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It was established that ultrasonic treatments (USTs) have practically no effect on the patterns of current flow in the Al-Al2O3-p-
CdTe-Mo structure in the forward direction, namely, as in the absence of ultrasonic action, they appear in the sequence J∼V, J∼V2,
J∼V5.3, and J∼V2. *e effect of ultrasonic treatments affects only the magnitude of the flowing current; at low voltages, the current
becomes somewhat larger, and at high voltages, it practically does not change. Changes in the magnitude of the flowing current are
explained on the basis of the assumption that the recombination of nonequilibrium carriers in such a structure occurs through
complex pair recombination complexes and, as a result of ultrasonic treatments, the number of both small acceptors and deep
recombination centers increases.

1. Introduction

Currently, it is considered as an established fact that ul-
trasonic treatment (UST) affects structural defects and the
electrophysical characteristics of semiconductors and
semiconductor structures [1–8]. *e advantages of UST
compared with annealing and radiation exposure include
the following features:

(1) *e absorption of ultrasonic waves in a solid occurs
predominantly in areas of disturbances of the pe-
riodicity of its crystal lattice and, therefore, the ul-
trasonic effect is more local

(2) *e use of ultrasonic waves of different polarization
and types allows to increase the selectivity of
influence

(3) By selecting the frequency of ultrasonic vibrations, it
is possible to achieve resonant transformations in the
defective subsystem

It is known that the electrophysical and photoelectric
properties of heterojunctions and MOS structures strongly
depend on the properties of the surface of semiconductors.
Since various surface effects directly affect the reliability and
stability of virtually all types of semiconductor devices, the
study of surface physics using metal-dielectric-semicon-
ductor (MOS) structures plays a large role in all semicon-
ductor technologies. *e authors of Ref. [9, 10] investigated
surface states at the interface of the Al-Al2O3-p-CdTe
structure. In the Reference [11], it was shown that such a
structure has the property of an injection photodetector and
amplifies the primary photocurrent even in the absence of an
external bias voltage. In the work [12], we investigated the
effect of ultrasonic treatments on the electrophysical
properties of the Al-Al2O3-p-CdTe structure. Ultrasonic
treatments were carried out at the frequency of 2.5MHz with
the power of P � 1W/cm2 for 15 minutes. It was proved that
USTsignificantly affects the fluctuations of surface charges at
the interface and eliminates unstable point defects located in
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the near-surface layer of a semiconductor. Experimental
results have shown that the Al2O3 oxide layer formed be-
tween aluminum (Al) and cadmium telluride (CdTe) is of
sufficient quality. It is proved that ultrasonic annealing of
surface states in the upper half of the semiconductor
bandgap at the interface of the Al-Al2O3-pCdTe-Mo
structure leads to a decrease in the surface recombination
current, and this, in turn, provides an increase in the number
of electrons injected from the aluminum side into the base;
therefore, the forward current increases after the UST. A
decrease in the reverse current is due to the annealing of
surface states in the lower half of the semiconductor
bandgap, since this decreases the probability of tunneling of
nonequilibrium electrons accumulated at the interface from
the base into the metal. Experimental results have shown
that the Al2O3 oxide layer formed between aluminum (Al)
and cadmium telluride (CdTe) is of sufficient quality. Since
the Al2O3 oxide layer is the main element in the studied Al-
Al2O3-p-CdTe-Mo structure, a change in its properties,
including the concentration of defects and impurities in the
dielectric oxide layers (surface states) should affect the
electrophysical and photoelectric properties of the entire
structure. *erefore, this work is devoted to the study of the
effect of ultrasonic treatments (UST) on the processes of
current transport in the Al-Al2O3-p-CdTe-Mo-structure.

