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Based on Coarse-Grained CdTe Films

Sh. A. Mirsagatov* *, A. K. Uteniyazov* **, and A. S. Achilov”
¢ Physical-Technical Institute, Uzbekistan Academy of Sciences, ul. G. Maviyanova 2B, Tashkent, 700084 Uzbekistan
* e-mail: mirsagarov@rambler.ru
¥ Berdakh Kara-Kalpak State University, ul. Akademika Abdirova 1, Nukus, Uzbekisian
=% e-mail: abal-62@mail.ru
Received Fehruary 29, 2012

Abstract—The possibility of fabricating a Schottky barrier on Al—p-CdTe structures with the lowest density
of surface states has been demonstrated and confirmed by the results obtained from the capacitance—voltage
and photoelectric measurements of the potential barrier height. [t has been established that, at different for-
ward bias voltages, there are different exponential dependences of the electric current on the voltage, which
are related to the changes in kinetic parameters of the base of the Al—p-CdTe—Mo structure. It has been
shown that the Al—p-CdTe—Mo structure at a forward current and high illumination levels operates as an
injection photodiode. This injection photodiode has a high current sensitivity When the current is switched
on in the reverse direction, after the complete coverage of the base of the structure by the space charge, elec-
trons responsible for the charge transfer mechanism and noise characteristics of the structure are injected

from the rear contact.

DOI: 10.1134/51063783412090193

l. INTRODUCTION

In recent years, detectors with a Schottky barrier
based on CdTe and Cd, _ ,Zn, Te have been intensively
developed [1—3]. Significant advantages of these
detectors are small dark reverse currents (~10-7 A) and
high operating temperatures (7' > 300 K). Further-
more, detectors based on Schottky barrier diodes can
be used for detection of high-energy photons with
energies up to 1 MeV and higher with a limiting energy
resolution without a special circuit for processing an
electrical signal in the detector circuit [4]. However,
single crystals of [1—V1 compounds used to fabricate
nuclear radiation detectors have disadvantages. The
main disadvantage of 1I—VI single crystals is that they
contain a significant number of defects of different
nature which decrease the lifetime of charge carriers
and deteriorate the performance characteristics of
detectors [5]. Some of the disadvantages can be elimi-
nated if coarse-grained polycrystalline CdTe films
with a columnar structure of grains (crystallites) are
used as the base material. In these films, grains perme-
ate them over the entire thickness. The advantage of
these polycrystalline films is that they exhibit proper-
ties of single crystals in the growth direction and prop-
erties of polycrystals in the horizontal direction. The
grain boundaries are sinks for defects of different
types, which leads to an increase in the lifetime of
charge carriérs in the crystallites [6]. On the other
hand, these boundaries can shunt crystallites and serve
as the main source of leakage current. Therefore, the

passivation of grain boundaries is of paramount
importance for polycrystalline semiconductor materi-
als used in the fabrication of solid-state electronic
devices. We have developed a technology [7] that
makes it possible to fabricate high-resistivity coarse-
grained polyerystalline CdTe films with sufficiently
high values of the lifetimes (t ~ 10~7—-10-¢ s) of minor-
ity charge carriers.

The purpose of this work is to fabricate structures
with a Schottky barrier based on CdTe films of this
type and to investigate the charge transfer mechanism
in thent in order to understand the physical processes
occurring in these structures and to evaluate the possi-
bilities for their use in instrument development.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Film structures with a Schottky barrier were fabri-
cated by means of the deposition of aluminum in a
vacuum (~ 1073 Torr) on the surface of coarse-grained
CdTe films with p-type conductivity. The rear contact
was prepared from molybdenum. The p-CdTe films
had an electrical resistivity p = 10°=3 x 107  cm and
a minority carrier lifetime of ~10~"—10~¢ s. The films
had a columnar structure of grains in the growth direc-
tion and represented almost a single crystal. The grain
sizes in the cross section ranged from 100 to 150 um.
The thickness of the p-CdTe films was 40—50 pm, so
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Fig. 1. (1) Forward and {(2) reverse branches of the cur-
rent—voltage characteristic of the Schottky barrier diote

(Al—p-CdTe—Mo) with a base resistivity p = 107 Q2 emon
a semilogarithmic scale at room temperature.

that the grains permeated the films throughout the
thickness. The films were compensated materials.

The current—voltage characteristics of the fabri-
cated siructures were measured in the forward and
reverse directions of the current in the dark and the
light at room temperature. The structures were illumi-
nated by laser radiation with a power density of
83 mW/cm? and a wavelength 0.625 um. The capaci-
tance—voltage C(¥) characteristics were measured at a
frequency of 100 kHz, because they had an identical
shape in the frequency range from 100 kHz to 5 MHz.

The constant lifetime of minority carriers (t,) was
determined using the photoelectric method and from
the relaxation of an electrical signal at a voltage V.
(idling mode) [8, 9]. The photoelectric measurements
of the lifetime of minority carriers 1, were performed
using light diodes emitting at wavelengths of 0.54 and
0.69 um. On these light-emitting diodes, we fed U-
shaped pulses with a duration of the order of 100 us
and a pulse edge steepness of no more than 2 x 107¥s.
The interval between the U-shaped pulses was of the
order of 10——10"3 s,

When the lifetime of minority carriers 1, was mea-
sured using the relaxation of an electrical signal,
U-shaped pulses with an amplitude of 60—80 mV and
a duration of 100—200 ps were fed from a G5-53 cali-
brated pulse generator. The duration of the pulse lead-
ing edge was no more than 2 x 10~¥ s, and the interval
between the pulses was no less than 5 x 104 s.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 1 shows the forward and reverse branches of
the current—voltage characteristic of a typical Schot-
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Fig. 2. Forward branch of the current—voltage characteris-
tic of a typical Schottky barrier diode (Al—p-CdTe—Mo)

with a base resistivity p = 107 Q cm on a semilogarithmic
scale in the dark at 7= 300 K. The aluminum contact area

is = 0.07 em?. Numerals indicate different portions of the
dependence,

tky barrier diode (with a base resistivity p ~ 107 Q cm)
on a semilogarithmic scale. The current direction in
the structure was considered to be forward when a pos-
itive potential was applied to the Mo contact. The gen-
eral analysis of the current—voltage characteristics has
demonstrated that the structure exhibits rectifying
properties and that the rectification coefficients,
which are determined as the ratio between the forward
and reverse currents at a fixed voltage K = I..//.,
(V= 5V), account for more than four orders of mag-
nitude (Fig. 1).

