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Geometrization of the temporal photoresponse of A'BY! semiconductor compounds by
means of it transformation to the first- and second-order signatures provides qualitative
new possibilities for the control of the compounds quality. It has been offered the integra-
tive indexes of the dynamic and power balances of photoresponse components from sensor
crystals which display the basic phases of generation-recombination processes.

TeoMeTpU3aIIA BPEeMEHHOro (POTOOTKINKA MOIYIPOBOAHMKOBLIX coeqmuenuit AllBY' mo-
CPeJICTBOM TpPeoOpasoBaHUSA €r0 B CUTHATYPHI 1-TO U 2-TOo HMOPAAKOB IPETOCTABIAET KAUECT-
BEHHO HOBBLIE BOBMOJKHOCTH AJS KOHTPOJA KAaUecTBa 5TUX coenmHeHmit. IIpeasoskeHbl MHTET-
pPaTHUBHBLIE TIOKA3aTeNU AMHAMUYECKOH M SHEPreTHUEeCKOoi c0alaHCUPOBAHHOCTHU COCTABJAIO-
X (POTOOTKAUKA CEHCOPHBIX KPUCTAJNJIOB, KOTOPBIE OTOOPAKAIOT OCHOBHBIE (hashl
TeHepPAIMOHHO-PEeKOMOMHAIIMOHHEIX ITPOIIECCOB.
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1. Introduction

Today quality control problems, as well
as monitoring of the production and opera-
tion of semiconductor sensors based on the
multicomponent solid solutions are far from
being solved. This is due to the fact that
non-uniformly scaled disorder in the crys-
talline structure stipulates the multiscale
electric field distribution and complex
charge transport dynamies in multicompo-
nent semiconductor compounds [1-3]. On
one hand the complex dynamics of crystal
growth and cooling defines the anomalies in
physical properties (photovoltaic, optical,
thermal etc.) which are of scientific and
practical interest [4]. On the other hand it
leads to the ambiguity of the analyzed in-
formation and artifacts, which are mainly
related to the individual dynamics of pho-
toresponse (PR). In addition, the individual
dynamics of PR is associated with the diag-
nostic problems of semiconductor sensors,
as well as their operation in extreme condi-
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tions. This makes difficulties for the predic-
tion of the semiconductor sensors perform-
ance in extreme conditions, as well as the
definition of their capability and quality.
As a summary to all mentioned above the
further search for methods and tools to
identify and analyze the dynamic properties
of the sensor materials photoresponse is
relevant. Thus, analog signature analysis of
dynamic voltage-photocurrent charac-
teristics and PR of sensors based on AlBV!
[5, 6] proves quite effective for express con-
trol of their operability. In [5], the indi-
viduality in PR dynamics was manifested in
differential and integral features of PR dy-
namic structure. Therefore, in our view, to
solve the above problems of the materials
for semiconductor sensors the interdiscipli-
nary approach is promising [6-7]. It is
based on the idea of PR geometrization by
converting it into a signature or the wav-
elet-signature of the phase plane [5, 8]. On
one hand the signature configuration dis-
plays natural decomposition of temporal PR
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onto dynamic components, the character of
they distribution in time-frequency domain
stipulates the features in dynamics of PR
[5, 9]. On the other hand the PR signature
encloses an area of the phase plane which
can be represented as the power of subset of
the dynamic microstates [5]. This allows to
analyze the dynamic structure of PR by
complementary dynamic and statistical
methods [5, 8-10]. Thus, this study aims to
further search for the effective methods of
identification and analysis of the dynamics
of PR from the sensor materials.

2. Experimental

Single crystals of Cd,_,Zn,Te (x = 0.05-
0.15) solid solutions were chosen as the
model objects of our research. CdZnTe
(CZT) crystals are the excellent candidates
for use in room temperature hard x- and
y-ray spectrometers. These materials are
also of interest for solar cells, medical and
space imaging, and find application in nu-
clear safeguards, transportation security
and safety. Therefore, the stability of CZT
characteristics is very important. CZT crys-
tals were grown from the melt by the modi-
fied Bridgman method of vertical crystal-
lization. Samples had rectangular parallele-
piped shape of 6x6x3 mm3 and 11x11x2 mm3
in size. The resistivity value of the samples
was in a range of p ~ 2:1010-3.1011 Q.cm.
We employed experimental techniques [9,
11] to investigate the perfection of CZT
crystals structure. As a result, the non-uni-
form spatial distribution of the structural
defects was revealed. It caused the multis-
cale electric field distribution and complex
charge transport dynamics in these ternary
systems [12]. For these measurements, the
surfaces of each crystal were mechanically
polished using standard techniques and gold
(Au) contacts were deposited on the opposite
largest faces of the samples. Photocurrent
kinetics was measured in the field with
strength of E =10-2.102 V/cm using the
electrometric transformer [7]. The light
sources were monochromator and LEDs. To
detect the "fine" dynamic features the I(?)
temporal photocurrent responses were digit-
ized with a sampling frequency of <10° Hz
using ADVANTECH PCI-1711L system of
data collection with subsequent processing
at a personal computer. Differential geo-
metric parameters of the phase plane signa-
tures were determined using Matlab pro-
gram package.
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Fig. 1. Dynamical states sequence for CdZnTe
crystal in the generalized phase space; depend-
ences: a) I(t); b) dI/dt = f(t) and ¢) I(t)—dI/dt
photoresponse signature in the generalized
phase space.

