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By geometrisation of the natural and impurity bands of photocurrent spectrum of
semiconductor sensors in the parameter space it is shown that individual features in their
structures are technologically inherited. In analysis of the natural and impurity photocur-
rent bands the universal differential-geometric parameters and indicators of integrative
energy balance of photo-induced processes are applied. To analyze the structure of the
photosensitivity bands the matrix of balance indicators is proposed.
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ITocpeacTBoM reomerpusanuu COOCTBEHHON M IIPHMMECHOM IIOJIOC CIIeKTpa (POTOTOKA IIOJY-
IIPOBOJHUKOBBLIX CEHCOPOB B IAPAMETPUUYECKOM IIPOCTPAHCTBE IIOKA3aHO, YTO UHANBUAYAJb-
Hble 0COOEHHOCTH HX CTPYKTYPHI TEXHOJIOTMUECKHN YHACJIEIOBAHBLI. Ilpu amanmse coOCTBEH-
HBIX W IIPUMECHBIX II0J0C (POTOTOKA IPUMEHSAJINCHh YHHBepCaJabHbIe NuM@epeHnaTbHO-Te0-
MeTpUUYeCKHe IapaMeTpbl M UWHTErPaTHBHBIE IIOKA3aTeJUd SHEPreTHUYEeCKOro OajaHca
GOTOMHIYIIMPOBAHHBIX IIpolleccoB. A aHaIW3a CTPYKTYDPHI IOJOC (POTOUYBCTBHUTEIbHOCTH
HpeaoKeHa MATPHUIA HOoKasaTesell cOalaHCUPOBAHHOCTHU.

CunaakoBa imguBigyanpHicTh (QYHKIiOHYyBAHHS HAUNIBIPOBIIHUKOBUX  CEHCOPIB.
B.II.Mueane, A.B.Bym, [.A Kaumenrxo, I.B.Muzans.

3a [JIOTIOMOTOI0 TeoMeTpM3allii BiacHOI Ta AOMINIKOBOI CMYyr cmeKTpa (PoTocTpyMy Ha-
OiBIPOBIIHUKOBUX CEHCOPIB y IapaMeTpUYHOMY NOPOCTOPi MoKasaHo, M0 iHAMBiAyasbHi
0coBIUBOCTI IX CTPYKTYpW TexHoJoTiuHO ycuaakopaui. IIpu awmasmisi BmacHoi i gomimrxkoroi
cMyTH (POTOCTPYMY B3aCTOCOBYBAJUCSA YHiBepcanabHi AudepeHIialbHO-TeOMETPUUHI TapaMeTpu
i iHTerpaTUBHI MOKA3HVWKMN €HEPTeTUUHOTO OajaHcy (GoToiHAyKOBaHMX mpolleciB. nsa amami-

3y CTPYKTYPU CMYT (DOTOUYTIMBOCTI BAIPOTTOHOBAHA MATPHUISA MOKABHUKIB 30a/MaHCOBAHOCTI.
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1. Introduction