3. 1. Analysis of the Forward Branch
of the Curreni—Voltage Characteristics

First and foremost, we analyze the forward branch
of the current—voltage characteristic of a typical sam-
ple of Schottky barrier diodes measured at a direct
current in the dark at room temperature {Fig. 2). As
can be seen from Fig. 2, the forward branch of the cur-
rent—voltage characteristic consists of four portions,
which are described by the following exponential rela-
tionships: (7) I = I [exp(gV/ckT) — 1}, where ¢; =
1.03and I;; =4 x 10710 A; (2) T = I,[exp(gV/ek T) —
1], where c; = 1.86,and I = 1.1 x 107° A; (B [ =
Toslexp(gV/ekT) — 11, where 5 = 14.8 and Jj; = 6 x
1078 A; and (4) F = Iu[exp(gV/c,kT) — 1), where ¢, =
60and [y = 4.1 x 1073 A,

It portion 7 of the forward branch of the current—
voltage characteristic, the electric current in the struc-
ture is most probably limited by the thermionic emis-~
sion [10], because the ideality factor has the value ¢, =
1.03, i.e., it is approximately equal to unity, and the
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potential barrier height is W= 0.95 K according to the
calculation from the formula fy = A* Mexp(—W/k T) for
values of the Richardson constant A% = 49 A/cm? K2
and 7 = 300 K. The value of A* is estimated from the
following formula |10]: A* = (4ngm} kN /h3, where
m; = 0.41m, is the hole effective mass [11]. Tt is
known that the height of the potential barrier between
the metal and the semiconductor depends on the dif-
ference in the work functions of the metal and the
semiconductor. According to the data presented in
[12], the work function of aluminum lies in the range
from 2.98 to 4.36 eV, and its value is determined pri-
marily by the state of the metal surface. The work
function of the semiconductor is determined as the
sum of the electron affinity (%,) and the energy at the
Fermi level (£g). In order to estimate the value of £,
the concentration of equilibrium holes (py) was deter-
mined from the capacitance~voltage characteristic
plotted in the C~?—¥ coordinates (Fig. 3). The steep
portion 7/ of the dependence C2 = AV) (Fig. 3) is
described by two straight lines. This indicates the het-
erogeneity of the near-surface region of the p-CdTe
film. The concentrations of equilibrium holes were
calculated from the slopes of these straight lines
according to the formula [13]

P = (2/qee,S°WdV/dC?). (1)

The concentrations thus obtained are equal to 6.4 x
10" and 1.4 x 10" cm™3, respectively. When the
dependence C? = A{V) is extrapolated by a straight
line, the intersection with the voltage axis at C-? — ¢
takes place at the point ¥'= ~1.02 V (Fig. 3). The con-
centrations py, = 6.4 x 10" cm™ and p,, = 1.4 x
10'3 ¢m~2 correspond to the energies at the Fermi level
Ery = 0.4 eVand Ep, = 0.32 eV, respectively, and the
electron affinity of cadmium telluride is %, = 4.28 ¢V
[12]. Since the work function for a p-type semicon-
ductor can be written as @5 = ¥, + (E, — Ep), we find
that @y = 5.36 eV at py, = 6.4 x 10" em™ and @, =
5.56 eV at py; = 1.4 x 1013 cm=2. For the ideal contact
between the metal and the p-type semiconductor, the
potential barrier height with due regard for the lower-
ing of the barrier by the value A(gp) due to the Schot-
tky effect is determined by the formula [10]

¢, = E,—q(¢, - xQ) - Ag9). (2)

Since the high-resistivity layer with the effective
acceptor concentration N, = 6.4 x 10" cm™3 is
directly in contact with the metal (Al), it is this layer
that is responsible for the formation of the potential
barrier. On this basis, we will further consider the
potential barrier @, formed between this CdTe layer
and Al. According to the data obtained from the pho-
toelectric measurements [14], the band gap of the
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Fig. 3. Capacitance—vollage characteristic of a typical
sample of Schottky barrier diodes with a base resistivity p=

107 © cm at the reverse bias in the C?—¥ coordinates af a
frequency of 100 kHz, Numerals indicate different pos-
tions of the dependence.

cubic maodification of CdTe is Eg =149 eVat T=
300 K.

The decrease in the barrier height, according to the
calculation from the formula [10]

Agp = (q§/4neso)l/2, (3)

isequal to 9.3 x 1073 V at the effective concentration of
acceptor centers Ny = 6.4 x 10" cm~. In the evalua-
tion of A, the maximum value of the field strength &
in the depletion layer was found using the formula

£ = [2gN,(Vp-V,)ee] . (4)

Thus, we obtained ¢, = 1.38 eV for the parameters
E,=149¢V, @, =4.36 ¢V (for Al), ¢, = 4.28 eV, and
Ap = 9.3 x 1073 V. This value of @, is ~0.4 eV higher
than the potential barrier height determined from the
pre-exponential factor 1, of the current-voltage
characteristic.

Let us now consider the agreement between the
calculated value of the potential barrier height ¢, and
the values determined using the capacitance—voltage
characteristic and the photoelectric method. By using
the capacitance—voltage characteristic, the potential
barrier height is determined from the following
expression | 10];

¢y = Vi+ V,+(kT/q)-Ap, (3)

where V; is the point of intersection of the dependence
C-2(V) with the voltage axis at C-2 —= 0, which is
equal to —1.02 eV for the sample under investigation
(Fig. 3); gV, is the difference between the energies at
the Fermi level and the valence band top, which is
equal to 0.4 eV for the sample under investigation; and
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(kT/g) = 2.58 x 1072 V at T = 300 K. Based on these
data, from expression (3) we find the potential barrier
height ¢, = 1.4 eV. This value almost completely coin-
cides with the calculated value, which was obtained
taking into account the lowering of the potential bar-
rier under the action of the space charge field and
image forces.

The height of the potential barrier was also deter-
mined using the photoelectric method. It is the most
direct and accurate method for determining the height
of the potential barrier [10]. When the sample is illu-
minated on the metal side by a monochromatic light
with an energy 4v > g, electrons are excited in the
metal with an energy high enough to overcome the
potential barrier; in this case, the dependence of the
photoresponse or photocurrent on the energy of inci-
dent photons is described by the relationship [12]

Il ~ v - @, (6)