2. Experimental

Film structures p-CdTe from a columnar structure of
grains on an Mo substrate are obtained by the sublimation
methods in a hydrogen flow. It should be noted that when
using hydrogen as a carrier gas, the transport of the va-
porized substance is carried out at relatively lower tem-
peratures than in the case of other inert gas compositions.
In the synthesis of CdTe films in a flow of hydrogen H2, the
determining factor affecting their growth rate is the degree
of excess of the metal components of cadmium vapor over
the stoichiometric composition. *is is explained by the
fact that the components of Cd atoms are more volatile
relative to Te atoms in CdTe vapor and is confirmed by the
results of studies of the microstructure of the surface of the
Al-p-CdTe-Mo structure on the surface of the CdTe film, as
well as on the surface of aluminum. *e elemental com-
position of the structure was studied using a JEOL JXA-
8900R electron microprobe analyzer, using energy dis-
persive spectrometer (EMF) LINK ISIS (Japan). It was
revealed that the atomic ratio of the components in the
CdTe film is Cd/Te � 0.986 ≈1, which corresponds to the
weak p-type conductivity of CdTe. Microcrystals of CdTe
films grown at a substrate temperature TS � 670°S have
high resistivity (ρ�109 ÷1011Ω∙sm) and have a mixed
hexagonal and cubic structure. *ey have a columnar
structure of grains in the direction of growth and were
practically a single crystal. *e cross-sectional grain sizes
range from 100 to 150 μm. *e thickness of the p-CdTe
films was initially 40–50 μm, so that the grains penetrate
the entire thickness of the film. *e resulting films were
brought to the required thickness (8–10 μm) by grinding

and polishing. Since at base thicknesses d ≤5 μm, the Al-p-
CdTe-Mo diode structure abruptly loses its rectifying
properties. For example, the rectification coefficient, de-
fined as the ratio of forward and reverse current at a fixed
voltage (5 V), with a base thickness d � 8–10 μm is four to
five orders of magnitude, and at d 5 μm, it is only two
orders of magnitude at the same value bias voltage. *is is
explained by the fact that the number of structural defects,
including various complexes, inclusions, in the growing
film at a distance of ∼5 μm from the molybdenum sub-
strate begins to increase sharply. *e base thickness of the
structure under study is d ≈ 10 μm. In the course of
sublimation in a stream of hydrogen, strongly compen-
sated high-resistance large-block p-CdTe films of hole
conductivity are synthesized. *e p-CdTe films were
synthesized from CdTe powders containing several im-
purities: copper, silver, and zinc. *erefore, strongly
compensated high-resistance large-block p-CdTe films are
probably formed.

*e lifetime of minority charge carriers-electrons is
τ∼10−8 ÷10−7 s. *e value of τn was determined from the
relaxation of nonequilibrium current carriers at a low level
of excitation, both in the absence of voltage and at various
applied voltages [13]. Nonequilibrium carriers were ex-
cited by an electric signal that was supplied from the
calibrated pulse generator G5-55 of the V-shape with the
amplitude 60–80mV and the duration 100–200 μs. *e
steepness of such pulses was no more than 2∙10−9 s and
duty cycle not less than 5∙10−4 s. *e relaxation curve for
the concentration of nonequilibrium variables at various
stresses is described by an exponential dependence of the
form as follows:

Δn � n1e
− t/τ

, (1)

where t is the time and τ is the relaxation time constant.
According to expression (1), value of the time constant was
determined: τ1≈ 2 · 10(−8)s in the absence of voltage and a
τ2≈10−7 s at a constant voltage V � 1.2 V corresponding to
the end section of a sharp increase in the current.

MOS structures were created on the surface of the films
obtained by sputtering aluminum (Al) in vacuum
(∼10−5 Torr) [14]. In this case, the frontal aluminum
contact had a thickness of ∼40 ÷ 50 nm and an area of
S ≈ 1 cm2. Here, the role of the rear electrical contact is
played by the Mo substrate. *e performed X-ray dif-
fraction analysis showed [15, 16] that a thin Al2O3 oxide
layer with a thickness of ∼30 nm is formed in the tech-
nological process. *is layer plays a very important role in
the work of the obtained structure; it is thanks to it that it is
not a simple metal-semiconductor structure that is ob-
tained, but a MOS structure, i.e., Al-Al2O3-p-CdTe-Mo (Al
metal, Al2O3, p-CdTe semiconductor, and Mo play the role
of an ohmic contact). It is known that Al2O3 can be
considered as a wide-gap n-type semiconductor. *us, the
obtained Al-Al2O3-p-CdTe-Mo structure can be repre-
sented as a Rom–n+-p–Rom structure with a long p-base, the
scheme of which is shown in Figure 1.
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3. Results and Discussion

Figure 2 shows the dependences of the current-voltage
characteristics of the structure in the forward and reverse
branches before and after the UST on a double logarithmic
scale.

