This
section differs from the corresponding section of the
forward current—voltage characteristic. It is charac-
terized by somewhat different values of the exponent ¢
and the pre-exponential factor ;. Substituting the
experimental value ¢, = 5.2 determined from the sec-
ond section of the current—voltage characteristic into
formula (4), we obtained the diffusion length of the
plasma of nonequilibrium charge carriers L = 0.27 um
and the bipolar diffusion coefficient D = 7.3 x
102cm? s~! for the relaxation time constant T =
~107%s. The estimation was performed for the base
thickness w = 1.5 um, because, in this case, we took
into account the thickness of the space charge of the #-
CdS—p-Si heterojunction, which is equal to ~0.5 pm
at the thermodynamic equilibrium. Then, we per-
formed the same estimation as in the case of the for-
ward the current—voltage characteristic (see Subsec-
tion 3.3). The results obtained were used to determine
the bipolar diffusion and drift mobilities of nonequi-
librium charge carriers, which are equal to 2.8 and
3.9 cm? V- s71, respectively, and have nearly identical
values. This means that the charge transfer occurs with
the participation of both types of nonequilibrium
charge carriers, and the flow of the diffusion current is
accompanied by the flow of the drift current.

A further increase in the bias voltage leads to an
increase in the concentration of electrons injected
from the n-CdS—p-Si heterojunction. Therefore, the
concentration of holes should increase by the same
value in order to provide the electrical neutrality. The
drift of the bipolar current also increases due to the
increase in the bipolar drift velocity. An increase in the
bipolar drift velocity v (/) with an increase in the cur-
rent density can lead to the formation of a relative
depletion layer near the accumulation contact (i.e.,
near the n-CdS—p-Si heterojunction) of the n-base, in
which the concentration decreases with an increase in
the current density [12, 13]. Such a local decrease in
the concentration p(x) results in a rapid increase in the
electrical resistivity of the n-base. The formation of
the relative depletion region is caused by the “dis-
placement” of the steep diffusion front of the function
p(x) due to an increase in the bipolar drift of free
charge carriers with an increase in the current density,
which deforms the profile of their distribution in the #-
base. An increase of this deformation leads to an
increase in the slope of the function p(x) and to the
corresponding enhancement of the counter diffusion
transport of charge carriers. The competition between
the diffusion and drift fluxes provides both the mutual
compensation of their changes with increasing current
and the formation of the internal feedback in voltage
and a sublinear section of the current—voltage charac-
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teristic, which has the following analytical expression
[13]:

V= Vyexp(v,w/D,) = Vyexp(law)

(where w is the base thickness and 7 is the current den-
sity), when the modulation of the bipolar velocity
results in an exponential increase in the bias voltage V'
applied to the base as a function of the current /. Con-
sequently, the properties of the n-base and the accu-
mulation contact play an important role in the realiza-
tion of the diffusion/drift mode. In this case, the con-
centration at the accumulation contact and even the
character of its dependence on the current are less sig-
nificant, whereas more important is the profile of the
distribution of nonequilibrium charge carriers in the
n-base, which create the counter directions of the
bipolar diffusion and drift fluxes. Moreover, the accu-
mulation contact should be ideal and almost opaque
for minority carriers. In the structure under investiga-
tion, the n-CdS—p-Si heterojunction should be such
contact for holes in the n-base.

The appearance of a sublinear section in the reverse
current—voltage characteristic over a wide range of
bias voltages (V'~ 10—60 V) indicates that the region of
the mutual compensation of the drift and diffusion
fluxes of nonequilibrium charge carriers in the M(In)—
n-CdS—p-Si—M(In) structure is wide enough. This
result also suggests that the n-CdS—p-Si heterojunc-
tion, which is an accumulation contact, is almost
opaque for holes, and in this heterojunction, the
acceptor surface states are very small, so that there are
no leakage currents.

This is indicated by the fact that, as the reverse bias
voltage increases by almost one order of magnitude,
i.e., from 8 to 60 V, the current in the structure changes
only slightly (by only ~4 x 1077 pA/cm?, i.e., by
~10%). Since the dynamics of increase in the bipolar
drift velocity v, with increasing current plays the main
role in the implementation of the aforementioned
physical processes, we estimated the bipolar drift
velocity v, in different sections of the current—voltage
characteristic. First, we estimate the bipolar drift
velocity in the sublinear section of the current—voltage
characteristic. For this purpose, we assume that the
bipolar drift velocity v, is determined exclusively by
the modulation of filling of deep impurities in the form
of trapping centers for holes. The bipolar drift velocity
is determined by the expression [13]

Vo = (@), N/ L, + 1) (0)],

where p* = p,, + W, N,/(1, + 1,). Under the condition
of the prevailing influence of the modulation of depth
trapping centers, we have the trapping factor y =
N,/p,;> 1, and at p < p*, the expressions for the diffu-
sion coefficient and the bipolar drift velocity are sim-
plified: D, ~ D, and v, ~ alD,, where a = 1/2qD,N, is
the parameter dependent only on the concentration of
deep trapping centers N,.