The dependence of the square root of the photocur-
rent on the photon energy is a straight line (Fig. 4). By
extrapolating this straight line to the energy axis, we
find the height of the energy barrier ¢, = 1.39 €V,
which coincides with the calculated value. Good
agreement between the calculated and experimental
values of the energy barrier height ¢, shows that the
Schottky barrier between Al and p-CdTe is formed
almost without surface states. It seems likely that, in
this case, an important role is played by the thin layer
of aluminum oxide (Al,O5) {12], which is formed dur-
ing the deposition of aluminum on the surface of the
p-CdTe film. 1t is known [12] that oxide layers of the
810, and Al,O; types are characterized by ionic bonds
and, on their surfaces, surface states are not formed;
consequently, they effectively passivate surface states
of semicaonductors with covalent bonds.
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At current densities /= 3.3x 1077=5.5x 10> Acm™
(Fig. 2) in the structure under investigation, the cur-
rent as a function of the voltage is described by the
exponential relationship, in which the factor in the
exponent ¢ is equal to approximately two and the pre-
exponential factor is Jy = 2.7 x 107% A em2 (Fig. 2,
straight line 2). The value of ¢ in the exponent is often
equal to two in the case where the current in the struc-
ture is limited by the recombination of charge carriers
in the space charge layer | 15]. In wide-band-gap semi-
conductors (especially, at low temperatures), the
recombination of charge carriers in the forward cur-
rent direction can be rather significant. The concen-
tration of charge carriers, including nonequilibrium
charge carriers, in the space charge layer varies very
greatly (by a factor of ¢) at a distance {, where the
potential changes by k7/q. Since, at a sufficiently low
injection level, the recombination rate is determined
by the product of the concentrations of electrons and
holes, i.e., # - p, the highest rate of recombination wil
be in the region where p =~ n, i.e., at the boundary
between the p- and n-regions. It can be demonstrated
that the majority of charge carriers in the space charge
layer recombine in a layer with a thickness ~/ near the
geometrical boundary of the Al—p-CdTe structure
with the Schottky barrier. The quantity / = KT/qEp,,
(where E_. is the maximum electric field strength) is
similar to the diffusion displacement fength in neutral
regions. The maximum clectric field strength of
~4.84 % 10? V/cm in the sample under investigation,
according to [10], is generated at a distance / =
(g/16megyE, ) = 6 x 107° cm from the geometrical
boundary of the Al—p-CdTe structure.

The recombination current can be represented in
the form [15]

I = gn(0)1/21, = n(kT/2Epptyexp(gV/2kT)
= lyexp(gV/2kT),

where n(0) is the concentration of charge carriers at the
metal—semiconductor interface. By using the experni-
mental value Jy; = 1 x 1078 A cm~? and its analytical
expression, from relationship (7) we find the lifetime
1~ 3 % 10~ 5 for the parameters n, = 5 x 10% em™3,
Epa = 4.8 x 102 V/em, and T = 300 K. The estimated

lifetime (t = 3 x 10~? 5) is of almost the same order of
magnitude as the values of the times determined from
the relaxation of photoconductivity at current densi-
ties corresponding to portion 2 of the current—voltage
characteristic (Fig. 2). The photoconductivity relax-
ation curve is described by two exponential depen-
dences. The lifetimes determined from these depen-
dences are equal to ~1.3 x 10~% and ~8.0 x 10~ %5, The
difference between the values of the charge carrier life-
times calculated from the pre-exponential factor and
from the relaxation of photoconductivity is less than
one order of magnitude. This circumstance is
explained by the fact that the recombination processes

(7
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are involved not only simple recombination centers
but also complex centers |16] into which the charge
carriers are trapped. In this case, the recombination
rate can be written as

2
C,,Cp(ﬂp —H; )

U: NR »
ciln+m)+cp+p)+tatnp

(&)

where Np is the concentration of recombination cen-
ters (complexes); # and p are concentrations of elec-
trons and holes, respectively; #,is the intrinsic concen-
tration in the semiconductor; ¢, and ¢, are the trapping
coefficients of electrons and holes, respectively; #; and
p, are the equilibrium concentrations of electrons and
holes, respectively, under the conditions where the
Fermi level coincides with the impurity level (the so-
called static Shockley—Read factors); 1; is the time
accounting for the inertia of various processes involv-
ing the electronic exchange within the recombination
complex; and a is the coefficient dependent on the
particular type of defect—impurity or impurity com-
plexes (see [16]). A similar law of the recombination is
possible not only in the aforementioned cases but also
in semiconductors with developed recombination-
stimulated rearrangements of metastable recombina-
tion complexes of the “negatively charged acceptor—
positively charged interstitial ion™ or “positively
charged donor—negatively charged vacancy” type
[17]. A similar pattern can also be obtained for I1-VI
semiconductors, in which the excitation i1s accompa-
nied by chemical reactions that lead to the decay of
complex centers of the shallow donor—vacancy type
118]. Despite the differences observed in the afore-
mentioned cases, they are characterized a general fea-
ture: the recombination of nonequilibrium electrons
and holes occurs with a delay, and the inclusion of the
inertia of the electronic exchange within the recombi-
nation complex leads to the appearance of the last
term in the denominator of formula (8), which at a
sufficiently high excitation level can be decisive.

In cadmium telluride, cadmium atoms represent a
volatile component. Therefore, in the sublattice of
cadmium atoms, singly and doubly charged vacancies

of cadmium atoms, V¢4 and ij , and an interstitial
atom Cd, are readily formed. In the majority of cases,

doubly charged vacancies of cadmium atoms Vé;
form complexes with positively charged impurities of

the (Vf-_.; D™y~ type and neutral interstitial tellurium

atoms of the (Vé;Tef )*~ type [19]. These compiexes

are deep acceptor centers. In cadmium telluride, there
are donor impurities (Cl, In, Al) and acceptor impuri-
ties (P, Li, Ag, Au, Cu). Atoms of silver, copper, and
gold can generate deep acceptor centers. Probably,
these defects and impurities can form defect—impurity
complexes of the “negatively charged acceptor—posi-
tively charged interstitial ion” or “positively charged

6 16:57:41 2015
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donor—negatively charged vacancy™ type, through
which the recombination of nonequilibrium charge
carriers occurs with a delay. Apparently, these com-
plexes at high current densities play a decisive role in
the recombination processes occurring in the base lay-
ers (p-CdTe) of the structure under investigation.

As was noted above, the difference between the cal-
culated and experimental values of the charge carrier
lifetime T is not too large (less than one order of mag-
nitude). This indicates that the recombination pro-
cesses occur with the participation of complex recom-
bination centers; however, they do not play a decisive
role. In this case, the denominator of expression (8)
includes the condition

e,(n+n)+c,lp+p)~arnp. 9

As regards the two values of the time on the relaxation
curve, this circumstance is explained by the fact that,
in the base layer {#-CdTe) of the structure under inves-
tigation, there are at least two types of complexes, one
of which with a lifetime of ~1.3 x 10-* s makes a signif-
icant contribution to the recombination processes.