*e study shows that there is a power-law dependence of
the current on the voltage of the.

Type J�AVα and the exponents-α before and after the
UST differ little. *is means that the UST has practically no
effect on the patterns of current flow in both forward and
reverse directions. At the same time, experimental results
show that UST leads to an increase in the current in the
forward branch and to a decrease in the reverse branch of the
I-V characteristic at the same bias voltage.

To establish the dependences of current transport, let us
consider the current-voltage characteristics of the structure
in the forward direction of the current before and after the
UST (see Figure 3).

*e study shows that there is a power-law dependence of
the current on the voltage of the type J�AVα, and the
exponent α before and after the UST practically does not
differ. It can be seen from Figure 1 that both current-voltage
characteristics have four parts, which are described by
power-law dependences of the current on the bias voltage of
the type J∼Vα with different values of the exponent “α”,
namely, J∼V, J∼V2, J∼V5.3, and J∼V2. In Ref. [17] such an I-V
characteristics sequence was explained by a change in the
conditions of recombination processes. Recombination
processes occur first through simple local centers, then at
high current densities, through complex complexes, inside
which there is an exchange of nonequilibrium carriers. In
particular, the linear region J∼V and the subsequent de-
pendence J∼V2 are well explained in terms of the concept of
recombination through simple local impurity centers. But
then comes the part of the sharp increase of current J∼Vα,
where α >2, and after that, it is the second quadratic part
J∼V2, which does not fit into this model. Apparently, re-
combination processes occur through compound
complexes.

Such compound complexes can be of various natures.*ey
can initially be contained in a material, such as donor-acceptor
pairs existing in A2B6 semiconductors or arise as a result of
recombination-, temperature-, or photo-stimulated processes.
*e appearance of compound pair complexes is also possible
as a result of radiation and other external influences. In Ref.
[18], various models of such complexes were collected, and it
was shown that the recombination statistics of nonequilibrium
carriers, in this case, would differ from the classical Shock-
ley–Read statistics. It can be donor-acceptor pairs, impur-
ity + vacancy complexes, impurity + interstitial defect, or
Frenkel pair type defects arising as a result of recombination-
stimulated or photo-stimulated processes. In Ref. [18], various

models of such compound complexes are collected. In this
case, the scheme of recombination occurring through such a
two-level complex will be approximately the same for all
models. It is shown in Figure 4. It is assumed that the dif-
ference E1 − E2 is very small, so you e[(E2− E1)/kT] can ignore it.
It was also shown in Ref. [18] that the rate of recombination
occurring through all such complexes can be represented as

U � N
cn1cp2 pn − n

2
i 

cn1 n + n11(  + cp2 p + p12(  + τicn1cp2pn
, (2)

where N is the concentration of complexes, cn1 is the co-
efficient of electron capture from the conduction band to the
upper level E1, sp2 is the coefficient of hole capture from the
valence band to the lower level E2, τiis the time of the
intracomplex electron exchange, i.e., the electron exchange
time between the levels E1, and E2, and n11 and r12 are
analogues of the Shockley–Read statistical factors for levels
E1 and E2, lying inside the bandgap and forming a pair
recombination complex as follows:

n11 � Nce
− Ec− E1/kT( ),

p12 � Nve
− E2− Ev/kT( ).

(3)

In expression (2), the last term in the denominator
describes the intracomplex electron exchange. When this
member is small, i.e.,

c12pn≪ cn1 n + n11(  + p + p12( , (4)

then expression (2) is practically no different from the usual
expression of the Shockley–Read statistics. In this case, the
I-V characteristic for a sufficiently long diode (d/L >>1) is
described by the well-known Lambert law as follows:

V �

�����������

8d
3
J

9qμpμnτnNA




� B0

�
J


, (5)

where μn is the electron mobility, τn is the electron lifetime,
μp is the hole mobility, J is the current density, and d is the
base thickness.