Common technological and operational
problems (control, identification, classifica-
tion, calibration, etc.) are inherent to physi-
cal, chemical and biological sensors [1]. For
semiconductor sensors, based on AZB® com-
pounds, solution of these problems is con-
strained by insufficient study of the effect
of growth conditions and dynamics of after-
crystallization cooling under formation and
evolution of defect-structured ensemble
(DSE) [2]. Ordered distribution of the de-
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fects determines unique photoelectric and
others properties [3]. Spatially inhomogene-
ous distribution of the defects leads to ap-
pearance of the defects clusters and com-
plex energy spectrum of the electron states
[4]. Furthermore, dispersion of the sensor
parameters arises, that creates a diagnostic
and operational problems. In particular,
sensors of any nature have operation indi-
viduality which is usually appeared in dy-
namic features of their functional charac-
teristics. So, the operation of the semicon-
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ductor sensor has its subtle dynamic, ener-
getic and informational aspects which deter-
mine the kinetic hidden features of sensor
photocurrent (PhC) spectrum and others
characteristics [5, 6]. Therefore, the solving
of many operational and other problems we
see in finding the means of identifying and
analyzing of the technologically inherited
individuality. However, existing approaches
are insufficiently useful for identifying of
subtle features of characteristics and for
the analysis of their impact on the individu-
ality of the sensor operation.
Geometrization of functional charac-
teristics of the A2B® crystals (absorption
bands in the form of the Arganda digramm
[7], bands photodielectric response in the
form of diagrams of complex permittivity
[8], the bands of the photoelectric response
in the form of 1st order signatures [9]) re-
vealed that individuality of characteristics
related with dynamic and statistical order-
ing of the photo-induced processes. The or-
dering of the subtle features of the transi-
tion photoresponse (PhR) of zinc chalco-
genides appears usually in signatures 1st
and 2nd order. They consist of closed se-
quences of geometrically ordered portions
which differ in length, slope or curvature
[10]. It is important that geometric similar-
ity of the portions of transient PhR com-
bine with the individuality of their distribu-
tion in the signature configuration [11].
Idea that the signature area S of the transi-
tion PhR as power of subset of possible pho-
toinduced dynamic microstates can detect
and evaluate the orderliness of transition
PhR statistically. So, from the microscopic
point of view, the number of possible quan-
tum states of W can be considered as statis-
tical weight [12]. Entropy H, which is pro-
portional to the natural logarithm of W,
that is H o InW, statistically characterizes
the order of the microstates distribution.
Entropy is a sensitive parameter to the ex-
ternal and internal factors. Dynamic order-
ing is also evident in the balancing of an-
tiphase processes in the PhR, which dis-
plays area ratio upper S, and lower §; parts
of the signature By, =S,/S; [13]. Thus,
violation of the balance den of transition
PhR of sensors during their operation in
extreme conditions is accompanied by de-
crease in the dynamic ordering, as well as
by appearance of instability and artifacts.
Statistical ordering of DSE is a natural
reaction of the piezo-electric crystals A2B®
for maximum counteraction to external dis-
turbances in the growth process and forced
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cooling of the crystal boule. Dynamic order-
ing of electronic subsystem occurs during
photoexcitation and appears in the signa-
ture configuration of sensor transitional
PhR I(t) — dI/dt [15]. Obviously the statisti-
cal and dynamic orderings are interrelated.
This is evidenced by the dependence of the
configuration of the signature on the the pho-
toexcitation wavelength. Consequently, there
is a causal relation between the dynamic and
energetic aspects of the sensor operation. It
can be assumed that this relation defines in-
herited informational aspects which deter-
mine the operation scenario of sensor. The
main purpose of the work is the further de-
velopment of universal approach, which aims
to identification of the individual scenario of
operation of different nature sensors.

2. Experimental

As objects of research ZnSe crystals were
chosen and sensors based on them. ZnSe
crystals were grown from melt by the modi-
fied Bridgman method of vertical crystal-
lization. The samples had the rectangular
parallelepiped form with dimensions of
10x10x3 mm3, 12x6x4 mm3. Their resistiv-

ity was p =102 Ohm-cm. Structural re-
search have discovered defects of different
types and sizes in the samples. Their diver-
sity and complexity of the distribution de-
termine the individual technology-inherited
defect structure and complex energy spec-
trum. The indium-gallium contacts were
created on the greatest opposite sides of
the samples. Measurements of PhC spec-
trum of the crystals and the PhC kinetic
I(t) were carried out under field strength
E ~38102 V.em! and temperature of
293 K. For separation of the subtle dynamic
features PhC I(¢) signal are digitized at the
sampling rate f; > 103 Hz using the data
collection system ADVANTECH PCI-1711L,
followed by treatment with a computer.
Processing of PhR and determination of the
differential-geometric parameters of his sig-
natures on the phase plane are implemented
in the software package Octave.

For most of the investigated crystals, that
were cooled naturally after crystallization, the
PhC spectrum consists of the natural photosen-
sitivity band (max 468 nm), which dominates
over the impurity photosensitivity band
(530 nm) ( Fig. 1, curve 1). In the crystals,
that were cooled forcibly after crystallization,
the vice versa impurity photosensitivity band
with maximum 498 nm dominates in the PhC
spectrum (Fig. 1, curve 2). The bands in the
PhC spectra are well reproduced.
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Fig. 1. Photocurrent spectra of ZnSe crystals
(I — crystal was cooled naturally, 2 — crys-
tal was cooled forcibly).

The PhC spectra of many of investigated
ZnSe crystals contain not yet clearly de-
fined 1-2 impurity IR bands, the position
of which depends on the speed and direction
of scanning of spectrum. Coarse and subtle
features of the PhC spectrum are clearly
discernible at signatures of 15t I(\) -
dI(\)/d)  and 2% dI(V)/dh — d2I(\)/d)\2
order. Signatures I(A) — dI(A)/d) and
dI(\)/d)\ — d2I(\)/d\? are the projections of
the trajectory of the photoinduced energy
states (Fig. 2b, a, b, ¢ plane) on the or-
thogonal planes. Comparison of configura-
tions of the PhC spectra signatures of 1lst
and 2nd order of naturally cooled and forc-
ibly cooled samples (Fig. 2b), shows their
essential difference.