Since the increase in the recombination current
with an increase in the bias voltage occurs more siowly
as compared to the diffusion current, the forward cur-
rent at sufficiently high bias voltages will increasingly
he determined by the processes geeurring in the quasi-
neutral regions of the base. In this case, the applied
bias voltage will be redistributed between the barrier
and the quasi-neutral part of the base, which is
reflected in the value of the factor ¢ in the exponent.
The factor ¢ can have different values depending on
the ratio of the thickness of the base () to the diffusion
length of minority carriers (L,). Stafeev calculated the
current—voltage characteristics for this phenomenon
under the conditions where the current is limited by
the recombination in the quasi-ncutral part of the
base. As a result, this author obtained the following
relationship [20]:

ghickT

I = [ , (10
where
2 +bcosh£ + b
C-= L,
A b+ 1 ’
cosn 2 an
[ = kT § L,
ﬂ - .
2g(b+ UpL”tan(i)
2L

n

Here, & = /1, is the ratio between the mobilities of
electrons and holes. Probably, potions 3 and 4 (Fig. 2)
of the current—voltage characteristic can be described
by relationship (10), because, in these cases, the values
of the factor ¢ in the exponent are considerably larger
than 2, or, more precisely, they are equal to 14.8 and

PHYSICS OF THE SOLID STATE Wl 54 No. 9 2012
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60.0, respectively. In these portions of the current—
voltage characteristic, we also determined the pre-
exponential factor, which was equal to 6 x 107¢ A for
portion 3 and 4.1 x 1073 A for portion 4. By using the
experimental data presented above and relationships
(10) and (11), we determined the values of the diffu-
sion length of minority carriers (electrons) L,, the
product of the mobility by the lifetime of electrons
1, T, and the base resistivity p. These parameters of the
current—voltage characteristic had the following val-
ues: L, = 14.7 pm, p,t, = 8.3 x 10-* em?/V, and p =
4.7 x 109 Q cm for portion 3and L, = 10.3 pm, p, 1, =
4.1 x 1075 cm?/V, and p = 3 x 10% 2 ¢m for portion 4
with the values of d~ 50 um, & = p,/pb, =10, and T=
300 K. In these portions of the current—voltage char-
acteristic, we also measured the values of the photo-
conductivity relaxation, which are described by the
exponential dependence well approximated by two
straight lines. From the slopes of the straight lines of
the dependence In/ ~ In V—t/t in portion 3 of the cur-
rent—voltage characteristic, we determined 1, ~ 8.7 x
10~7 sand 1, = 1.4 x 10-* s, For portion 4 of the cur-
rent—voltage characteristic, we obtained 1, = 9.1 x
1077sand 1, ~ 1.2 x 10~%s, By assuming that these time
constants correspond to the lifetimes of minority car-
riers (electrons), we estimated the mobility of elec-
trons from the products p,1, = 8.3 x 1073 and =4.1 x
10-5 cm?/V, which were determined in portions 3 and
4 of the current—voltage characteristic, respectively. In
this case, we obtained the values p,,; # 95 cm?/V s and
M,z = 60 cm?/V s for portion 3and p,,, ~45 cm?/Vs and
U, = 34 cm?/V s for portion 4 of the current—voltage
characteristics. The estimated values of p, are within
the reasonable limits for these materials. The fact that,
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in the photoconductivity relaxation curves, there are
two or more relaxation time constants and their
change in magnitude depending on the current density
suggest that the recombination processes occur simul-
taneously in several channels. Therefore, for a speci-
fied injection level, the activity in the recombination
processes is manifested by a particular type of recom-
bination centers, which, most likely, consist of com-
plexes into which the charge carriers are trapped,
because the base of the structure (p-CdTe) under
investigation is a high-resistivity compensated mate-

rial containing complexes of the type (Vé;D‘f)—,
(Vg Te! ), etc.

Further, we will discuss the reliability of the electri-
cal resistivity p estimated in portions 3 and 4 of the
current—voltage characteristics. A comparison of
these data with the initial resistivities of the films dem-
onstrates that they are more than half-order of magni-
tude smailer. This difference in the values is explained
by changes in the parameters of the recombination
processes occurring in p-CdTe layers during the emis-
sion of electrons from the metal (Al) into the semicon-
ductor, as well as by the errors in the measurements of
the base thickness & and the surface area of the struc-
ture S.

3.2. Analysis of the Reverse Branch
of the Current—Voltage Characteristics

Let us now analyze the behavior of the reverse
branch of the current—voltage characteristic of the
Al—p-CdTe—Mo structure, This structure at a reverse
bias can be used as a detector of nuclear particles with
a short mean free path, such as alpha-particles,
nuclear fragments, etc. The detection of nuclear parti-
cles in detectors occurs in space charge layers. The
geometrical dimensions of the space charge, especially
the thickness and leakage currents at a rectifying junc-
tion, as well as the properties of the ohmic contact,
play a decisive role in the formation of spectrometric
parameters of the detectors. Therefore, it is of partic-
ular interest to investigate the electronic processes
occurring in space charge layers formed in the base
layers of the Schottky barriers with different electrical
resistivities. It is also interesting to investigate the
influence of the properties of the rear ohmic contacts
on these electronic processes.

The current—voltage characteristic of a typical
reverse-biased Schottky barrier diode (Al—p-CdTe—
Mo) is plotted on a log—log scale in Fig. 5. The base of
this structure p-CdTe has a resistivity p ~ 105 Q cm,
and the area of the metal contact (Al) is equal to
~1 cm?. As can be seen from Fig. 5, the current—volt-
age characteristic consists of four portions, which are
described by the following dependences of the current

on the voltage: (1) T = AV, a, = 0.6; (2) [ = AV,
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0 =2 (N T=AV" ay=Liand (4 [= AV" oy =2.
In portion [ of the current—voltage characteristic, the
current as a function of the voitage varies according to
the law / ~ ¥'/2_ This dependence of the current on the
voltage is observed when the width of the space charge
region increases with an increase in the reverse volt-
age [15]. When the Schottky barrier diode is switched
on in the reverse direction, the reverse current density
(it is assumed that 1, = T, = 1,) can be written in the
form [15]

]U = an(np/Tn) + C]d(ﬁ,'/z'fo). (12)

The first term of expression (12) describes the current
induced by thermal generation of charge carriers at the
rate n,/t, in the base layer with the width L, in the rear
ofthe space charge region (£,,), and the second part of
expression (12) describes the current induced by the
generation of charge carriers in the space charge
region. Since the space charge region is depleted in

carriers, we have pr < M,-2 , and the Shockley—Read sta-
tistics [21] can be written as r — g = —n,/21y; i.e., at a
reverse bias, the generation of charge carriers in the
space charge region dominates over the recombina-
tion. In semiconductors with a large band gap, for
example, in silicon, gallinm arsenide, and cadmium
telluride, the value of n, is small; therefore, the current
induced by the generation of charge carriers domi-
nates. The ratio between the two current components
in expression {12) is given by

oo/l = dn/2n,L, = dn,/2mL,. (13)

This ratio increases with a decrease in the temperature
and a decrease in the parameters T, and L.