As already noted in Ref. [19], the Al-Al2O3-p-CdTe–Mo
structure can be considered as an n+-p structure with two
ohmic metal contacts and a long base d/Ln ∼10–20, where d
is the length of the p base, i.e., the CdTe layer, and Ln is the
diffusion length of minority carriers, i.e., electrons. By virtue
of this, expression (5) well explains the first quadratic
section.

As can be seen from Figure 1, the I-V characteristic at a
low level of excitation, the dependence of current on voltage
is described by a linear dependence and then a quadratic part
appears.

Using the experimental results, we calculate the value of the
product of mobility by the electron lifetime before the UST:
μnτn ≈ 6.15 × 10− 6 cm2/V. In this case, we first determine the
value B0≈ 95VcmA−1, from the slope of the dependence J∼V2

(see Figure 1) and find the valueNA≈ 1010 cm−3 from the linear

+– A1 (Roh) Mo (Roh)Al2O3 (n+) CdTe (p)

0 d

Figure 1: Scheme of Al-Al2O3-p-CdTe-Mo structure.
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part of the I-V characteristic. After UST, these parameters
turned out to be equal: μnτn ≈ 5 × 10− 6 cm2/V,
B0≈ 68VcmA−1, and NA≈ 2.4∙1010 cm−3. According to these
data, the calculated values τn, at μn � 100 cm2/V s, turned out
to be equal: τn ≈ 6.15 × 10− 8 s and τn ≈ 5 × 10− 8 s, respec-
tively, before and after the UST. Such a constant time value
almost coincides with published data [20]. *us, the obtained
experimental data indicate that, as a result of the action of
USTs, the electron lifetime τn and the concentration of doping
impurities NA increase slightly, which well explains the small
increase of current in the first quadratic part.

In Figure 1, after the quadratic part, there follows a
section of a sharp increase of current, which is described by a
power-law dependence of the type J∼Vα, where α >2.
According to the theory [18], such part of a sharp increase of
current is realized when the recombination of nonequilib-
rium current carriers occurs with a delay, i.e., involving
complexes within which electronic exchange takes place. In
this case, the I-V characteristic has the following analytical
expression:

V �
(b + 1)d

2
NR

NAμnτi

+
d

�
J

√

qμn(b + 1)C
−
2(b + 1)d

2
NR

NAμncpτiC
�
J

 � A + B
�
J


−

D
�
J

√ .

(6)

In the structure under study, the base is a highly com-
pensated semiconductor (p-CdTe); therefore, NA �Na‒Nd is
the concentration of shallow acceptor centers, and the pa-
rameter C is related to the electron concentration by the ratio
[18, 21] as follows:

n(0) � C
�
J


, (7)

where C � nn/q(b + 1)V∗p, V∗p− V∗p is the parameter due to
the imperfection of the n+‒p junction.

From expression (6), one can determine such parameters
as NR/τi, n(0), cn/aτi (τi is the delay time inside the complex
and NR is the concentration of the complexes). Dependence
(6) allows us to describe any value of the slope of the I-V
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Figure 4: Recombination scheme through a pair recombination
complex. Dashed lines show unaccounted transitions.
1 − cn1NR(1 − f1); 2 − cn1NRf1n11− level exchange E1 with the
conduction band. 3 − cp2NRf2p; 4 − cp2NR(1 − f2)p12− level
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NRf2(1 − f1)e

E2− E1/kT− exchange between levels E1 and E2 where
(c12)

− 1 � τi− the time of intracomplex exchange.
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characteristic J ∼ Vα, including the part of the sharp in-
crease. Composing a straight line equation for two given
experimental points (J1, V1 and J2, V2), we determine the
voltage value as follows:

V � V1 −
V1 − V2

J2 − J1
J1 (8)

which is equated to the value A � (b + 1)d2NR/NAμnτi from
formula (6); then using this expression, we determine the
parameter NR/τi. To determine the parameters, three ex-
perimental points(V1, J1), (V2, J2), and(V3, J3) were cho-
sen from the part of the sharp increase of current, and for
them, two equations were compiled to determine the co-
efficients B and D as follows:

B �
V2 − V1��
J2


−

��
J1

 −
D 1/

��
J1


  − 1/

��
J2


  

��
J2


−

��
J1

 ,

D �
V3 − V2(  − V2 − V1( 

��
J3


−

��
J2


/

��
J2


−

��
J1



1/
��
J2


− 1/

��
J3


  − 1/

��
J1


− 1/

��
J2


 

��
J3


−

��
J2


/

��
J2


−

��
J1

 .