(14)
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Table 2. Photocurrent Iy, integrated sensitivity S;,,;, and spectral sensitivity .S, as functions of the bias voltage V'

White light Laser irradiation
E, Ix V,V Iy, pA/cm? | S, A/lm Sints A/W P, uW/cm? | Ipy, pA/cm? Sy, A/W
0.1 5 3.65 0.365 40.1 10 13.1 1.31
10 4.3 0.43 47.36 18.83 1.883
60 6.9 0.6916 76 32.8 2.28

From the sublinear section of the current—voltage
characteristic, we find that the parameter a = (2/1.5) x
10" ecm™! A~! and then estimate the bipolar drift
velocity of nonequilibrium charge carriers v, = 2 x
10° cm s~! for the parameters / = 2 x 107 A/cm? and
D, ~ 7.3 cm?s7! (as in the second section of the cur-
rent—voltage characteristic). The estimated bipolar
drift velocity of nonequilibrium charge carriers is more
than three orders of magnitude greater than the value
of v, ~ 1.2 x 10° cm s~! determined from the second
section of the current—voltage characteristic. Hence,
it follows that the mechanism of increase in the bipolar
drift velocity is the modulation of filling of deep trap-
ping centers for holes, which leads to an increase in the
electrical resistivity of the base, and the electric field
strength in it increases. Moreover, the performed eval-
uation shows the dynamics of increase in the bipolar
drift velocity of nonequilibrium charge carriers with an
increase in the current. The existence of the diffusion
and drift flows directed toward each other creates a
strong inhomogeneity of the distribution p(x). This
inhomogeneity determines high values of the hole
concentration gradient (dp/dx), which allow us to
ignore the contribution from the generation—recom-
bination processes to the relaxation of the perturbed
electron—hole plasma:

(Van/L) > (p_pn)/Tps (15)

where L = (D,1,)" is the bipolar diffusion length and
Ly = v, is the bipolar drift length for holes.

Inequality (15) means that the generation—recom-
bination processes can be ignored for sufficiently large
values of the bipolar drift lengths for holes (L4 > L).
In the sublinear section of the reverse current—voltage
characteristic, we have the bipolar drift length L, =
2 x 1072 cm for the parameters v, =2 x 10® cm s~ and
T, = 108 s and the carrier diffusion length L = 2.8 x
1073 cm for the parameters D, ~ 7.3 x 10~2cm?s~! and
T, = 10-% s. From this estimate, it follows that, in the
sublinear section of the current—voltage characteris-
tic, inequality (15) holds true because the bipolar drift
length for holes is three orders of magnitude greater
than the bipolar diffusion length. Therefore, we can
ignore the generation—recombination processes in the
relaxation of perturbations of the electron—hole
plasma. It is entirely determined by the bipolar diffu-
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sion and drift processes. For comparison, we note that,
in the second section of the current—voltage charac-
teristic, the values of L and L, are equal to L = 2.7 x
10 cm and Ly, = 1.4 x 107> cm; i.e., they differ by a
factor of approximately 2, but the diffusion current
was found to be decisive because there is a concentra-
tion gradient of nonequilibrium charge carriers.

It was of interest to analyze the behavior of the sub-
linear section of the current—voltage characteristic
under illumination by the white light and under laser
irradiation. Therefore, we investigated the light cur-
rent—voltage characteristics under illumination at £ =
0.1 Ix and under laser irradiation with a wavelength
A =0.625 pum and a power P = 10 uW/cm?, which are
shown in Fig. 3. It can be seen from this figure that the
light and dark current—voltage characteristics have the
same regularities and differ only in the magnitude of
the current. The light and dark current—voltage char-
acteristics measured under laser irradiation differ from
each other by more than 1.5 orders of magnitude,
whereas the corresponding characteristics measured
under illumination by the white light differ in the mag-
nitude of the current by a factor of 4. Upon laser irra-
diation, we have the spectral sensitivity S, = 3.3 A/W
at the bias voltage V= 60 V. Upon illumination by the
white light with £ = 0.1 Ix and V' = 60 V, we have the
integrated sensitivity S;,, = 0.6916 A/Im (~76 A/W).
These results demonstrate (Table 2) that, under laser
irradiation, in the sublinear section of the current—
voltage characteristic, there is an amplification of the
primary photocurrent, which is more than 6 times
higher than the photosensitivity of an ideal photode-
tector at a given wavelength of electromagnetic radia-
tion (S, = 0.5 A/W at the wavelength A = 0.625 um)
[25]. Under illumination by the white light with the
illuminance E = 0.1 Ix, the integrated sensitivity .5;, is
almost 20 times higher than the spectral sensitivity of
the ideal photodetector at the wavelength A =
0.625 um. The spectral dependence of the photosensi-
tivity for an ideal photodetector, which is constructed