Next, we write the generation current in the form [135]

I = ﬁf_(ZQEE:j‘”(Pk_ﬁ(MSSﬂCDUZVm’
21NN,y .

2NNy,

where ¢ and g, are the permittivities of the semicon-
ductor and vacuum, respectively; N, .o = Ny — Npis
the effective concentration of charged acceptor cen-
ters; and @, is the contact potential difference. From
the slope of straight line 7 in Fig. 5, we determine the
lifetime of nonequilibrium charge carriers according
to the following expression:

(14

Ty = ni(zqssﬂ)l/z(Vzuz_ I/Jlﬂ) ([5)
o~ 12 )
2NA.eﬂ'(-[rz_Ir,)

The values thus obtained for the lifetimes of nonequi-
librium charge carriers are as follows: 15, ~4 x 1078 s
for Ny oy = 4 x 108 cm=? and 19, = 1.7 x 107* 5 for
N, or=9.1x 10" cm~>. The effective concentration of

charged acceptor centers was determined from the
steep portion of the capacitance—voltage dependence

C~X(V) of the Schottky barrier diode (Fig. 6), which
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Fig. 6. Capacitance—vottage characteristic of a reverse-

biased Schottky barrier diode (p = 10° €2 cm) at a fre-
quency f= 100 kHz. Numerals indicate different portions
of the dependence.

has an inflection and consists of two straight lines. This
indicates the heterogeneity of the near-surface layer of
the p-CdTe film. The values of N, . obtained from

these straight-line dependences of C~2 on ¥ were used
to estimate the values of 1y, and 1,,. These values of the
lifetimes of nonequilibrium charge carriers are in
agreement with the data available in the literature [18]
for the lifetimes of charge carriers in CdTe with intrin-
sic conductivity. These results confirm that, in portion
1 of the reverse current—voltage characteristic, the
current is actually limited by the generation of charge
carriers in the space charge layer, and the contribution
to it from the current [, is insignificant. Following this
portion of the current—voltage characteristic is the
dependence of the current on the voltage in the form

I=AV", where a, = 2. The current—voltage charac-
teristic of this type can take place in long diodes at low
and high injection levels of minority charge carriers.
Consequently, in the base of these diodes, the electro-
neutrality is ensured at every point. However, the
Schottky barrier diodes under investigation are
switched on in the reverse direction, and their space
charges have a sufficiently large thickness. For exam-
ple, the studied sample at the bias voltage V' = —10V
has a space charge thickness ~8 pm, which does not
change with a further increase in the voltage. There-
fore, it is assumed that the nonequilibrium electrons
are injected into the space charge layer, The injection
of electrons into the space charge layer can occur from
interlayers of the grain boundary (as in [22]) or from
the rear molybdenum contact when a negative bias is
applied to it. The X-ray powder diffraction analysis
demonstrated that between the CdTe film and the
molybdenum substrate, there is an oxide layer of
Mo0O; [23], which is a wide-band-gap semiconductor
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with n-type conductivity. Therefore, the injection of
electrons can occur from this oxide layer into p-CdTe.
Let us assume that electrons are injected into the vol-
ume of the space charge with a concentration equal to
or higher than the concentration #;; then, there arises
an additional space charge of mobile carriers. [n this
case, the dependence of the current on the voltage can
be represented in the quadratic form | 24]

I = 88()81/2/[.].

From the slope of the plot / ~ V2, we obtain u6é ~ 2 x
105 ecm?/Vsfore=9.0[9],5,=885x 107" Fcm™,
and L = 8 pm, which confirms the monopolar injec-
tion into a dielectric with a high concentration of traps
[24]. Probably, this dielectric is a part of the base layer
{(p-CdTe) covered by the space charge. Further, the
current—voltage characteristic has a portion where the
current is linearly dependent on the voltage. The
appearance of the linear portion in the current—volt-
age characteristic, most likely, is associated with the
fact that the volume of the space charge is filled with
injected nonequilibrium elecirons. As a result, the
resistance of the base part as a whole is leveled. How-
ever, in this case, the concentration of nonequilibrium
electrons injected from the rear contact (Mo) is still
less than the concentration of equilibrium charge car-
riers in the quasi-neutral part of the base layer of the
structure. When the concentration of injected non-
equilibrium electrons becomes equal to the equilib-
rium concentration of electrons in the base, there
again appears a quadratic dependence of the current
onthe voltage, which is described by relationship (16).
By using the electrical resistivity determined from the
linear portion of the current—voltage characteristic,
we can estimate the dielectric relaxation time

(16)

(17)

for the dependence I ~ V2. According to the estimates,
the time required to establish the compensation pro-
cess in the base is long enough, and the transit time
becomes short. Therefore, the injected electrons have
no time to “dissipate”; consequently, these arises a
space charge of free nonequilibrium charge carriers. [t
is known [24] that, when the concentration of free
electrons is doubled as a result of the injection, the
cxpression for the concentration of nonequilibrium
electrans captured into shallow traps takes on the
form #ny/0, and the voltage of transition from the
Ohm’s law to the quadratic law is determined by the
expression [24]

In = Eggp = 107"s

V, = enyL’/8e. (18)

In this case, the total concentration of injected elec-
trons is given by # + n, = n,, where n, is the concentra-
tion of electrons captured into traps, and the effective
drift mobility is defined as p . = (n/n,))1. By using the
definition of the effective drift mobility p ; and the
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equation n/n, = p/p, = 0, it is easy to verify that for-
muia (18) is equivalent to the expression

r.t.uﬂ' = fﬁ'! r.t.cl'f = Lz/pcﬂ'V.\:* "lclT = (”/";)Ha (]9)

where . . is the effective time of flight of the total
injected charge through the high-resistivity semicon-
ductor with the voltage ¥, and 1, is the dielectric relax-
ation time defined by expression (17). Then, using the
equality £, .= I (see formula (19)), we find the effec-
tive electron mobility g = 2 x 1073 ecm?/V s for the
parameters £ = 30 um and V, = 4.5 V. The effective
mobility was also determined from portion 2 [ ~ V2
according to formula (16): pgp~ 1.4 x 1073 cm?/Vs. A
comparison of the mobilities p. determined from the

value of V, and from the dependence J ~ ¥? demon-
strates that the base of the Schottky barrier diode
under investigation actually has a large number of
shallow attachment levels. The capture into these lev-
els increases with an increase in the concentration of
injected nonequilibrium charge carriers. This also
confirms that the majority of the injected electrons are
trapped into the attachment levels,