(9)

*en, equated them to the analytical values from formula
(6). Next, substituting d � 10 μm, μn � 100 cm2/V s, and
NA ≈ 1010 cm

−3 in these expressions, we determine the
parameters: μnC, 1/cp2τi. *en, using the formula (7), we
determine the concentration of injected electrons n(0) at the
beginning and at the end of the third section. All parameters
calculated from this part of the I-V characteristics are given
in Table 1.

After the part of the sharp current increase, a quadratic
part reappears. Such a sequence of I-V characteristics,
according to the theory of [18], appears when the recom-
bination rate through the complexes reaches full saturation
U ≈ NR/τi, in which case the quadratic I-V characteristic is
described by the expression [18] as follows:

V �
(b + 1)d

2
NR

2NAμnτi

+
d

�
J

√

qμn(b + 1)
. (10)

*e parameters determined from this site before and
after USTs are, respectively, equal: NR/τi ≈ 2.45×

1017 cm−3∙s−1 and NR/τi ≈ 5.6 × 1017 cm−3∙s−1, which are
also listed in Table 1. *e obtained NR/τi values show that, at
the same voltage value, the current in the second quadratic

part should practically not change, which confirms well the
I-V characteristic as shown in Figure 1.

4. Conclusion

*us, the experimental effect of UST on the structure Al-
Al2O3-p-CdTe-Mo shows that, in the forward direction of the
applied voltage, the current, as a result of the action of USTs,
first increases slightly and then practically does not change.
*ese facts clearly indicate that the physical nature of re-
combination processes changes as the current increases. At
first, recombination processes take place under conditions
when intracomplex exchange is insignificant, and the pair
compound-complex behaves like a simple Shockley–Read
trap. And then, at higher levels of injection, the role of
intracomplex electron exchange increases, then parts of faster
increase, and the second quadratic part appears. We would
like to emphasize that these two parts, despite the external
similarity, have a different physical nature. *is is clearly seen
from a comparison of formulas (4) and (10). In formula (10),
we see the value of the time of intracomplex exchange, which
is not in expression (4).*is explains the different influence of
USTs on the first and second quadratic parts. Apparently, the
UST removes not only surface effects, as was noted in Ref.
[12], but also volumetric ones, as a result of which the
concentration of dopants and recombination complexes in-
creases, which leads to an increase of current in the first
quadratic part and changes it only a little in the second one.

In conclusion, we would like to emphasize that the study
of the influence of USTs on current transport processes in
the Al-Al2O3-p-CdTe-Mo structure unambiguously con-
firms the validity of the assumption that recombination
processes in this structure occur through the compound pair
recombination complex.
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*e data that support the findings of this research are
available on request from the corresponding author (A.K.
Uteniyazov).
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Table 1: Parameters determined from the I-V characteristics.

Samples I-V characteristics part µnτn, (cm2∙V−1) NR/τi, (cm3∙s−1) n (0), (cm−3) NA, (cm−3) 1/cp2τi, cm
−3

Forward I-V

1. Before UST

J∼V

6.15∙10−6 5.6∙1016
2.45∙1017

2.26∙1010–5∙1011
2.95∙1013–9.1∙1013 1010 1.02∙1010J∼V2 (Lampert’s law)

J∼V5.28

J∼V2

2. After UST

J∼V

5∙10−6 1.35∙1017
5.6∙1017

3.8∙1010–5.7∙1011
3.95∙1013–1.2∙1014 2.4∙1010 1.22∙1010J∼V2 (Lampert’s law)

J∼V5

J∼V2
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