3. Results and discussion

Dynamic state of electronic subsystem of
the crystal under photoexcitation at a cer-
tain time point can be represented by a
point in the generalized phase space
dI(t)/dt—I(t)—t (rate-state-time) (Fig. 1). In
this case, photocurrent kinetics of CZT
crystal (Fig. 1, plane a) transforms into a
complex trajectory of the dynamical states
(Fig. 1, the points on the curve). It conven-
tionally consists of segments which differ in
the density of states and, therefore, reflect
the dynamic components of PR. These com-
ponents are clearly visible in the projection
of the trajectory of the dynamical states
onto the phase plane, which is I(¢)-dI/dt
first-order PR signature (Fig. 1, plane c¢). It
should be noted that form of I(¢) temporary
PR has a various complexity for the differ-
ent samples. Regardless of this geometric
configuration of their I(¢)—dI/dt¢ signatures
is a closed sequence of n segments in the
phase plane, which differ in length [, slope
T =dv/dx and curvature C = d2v/dx2,
where v = dI/dt, and x = I(t). Inherently [,
T and C are the differential geometric pa-
rameters of dynamic components of the
crystal’s PR. Partial contributions each of
these components are proportional to I(¢)
axial projection of the corresponding sec-
tions. Consequently, as a result of the crys-
tal’s PR geometrization through its conver-
sion to I(#)—dI/dt signature the natural de-
composition of PR onto dynamic
components of its structure is realized.
Their number and distribution are depend-
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Fig. 2. Second-order photoresponse signatures of CdZnTe crystal.

ent on the quality of the crystals and are
individual for each sample.

In addition, the area of I(t)-dI/dt PR
signature can be represented as power [W| of
subset of the dynamic microstates. Their
spatial and temporal distribution in the
phase plane determines an entropy, since it
is proportional to the natural logarithm of
W, i.e. S ~InW. Statistically entropy indi-
cates the degree of the space-time distribu-
tion disorder of dynamic microstates. It was
established that rearrangement of the dy-
namic structure of the ecrystals’ PR after
thermal treatment is accompanied by the in-
crement of dS = dW /W entropy. This indi-
cates a decrease in the order and, conse-
quently, in stability of PR. However, after
electro acoustic treatment [13] which is co-
herent with internal factors the decrease of
entropy was observed. It indicates an in-
crease in order. The configuration of I(¢)-
dI/dt signature becomes more symmetrical,
and photoresponse — more stable. In addi-
tion, By, n=S+/S’ ratio of the signature
areas, which is an indicator of equilibrium
distribution of dynamic microstates, tends
to 1. Consequently, the individual features

slope and  d2I/dt2 curvature of PR in the
form of the corresponding second-order sig-
natures: I(t)-d2I/dt2 and dI/dt—d?I/dt2
(Fig. 2a, b, respectively). Their areas S,,
and S, have the dimensions of energy and
power, respectively, which allow to reveal
the energy imbalance between the PR com-
ponents. The most power-consuming PR
components are well resolvable in the geo-
metrical configuration of I(#)—d2I/dt2 sec-
ond-order PR signature for CdZnTe crystal
(Fig. 2a, 1, 2 and 1’, 2’ regions). The area
of I(t)-d2I/dt?> PR signature can be repre-
sented as a power of the subset of energy
microstates in {I(t), d2I/dt2} plane. Conse-
quently, the ratio of the areas B,, =
S, /S,,” of the antiphase components of
PR separated by d2I/dt? = 0 segment (Fig.
2a) shows the energy balance of dynamic
components of the PR’s structure. It is es-
tablished that B,, index is a function of A
photoexcitation wavelength. Extremes of
B,,(A\) function are in close agreement with
the regions of the spectral instability pre-
viously identified using I(A)—dI/d)\ paramet-
ric spectral signatures of photoresponse [8].

of the PR dynamics are integratively dis- Ay
played in the PR entropy, in its relative Therefore, IB(k)dk integral over the photo-
change dS/S under the action, as well as in N

den index of the dynamic states balance.
They represent the degree of order in the
PR dynamies from different angles. The
index Bg,, can be used for the outgoing
inspection of the sensors manufacturing, as
well as for monitoring their performance in
extreme conditions.