The injection of nonequilibrium charge carriers
into the base of the reverse-biased Schottky barrier
diodes is of fundamental importance, because they
can determine the noise and functional characteristics
of semiconductor devices, in particular, nuclear radia-
tion detectors. Thus, it is interesting to investigate the
Schottky barrier diodes in which the base is com-
pletely covered by the space charge. Therefore, the
Schottky barrier diodes were fabricated on higher
resistivity films (p = 5 x 108=107 € ¢m) with a small
surface area 8~ 7 x 1072 cm? of the metal contact (Al).
In these structures, the probability of expansion of the
space charge layer is rather high. In this case, the pos-
sibility of injection of nonequilibrium electrons from
interlayers at the grain boundaries into the space
charge layer decreases because the number of grain
boundaries on the surface area of ~0.07 cm? is substan-
tially smailer (~1 ¢m?). Furthermore, an increase in
the electrical resistivity of the cadmium telluride films
leads to an increase in the probability of the formation
and accumuliation of free tellurium atoms on the sur-
face of crystallites that readily form the TeQ, com-
pound, which is a good insulator and encourages the
passivation of grain boundaries.

The current—voltage characteristic of a typical
reverse-biased Schottky barrier diode based on p-
CdTe with a base resistivity p ~ 3 x 107 Q em is shown
in Fig. 7. As can be seen from Fig. 7, the current—volt-
age characteristic of the reverse-biased Schottky bar-
rier diode consists of the following four portions: (N

T= AV a,=0.59 () I= AV, oy~ 1;(3) I= AV™,
as;~2;and (9 I = AV , 0y = 3.8. In portion 7 of the
current—voltage characteristic, the current is limited
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Fig. 7. Current—voltage characteristic of a reverse-biased
Schottky barrier diode (p= 3% 10 Q emand 5= 0.07 cmz)
onalog—logscale: (1) I~ 059 IV, (H i~ VE, and
(DI~ Ve

by the generation current in the space charge layer,
because the current—voltage characteristic is satisfac-
torily described by the second term of expression (14),
and the capacitance decreases with an increase in the
reverse voltage (Fig. 8), which confirms the expansion
of the space charge layer. This capacitance—voltage
characteristic reaches saturation (plateau) at voltages
of ~3—4 V. This means that the space charge already at
these voltages completely covers the entire thickness of
the base (p-CdTe) of the structure. On the plateau of
the capacitance—voltage characteristic, we have the
capacitance C = 12.2 pF, and the evaluation of the
thickness of the space charge layer from this value
according to the parallel-plate capacitor formula C =

8—3’5 gives d ~ 45.7 pm. This value almost completely

coincides with the thickness of the p-CdTe film: L =
46 um. Let us assume that, in this portion of the cur-
rent—voltage characteristic, the current is limited by
the generation current. Then, using the second part of
formula (14), we calculated the lifetime of equilibrium
charge carriers 1; ~ 5 x 1077 s for the parameters »; =
105cm=>, £=9, g, = 8.85 x 10~"* F/cm, § = 0.07 cm?,
and N, jg= 2.1 x 10"2cm=3. For Ny ;r=3.5x 102cm >,
we obtained T4 ~ 3.3 x 107 s. The appearance of two
values T, is associated with two concentrations of
charged local immobile cemters. These centers were
identified from the rapidly decreasing portion of the
dependence C-%(¥), which consists of two straight
lines (Fig. 8), thus indicating the heterogeneity of the
base layer of the p-CdTe film structure. Furthermore,
the obtained results have demonstrated that, with an
increase in the base resistivity of the structure, the life-
time of equilibrium charge carriers increases; conse-
quently, the concentration of unoccupied recombina-
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Fig. 8. Capacitance—voltage characteristic of the sample

with a base resistivity p= 3 x 107 Q2 cmin the C 2~ ¥ coor-
dinates at a test signal frequency /= 100 kHz. Numerals
indicate different portions of the dependence.

tion centers decreases. For example, when the base
resistivity p increases from 10° Qcmto ~3 x 10" Qcm,
the lifetime 1, increases from 4 x 107410 5 x 107" s.

Following this portion is the portion of the cur-
rent—voltage characteristic in which the current lin-
early depends on the voltage. Since the entire thick-
ness of the base of the structure is completely covered
by the space charge, the current in this portion of the
current—voltage characteristic is limited only by ther-
mal generation of charge carriers. Of course, in this
case, the concentration of nonequilibrium electrons
injected from the rear contact of the structure is sub-
stantially lower than the concentration of thermal
equilibrium carriers. When the concentration of
injected electrons becomes equal to the concentration
of thermal equilibrium electrons, in the current—volt-
age characteristics there appears a quadratic depen-
dence of the current on the voltage, which is actually
observed in the experiment at the voltage ¥, ~ 18V
(Fig. 7, curve 3). From the portion of the quadratic
dependence of the current on the voltage, the efTective
electron mobility p . was determined using the value
of V.. First, the mobility p; was determined from the
value of ¥, according to expression (18}, As a result, we
obtained pg ~ 2.1 x 1073 ¢cm?/V s for the following
parameters; ¥, = 18 V, 1o = 3.5 x 107%s, L = 46 pm,
and p = 3.5 x 102 ©Q cm. Here, the electrical resistivity
of the p-CdTe film (base) covered by the space charge
was estimated from the linear portion of the current—
voltage characteristic. The second estimate for the
mobility p g~ 3.4 x 10~ cm?/V s was obtained accord-
ing to formula {16) from the slope of the dependence
I~ V2. The data obtained are in good agreement and
suggest that the vast majority of nonequilibrium elec-
trons are trapped. Since p.g = (r/n)p (see expression
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Fig. 9. Dependence of the noise on the voltage at the
reverse-biased Schottky bammier diode with a base resistivity

p=3x10" Qem.

(19)), we have n, = 2.4 x 10*z according to the first
estimate of the effective mobility and n,, = 1.5 x 10*n
according to the second estimate, with the electron
mobility y, ~ 50 em?/V s in the p-CdTe films under
investigation.