As can be seen from Fig. 2, the configu-
ration of all signatures of natural and im-
purity PhC bands consist of individual se-
quences of geometrically-ordered parts. The
individuality of signatures appears in
amount of components-parts, their length,
and are also characterized by differential
geometric parameters (slope dI(A)/dA and
curvature d2I(L)/dA?%). Their physical mean-
ing is different and depends on the chosen
model. It is important that the transforma-
tion of the PhC spectrum as signature of
the 1st and 2nd order made natural decom-
position of the PhC spectrum into its com-
ponents. Herewith the individuality and
subtle features of natural and impurity PhC

bands most appear in the signature
dI(\)/d) — d2I(\)/d\2. Tt is located in
4 quadrants of the plane (dI(A)/dA,

d2I(\)/d)\2%), that allows to analyze the
structure of relations between the main
components of the PhC band.
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3. Results and discussion

As can be seen from Fig. 2, the signa-
tures of the 1st and 2nd order of the PhC
spectrum are orthogonal projections of tra-
jectory of the photoinduced energy states in
the parameter space {I(A), dI(\)/dA,
d2I(\)/d\%}. The trajectory displays the
scan of energy spectrum of the localized
crystal states. The PhC spectra of the
crystals were scanned at the same speed
d)\/dt to obtain the trajectory. As can be
seen from Fig. 2, after such conversion of
the PhC spectrum of ZnSe crystals in the
signature of the 15t and 274 order the geo-
metrically-ordered components-parts stand
out and the hidden relations between them
made available for analysis. Indeed, at pro-
jections of the "trajectory” spatio-temporal
correlations appear in the form of similarity
of the individual signatures components. It
is possible to analyze the spatial and tempo-
ral correlation of components of natural and
impurity PhC bands from three complemen-
tary points of view using the signatures
I\ — dI())/dA, I\ — d2I(\)/d)\2 and
dI(\)/d)\ — d2I(A)/d\2. The configurations
of these signatures have complementary in-
formation about the features: a) structure
of the PhC spectrum of sensor, b) influence
of the internal fields on the energy spectrum
of defects; ¢) relationship between the dynamic
and energetic subtle features which determine
the informational aspects of the sensor opera-
tion. It is important that the differential-geomet-
ric parameters of the bands components can be
associated with the physical parameters of the
photo-induced processes. It should be note the
high sensitivity of the parameters and entropy to
the technology of thermal, mechanical and chemi-
cal treatment of the crystal.

The photodielectric response spectrum of
these crystals represented as complex per-
mittivity diagramms consist of closed se-
quence of arcuate parts. They cover an area
that can be represented as subset power of
the photo-induced states [4]. Following the
analogy, the area of the signature can also
be represented as power of subset of the en-
ergy states. Not clear borders of the parts in
signatures of the 1st order i point at influ-
ence of the internal field on the photo-in-
duced processes. Configuration of the signa-
ture of the impurity band indicates its com-
plex energy structure. It identifies by the
ways: scanning photodielectric spectroscopy
[14], the discrete wavelet transform [15].

Short-wave and long-wave parts of the
natural PhC band at configuration of the
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ZnSe No.5

Fig. 2. Photocurrent spectrum signatures of the 1st and 2nd order of zinc selenide crystals (a —
No.3 — crystal was cooled naturally and b — No.5 — crystal was cooled foreibly).

signature I(A) — d2I(A)/dA? are similar. Ob-
viously, this similarity indicates the balance
of generation-recombination processes. We
also note the presence of the subtle features
in the long-wave band. Asymmetric signa-
ture I(\) — d2I(\)/d\? extremes are typical
for the impurity PhC band. The asymmetry
shows the imbalance of photoinduced proc-
esses (capture / release of carriers, relation of
transfer parameters from the wavelength,
etc.). Increase of the imbalance by increasing
the electric field intensity in some samples is
accompanied by a local instability.