To identify the energy features of PR
dynamics of the sensor materials the sec-
ond-order signatures are effective [14]. Let
us numerically differentiate I(¢) dependence
twice with respect to time. Now, let us pre-
sent the time dependence of I(¢) state, dI/d¢
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sensitivity region determines the degree of
energy imbalance of microstates in the spec-
tral PR. Thus spectral ranges AA; proper to
the extremes of B,,(A) are of interest to
determine the optimal modes for the com-
bined treatment of the sensors’ materials.
It should be noted that the dominant
components of PR have both fast and qrela-
tively slow phases at the photocurrent in-
crease or relaxation (Fig. 2b). For their
resolution and spatial-temporal separation
we employ transformation of the PR to
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dI/dt—d?I/dt? dynamic second-order signa-
ture. The configuration of this signature is
located in the four quadrants of {dI(d?),
d2I/dt?} plane, which differ in the sign of
derivatives (dI/dt and d2I/dt2). Obviously,
four combinations of the derivatives signs
(+ +, + -, — — and — +) indicate the main
phases of the generation-recombination
processes. Thus in these quadrants al/dt—
d21/dt? signature enclosed S,,,"", S,on' >
Spow” and S, areas which have the di-
mension of power (Fig. 2b). It should be
pointed out that configuration of dI/di—
d2I/dt? signatures is symmetric with re-
spect to abscissa axis and asymmetric with
respect to ordinate axis. This allows to ana-
lyze dI/dt—d?I/dt? PR signature as a original
bicycle in which the sub-cycles of increase
and decrease of the rate of change of the
photocurrent are spatially separated. Thus
Bpow index of the power balance of this sub-
cycles is determined from the ratio of their areas
Boow :Spow]/ SpowZ’ where S, 01 Sp0w++ +8 ow
and S,,,2 = pow_ T Spow - It'is qulte sen-
sitive to external (temperature change etc.)
and internal (residual stress etec.) distur-
bances. At the same time, d2I/dt2 =0 seg-
ment separates each of subcycle in two con-
jugated subcycles (Fig. 2b). It allows to
split powers of the main phases of the
bicycle and to compare them. As a result,
Bpow = powl/ pow2 = =1 condition for power
balance of the sub-cycles of increase and
decrease of the rate of change of the pho-
tocurrent is implemented with Sy, /S,
Soow’ /Spow | relationship. It Shows the or-
dered distribution of power of the subcycles
in opposite phases of bicycle and indicates
the presence of dynamic symmetry in the
generation-recombination processes. There-
fore, this condition can serve as universal
criteria of reversibility and stability of the
sensor’s PR as a dynamical system.

w1

4. Conclusion

Geometrization of the sensor’s temporal
PR through its presentation in the form of
the first- and second-order signatures al-
lows to establish that the PR dynamics are
characterized by the spatial and temporal
distribution of microstates. On one hand en-
tropy and its relative change dS/S under
the action (treatment), as well as the bal-
ance of dynamic components of PR repre-
sents the degree of order of the dynamic
microstates distribution in the phase plane.
On the other hand B,, index represents the
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degree of order of the energy microstates
distribution in {I(¢), {I(t), d2I/dt2} plane. In
this case, the power balance of the dynamic
components B pow =1 in the four phases of
the generatlon recombination processes can
serve as universal criteria of reversibility
and stability of the sensor’s PR as a dy-
namical system. In whole, the results of
this study indicate that the overall form of
organization of responses from different
sensor materials is determined by the spa-
tial and temporal ordering of its structure.
Therefore, the proposed tools for identify-
ing and analyzing the PR dynamics of sen-
sor materials have the prospect for the
quality control of the complex semiconduc-
tor compounds [15, 16]. It has been con-
firmed by the results of the study of PR from
ternary compounds CulngXg(X-S, Se, Te)
which are characterized by the anisotropic
and multiscale character of properties.

This study has been supported by the
State Foundation for Basic Research in
Ukraine.
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I'eomeTpusanisa yacoBoro oToBIATYRY
HANMiBIPOBITHHKOBUX CEHCOPHHUX MaTepiaJis

B.Il. Muzanv, A.B.Bym, 0.0. lllmamxko, I.B.Bodonap

T'eomeTpusaris uacoBoro ()OTOBIATYKY HANiBIPOBIAHUKOBUX CIIOJYK ABV! mpaxom itoro
TIEPETBOPEHHA B CUTHATYpM 1-ro i 2-Tro mopaAAKiB Hazae AKicHO HOBI MOMKJIUBOCTI AJIsA KOH-
TPOJI0 AKOCTI IMUX CIMOJYK. 3aTMpPOTOHOBAHO iHTETrpaTHMBHI MOKAa3HWUKU AWHAMIiuHOI i eHepre-
TUUHOI 30aJJaHCOBAHOCTI CKJIATOBUX (POTOBIATYKY CEHCOPHMX KPUCTANIB, AKi BioOparkaroTh
ocHOBHi (hasu reHepariino-pekoMbinaiifiHnx mporiecis.
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