After the dependence [~ ¥ in the current—voltage
characteristic (Fig. 7) is the dependence 7 ~ V38, The
portion with a sharp rise in the current appears upon
the unipolar injection [24], when the attachment lev-
els either intersect the quasi-Fermi level or are located
at a very short distance from it. The voltage at which
the current begins to sharply increase (in the trap filled
limit (TFL))} has the form [24]

2
Voo Ore _ ep, ol _ep, sl
TFL & = = -

20
Co Co E> (20)

After substituting the experimental value Vi =41V
and e = 1.6 x 107" C, & = 9 for cadmium telluride,
gy=8.85x 107 Fem!, and L = 46 um into expres-
sion (20), we find that p, ; = 10" cm~3. Hence, it fol-
tows that the concentration of unfilled traps is high
enough, so that a sharp jump in the current—voltage
characteristic is not observed. In this case, the ratio of
the concentration of unfilled trap centers to the con-

centration of nonequilibrium free electrons has the
form [24]

2Vr) _Beo
(Vi) mg
After substituting the current 7 = 5.6 x 10~ A at the

bias voltage Vg =41 Vand I=8.1 x 10-5 A with twice
the value Vip = 82 V (Fig. 7, portion 4) into expres-

(21

sion (21), we find the ratio of 22 ~ 145. This value
hy
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indicates that the concentration of equilibrium free
electrons is ~ 10"} cm™3; i.e., it is more than two orders
of magnitude smaller than the concentration g, ;. The
electrons injected from the rear contact will naturally
affect the leakage current and noise characteristics of
semiconductor devices. As was shown above (Fig. 7),
beginning with the voltage V, = 18 V, injected elec-
trons dominate in the charge transfer; consequently,
they should also affect other characteristics of the
structure. [ndeed, the noise of the structure under
investigation decreases to the voltage of ~9 V (Fig. 9),
remains constant up to 16 V., and then begins to
increase. These data confirm that the injection of elec-
trons from the rear contact into the voiume of the
space charge up to 9 V is almost absent. Further (from
9 to 16 V), there is a weak injection of electrons into
the space charge layer and, beginning with the voltage
of ~18 V, which corresponds to the transition from the
linear portion of the current—voltage characteristic to
the quadratic dependence of the current on the volt-
age, the injected electrons begin to determine the
mechanism of charge transfer in the structure and,
consequently, the noise significantly increases. This
means that the nortequilibrium electrons coming from
the rear contact are also responsible for the noise char-
acteristics of the structure under investigation.

Moreover, in the voltage range from 9 to 18 V, the
capacitance of the reverse-biased structure is relatively
low and constant (~12.2 pF). This behavior of the
capacitance—voltage characteristic is explained by the
fact that, at these voltages, the effective concentration
of charged immobile centers is still considerably
higher than the concentration of electrons injected
from the rear contact.

4. USE OF THE STUDIED STRUCTURE
AS A PHOTOSENSOR

The examination of the structure under investiga-
tion as a photosensor is of interest, because the per-
formed analysis of the current—voltage characteristics
of the Al—p-CdTe—Mo structure has demonstrated
that this structure has a high-resistivity base and the
ratio of its thickness to the diffusion length lies in the
range —3.5-5.0; furthermore, the studied structure is
photosensitive. Therefore, the Al—p-CdTe—Mo struc-
ture satisfies all the requirements for injection photo-
diodes [15). In this respect, we investigated the cur-
rent—voltage characteristic of the Al—p-CdTe—Mo
structure under laser irradiation with a wavelength A=
0.625 pmand a power density of 83 mW/cm? (Fig. 10).
As can be seen from Fig. 10, the light current—voltage
characteristic differs significantly from the dark cur-
rent—voltage characteristic in both the forward and
reverse current directions. The photocurrent (7,,) sub-
stantiaily exceeds the dark current (f;) with the same
bias voltage. For example, the photocurrent [, is 15—

. P
20 times greater than the dark current 7, at the bias
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voltage V=2 V and it is 100 times greater than that at
the bias voltage = 3.3 V in the forward current direc-
tion. At a reverse bias voltage, the photocurrent at
Vin = 0.5 V almost reaches saturation; in this case, the
ratio of 7, to /,is no less than 10. After that, a further
increase in the reverse bias leads (o a slow increase in
Iy, which is especially pronounced beginning with
V=2V

In order to determine the efficiency of the opera-
tion of the structure as a photodiode, we calculated the
photocurrent. Under irradiation by laser beams with a
wavelength A = 0.625 pm and a power density of
83 mW/cm?, the photon flux @y = 2.6 x 107 cm~2 5!
with an energy £ = 1.984 eV is incident on the surface
of the structure. The photon flux in the base (p-CdTe)
of the structure according to the calculation using the
formula @ = Q,5(1 — R)Yisequalto ~9 x 10" cm—2 5!
for §~ 7 x 1072 em? (the surface area of the structure)
and R=0.4 (the fraction of photons reflected from the
aluminum interlayer with E = 2 eV). Now, we assume
that all the photons incident on the base are absorbed,
and all they form electron—hole pairs that are sepa-
rated by a barrier without loss. In this case, the gener-
ated photocurrent is I, = g0 = 1.44 x 10~ A. At the
same time, in the experiment we have 1, ~ 9 x 1073 A
at V= 3.3V, which is more than six times higher than
the hypothetical calculated values obtained in our
work. Hence, it follows that, in this structure, the pho-
tocurrent is amplified. This is ¢learly confirmed by the
fact that the current sensitivity of this structure is
~2.6 A/W, whereas the ideal photodetector at this
wavelength has a current sensitivity of 0.5 A/W [23],
which is more than five times lower. An ideal photovol-
taic device is considered to mean a device in which
there is no reflection from the surface, the internal
quanturn efficiency is ~ 1, and all the generated charge
carriers are involved in the formation of the photo-
current.

According to the X-ray diffraction data [23], in the
Al—p-CdTe—Mo structure, an interlayer of aluminum
oxide (Al,O) with a thickness of ~200 A is formed
between the Al and p-CdTe layers and an interlayer of
molybdenum oxide with a thickness of ~300 A is
formed between the p—-CdTe and Mo layers. Therefore,
this structure can be represented as a structure with
two Schottky barriers switched on in the opposing
directions. Moreover, these Schottky barriers are tech-
nologically connected with the p-CdTe base layer. Let
us now analyze what occurs in this structure under
irradiation by laser beams with A = 0.625 um. The
absorption of photons occurs in the near-surface p-
CdTe layers with a thickness of the order of one
micrometer, because the Al layer has a thickness of
~50 A, the intermediate layer between Al and p-CdTe
has a thickness of approximately 200—250 A, and the
coefficient of absorption of these photons in CdTe is
equal to ~10* cm~!. Hence, it follows that nonequilib-
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Fig. 10. (1) Dark and (2} light current—voltage character-
istics of the Schottky diode (Al—p-CdTe~Mo) with a base

resistivity p = 107 €2 cm at room temperature under laser
irradiation with a wavelength A = 0.625 pm and a power

density of 83 mW/cm?.