according to the formula §, = hi AN, [25] (where e is
c

the electron charge, 4 is the Planck’s constant, c is the
speed of light, and 1, is the quantum yield of the inter-
nal photoeffect), is shown in Fig. 2 for the cases where
the bias voltage is applied in the forward direction
(curve 4in Fig. 2a) and in the reverse direction (curve 5
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in Fig. 2b) of the current. Also, we estimated the ambi-
polar drift velocity of charge carriers v, under illumi-
nation by the white light and under laser irradiation.
For this purpose, using formula (9), we determined the
value of the parameter a upon illumination by the
white light and under laser irradiation. It was found
that the parameter a has almost the same values (~10!!
cm~! A~!) under illumination by the white light, laser
irradiation, and in the dark. As can seen from formula
(11), the ambipolar drift velocity depends linearly on
the current density. Hence, it follows that the velocity
v, increases so many times, how many times the mag-
nitude of the photocurrent increases in comparison
with the dark current (of course, at a constant value of
the bipolar diffusion coefficient). Thus, we have v, =
108 cm s~! under laser irradiation with a wavelength A
= 0.625 um and a power of P = 10 uyW/cm?, whereas
under illumination by the white light at an illuminance
E = 0.1 Ix, we obtain v, # 4 x 10° cm s7'; i.e., they
increase so many times, how many times the photo-
currents were increased. It should be noted that, in the
evaluation, we assumed that the bipolar diffusion coef-
ficient has the same as in the second section: D, ~ 7.3

cm? s~!. Thus, it was shown that an increase in the
bipolar drift velocity of nonequilibrium charge carriers
plays an important role in the amplification of the pri-
mary photocurrent in the sublinear section of the cur-
rent—voltage characteristic.

The aforementioned effect of increase in the elec-
trical resistivity of the base, which was observed over a
wide range of bias voltages, can be used in the develop-
ment of semiconductor devices for various applica-
tions (rectifiers with a high rectification ratio, zener
diodes, etc.).

4. CONCLUSIONS

We fabricated a photosensitive M(In)—n-CdS—p-
Si—M(In) structure. This structure at a reverse bias
voltage is characterized by an injection of electrons
from the narrow-band-gap semiconductor p-Si to the
wide-band-gap semiconductor n-CdS. At current
densities 7 ~ 1078—10~7 A/cm?, there is a sign reversal
of the photosensitivity in the short-wavelength and
long-wavelength regions of the spectrum. With an
increase in the bias voltage, the sign-reversal point of
the photosensitivity in the short-wavelength region of
the electromagnetic radiation spectrum shifts toward
shorter wavelengths, whereas the sign-reversal point of
the photosensitivity in the long-wavelength region of
the spectrum, on the contrary, shifts towards longer
wavelengths. The mutual compensation of the counter
drift and diffusion current fluxes at current densities of
the order of ~10~°® A/cm? leads to the appearance of a
sublinear section in the reverse current—voltage char-
acteristic over a wide range of bias voltages. An
increase in the bias voltage in the forward direction of
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the current near the M(In)—n-CdS junction results in
the accumulation of holes.

It was found that the n-CdS—p-Si heterojunction
has a low density of surface states at the interface. This
is indicated by a high rectification ratio of the M(In)—
n-CdS—p-Si—M(In) structure, as well as by the
appearance of a sublinear section in the reverse cur-
rent—voltage characteristic over a wide range of bias
voltages. It was shown that light and dark current—
voltage characteristics of the structure have the same
specific features of the change in the electric current as
a function of the voltage. It was found that an increase
in the current density changes the properties of the
base structure, which leads to a change in the minority
carrier diffusion length and the charge transfer mech-
anism in the studied structure. It was shown that, with
an increase in the current density, the bipolar drift
velocity of nonequilibrium charge carriers increases
and reaches the highest value in the fourth section of
the forward current—voltage characteristic; i.e., the
structure is a long diode. It was found that, at current
densities 7 = 10725 x 10~* A/cm? in the forward
direction of the current, the integrated sensitivity S,
and spectral sensitivity S, increase significantly. For
example, S, = 2.8 x 10* A/Im (3 x 10° A/W) at an illu-
minance level E=0.1Ixand S, =2.3 x 10* A/W under
laser irradiation with a wavelength A = 625 nm and a
laser irradiation power P = 10 uW/cm?. The obtained
values of the integrated and spectral sensitivities are
rather high for room temperature. Thus, it can be con-
cluded that the mechanism of amplification of the pri-
mary photocurrent at high current densities is pre-
dominantly determined by the modulation of the
ambipolar drift velocity of nonequilibrium charge car-
riers.
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