In configurations of signatures of the
2nd order the main components of PhC
bands are naturally spatially separated.
Scanning of these bands converts them in
the original energy cycle. They display the
nature of the relationship between dI(A)/dA
and d2I(\)/d\? during the scanning band of
the PhC spectrum that is energy cycle of
the sensor operation. In this cycle, individu-
ality of the natural and impurity bands of
photosensitivity mostly reveals. As can be
seen from Fig. 2a, the configuration of sig-
nature of the natural band, as the operation
cycle is symmetric. It may indicate the
natural balance of the generation-recombi-
nation processes. As expected the influence
of DSE is mostly appeared in the scan cycle
of impurity band of the PhC spectrum.

Obviously, in technological heredity the
general Curie principle of symmetry plays an
important role — if certain reasons cause the
corresponding effect, the elements of symme-
try of the causes must be appeared in the
effects, caused by them. The characteristic
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features of the scan cycle of the impurity
PhC band of the crystals, i.e. signatures
dI(\)/dA — d2I(L)/d\2, indirectly confirm it.
These include: a) asymmetry of the scanning
cycle, which depends on the speed of scanning
of the spectrum and the crystal photoactive
history; b) imbalance opposing processes in the
cycle; c¢) the localization of the subtle features
in one quadrant of the energy cycle of the PhC
spectrum scanning. Therefore, we can assume
that in the energy scan the cycle of the impu-
rity PhC band of the crystals appears by the
influence of many factors (the relationship of
electrically active defects, their distribution in
spatially inhomogeneous field of residual
stresses, etc.). Hidden relationships in the im-
purity band of the PhC spectrum determine
the configuration of the signature, which may
serve as natural model of structure of the en-
ergy operation cycle of the sensor. Universal
balance indicators of operation Bij’ that were
used in the analysis of the geometric model of
temporary transitional PhR [11], are suit-
able to analyze the model. The energy bal-
ance of the operation cycle can be charac-
terized by dimensionless parameters be-
tween its main components. They are equal
to ratio of the area of all quadrants of the
signature together B;y = S,,," /S Ow++, ete.
In square matrix of 1nd1ca€ rs (see Table ) it
appears: a) individuality and the ordering of
the energy cycle of the sensor operation; b)
symmetry or asymmetry of the operation cycle;
¢) the balance — imbalance opposite-cycle proc-
esses; d) individuality of the main components
of the operation cycle. The matrix of the bal-
ance indicators can serve as a kind of sensors
"passport”, that can be used to simplify

Functional materials, 22, 3, 2015
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Table 1. The matrix of the indicators of energy balance of sensor operation cycle.

Quadrants T+ 4" o o g
+ + 1 St/ Spow St/ Spow S5t/ St
t- S}J_;ow/S;gw 1 Sp%ow/S};;w S}J_;ow/sggw
— - Spau/ Spow Spou/Spow ! Spou/ Spow

identification, classification and search of
identical sensors. In fact, the balance indi-
cators B;; and their relationships represent
the informational aspects of the energy
cycle of the sensor operation, that is techno-
logically inherited.

Obviously, that inherited technologically
DSE ordering affect on the character of dis-
tribution of photosensitivity centers in the
crystalline matrix. This is confirmed by the
investigations results of transformation of
PhR signatures of the crystals, which were
exposed to acoustic treatment on the fre-
quency of the natural elastic vibrations. For
example, high sensitivity of signature con-
figuration to the technological crystal treat-
ment regimens indicates an inherited sce-
nario of the sensor operation. It displays
the photo-induced processes (reorganization
of spatially inhomogeneous internal elastic
and electric fields of defects, recharging of
sophisticated centers and others). Thus, as
an example of geometrisation of the spec-
tral PhC bands in the parameter space and
analysis of their structure the dynamic and
energy features of the photoinduced proc-
esses were allocated. The relationship of
these features determines the operation
cycle of the sensor. The matrix of energy
balance indicators is proposed for analysis
of the information aspects of the cycle.

4. Conclussion

In general, the approach can reveal the
subtle features of other functional charac-
teristics of the sensor, as well as it can be
used to analyze the signals of different type
of sensors using universal indicators. It
should be noted Note that the further devel-
opment of the approach and its application
to system analysis of results of complex in-
vestigation of different type sensors allows
us to solve the complex technological, op-
erational and diagnostic problems. In par-
ticular, sufficiently high sensitivity of dif-
ferential-geometry and integral indicators
of signatures of the sensor PhR to the in-
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ternal and external factors is promising to
control the functional characteristics at all
stages of the life cycle of the sensor, as well
as for monitoring and forecasting their per-
formance. The approach is also of interest
to research the dynamic behavior of differ-
ent types of sensors, including chemical and
biological in the extreme conditions.

This study was supported by the State
Foundation for Basic Research of Ukraine.
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