rium photocarriers are located at a distance of ~1—
2 um from the Al—p-CdTe interface. In this case, the
negative potential applied to the Al contact, leads to
the formation of a space charge at the Al,O,—p-CdTe
interface due to the accumulation of nonequilibrium
holes, which, in turn, increases the potential barrier.
An increase in the concentration of nonequilibrium
clectrons due to the photogeneration creates an addi-
tional gradient of the concentration of minority
charge carriers in the p-CdTe layer, which is responsi-
ble for the increase in the diffusion current. This leads
to a modulation of the resistance of the base region.
Since the Schottky barrier is connected in seties with
the base resistor, the change of the latter leads to a vari-
ation in the voltage across the Schottky barrier Al—p-
CdTe and in the emnission current. In turn, this causes
a new change in the base conductivity, a new redistri-
bution of the voltage, and a new enhancement of the
electron emission from the metal (Al) into the semi-
conductor (p-CdTe). This ensures a significant
increase in the initial photocurrent; i.e., the consid-
ered photodiode is a version of the injection photo-
diode [15]. The injection photodicde is a diode fabri-
cated from the high-resistivity: semiconductor. The
base length is several times greater than the diffusion
displacement length of minority carriers, and the p—#
junction is connected in the forward direction. The
injection photodiode operates at high injection levels,
and the conductivity of the base region is determined
by injected charge carriers.

Irradiation with light from the fundamental or
impurity absorption region leads to a change in the
resistance of the base region due to both the direct
increase in the charge carrier concentration (as in a
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Fig. 11. Forward branch of the light current—voltage char-
acteristic of the Schottky barrier diode (Al—p-CdTe—Mo)

with a base resistivity p = 10’ Q2 em under laser irradiation
with a wavelength & = 0.625 pm and a power density of

83 mW/cmz. Numerals indicate different portions of the
dependence.

photoresist) and the change in the parameters (such as
lifetime and mobility) determining the distribution of
nonequilibrium charge carriers in the base region. A
change in these parameters leads to a variation in the
distribution of nonequilibrium charge carriers and,
consequently, the resistance of the base region.

The structure under investigation also has a high-
resistivity base region, its thickness is ~3.5—5.0 times
greater than the diffusion displacement length of
minority carriers, and the concentration of nonequi-
librium charge carriers is substantially higher than the
concentration of equilibrium charge carriers. There-
fore, the structure satisfies all the requirements for
injection photodiodes; in this case, the p—# junction is
replaced with the Schottky barrier.

In order to elucidate the modulation of the base
resistance and the related physical processes, we inves-
tigated the light current—voltage characteristic of the
structure (Fig. 11). As can be seen from Fig, 11, the
light current—voltage characteristic consists of three
portions in which the dependence of the current on
the voltage is described by the following exponential
expressions: (1) = 1 [explgV/c kT) — 1], where ¢, =
1.05and fy; = 3 x 107" A; (2) 1= Ilexp[gV/c,kT) —
1], where ¢; = 16 and Jy, = 9 x 10 A; and (3) T =
Iyslexplg¥/e;k Ty — 1], where ¢y = 80 and /i = 6.2 x
10~* A. In portion 7 of the current—voltage character-
istic, the dependence of the current on the voltage is
described by the thermal electron emission, because
the exponent is ¢; = 1.05. The potential barrier height
W estimated from the experimental value 1, = 3 x
10-!! A proved to be ~1.02 eV, which is 0.07 eV larger
than the value observed in the dark. This fact confirms
once more that, after irradiation with laser beams, the
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potential barrier height increases as a result of the
sharp increase in the concentration of nonequilibrium
holes at the Al—p-CdTe interface.

Using the experimental values of ¢ in the exponent
and the pre-exponential factor /, calculated from por-
tions 2 and 3 of the light current—voltage characteristic
(Fig. 11}, we determined the parameters L, U7, and p
from expressions (10) and (11), as was done in the anal-
ysis of the dark current—voltage characteristics obtained
in the dark. As a result, we obtained the following
parameters: L, = 14.3 pm, pt, = 8 x 10~* cm? V-1, and
p = 3.5 x 10° Q cm for portion 2and L, = 9.7 um,
ut, = 3.7 x 1077 ecm? V-, and p = 2.6 x 10° Q cm for
portion 3 of the light current—voltage characteristic.
The calculation was carried out using the experimental
data (¢, = 16, and Ip; =9 x 107% A; ¢; = 80, and Ip; =~
6.2 x 1074 A) and the geometric data: d = 47 pm (the

. thickness of the p-CdTe base) and S~ 7 x 10~2cm? (the

sensitive area of the structure). The analysis of the
cbtained resulis has demonstrated that the diffusion
displacement length of minority carriers {electrons)
and the product u,t, have almost the same values as
those obtained from the dark current—voltage charac-
teristic (Fig. 2, portions 3 and 4). This circumstance
suggests that the recombination parameters either
remain unchanged or change only slightly. The base
resistivity changes as a result of the increase in the
concentration of nonequilibriurn charge carriers. This
is confirmed by the resistivities calculated before
(4.7 x 10% and 3 x 10° Q ¢m) and after (3.5 x 10° and
2.6 x 10° Q c¢m) irradiation.

5. CONCLUSIONS

Thus, the possibility of fabricating a Schottky bar-
rier on Al—p-CdTe structures with the lowest density
of surface states has been demonstrated and confirmed
by the results obtained from the capacitance—voltage
and photoelectric measurements of the potential bar-
rier height. It has been established that, at current den-
sities of 3.3 x 10-7—5.5 x 10~% A cm™? in the Al—p-
CdTe—Mo structure under investigation, the current is
limited by the recombination in the space charge layer.
In this case, the calculated lifetime of nonequilibrium
charge carriers differs from the experimental value by
almost one order of magnitude, which is explained by
the recombination processes involving complex cen-
ters into which charge carries are trapped. It has been
shown that the Al-p-CdTe—Mo structure in the for-
ward direction of the current at high illumination lev-
els operates as an injection photodiode. This injection
photodiode has a high current photosensitivity, For
example, we have 5, = 2.6 A/W at the wawelength A =
0.625 pm, which is more than five times higher than
the spectral sensitivity of an ideal photodetector at this
wavelength. It has been established that, in these injec-
tion photodiodes, the photocurrent amplification
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occurs as a result of the modulation of the base resis-
tivity with an increase in the concentration of non-
equilibrium charge carriers.

[t has been shown that, in the Schottky barrier
diodes fabricated on coarse-grained p-CdTe films with
an electrical resistivity p = 10°—107 {2 cm, even at ther-
modynamic equilibrium, the space charge has a suffi-
cient thickness: d = S um at p = 10° Q cm and d =
30 um at p = 3x 107 Q cm. It has been established that
an increase in the degree of compensation (the electri-
cal resistivity p of the base) leads to an increase in the
lifetime of the equilibrium charge carriers. For exam-
ple, with an increase in the electrical resistivity p of the
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