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PIEZOPHOTOCONDUCTIVITY SPECTRA OF SEMICONDUCTOR LAYERED CRYSTAL

Y. Stakhira, R. Stakhira

Abstract. The results of investigations of piezophotoconductivity of layered crystals In,Se,,
conductivity component which is proportional to the product of the intensity of light and the mechanical
stress, are presented. We analyzed the structural changes which are caused by crystal deforming force
that has harmonic component of low frequency. It is shown that deforming force leads to a relative
shift of the layers and to change a component period grating which is normal to the plane of the layers,
which is implemented discretely. We analyzed changes in the structure of the electron states which
are caused by the diffraction of Bloch waves created on the Bragg planes, as well as the removal of
degenerate energy states of mechanical stress. We clarified the reasons for the time shift between the
phases of deforming force and the current of piezophotoconductivity. We estimated aspects of practical
application of the effect.

Keywords: piezophotoconductivity, layered crystals, layers' shift

© WM. M. Craxipa, P. 11. Craxipa, 2016

44



Sensor Electronics and Microsystem Technologies 2016 —T. 13, Ne 4

CIHHIEKTPHU IT'€30POTOITPOBITHOCTI HAIIIBITPOBI/IHUKOBUX KPUCTAJIIB
IIAPYBATOI CTPYKTYPH

HU. M. Cmaxipa, P. U. Cmaxipa

Anorauis. [IpuBeneHo pes3ynbraTu J0CIIKEHb CIEKTPIB 1M'€30()OTONPOBIAHOCTI MAapyBaTHX
kpucTaiis In,Se,, CKI1a10Boi MPOBIAHOCTI NPONOPILiKHOT T0OYTKY iIHTEHCHBHOCTI CBiT/Ia HA MEXAHIYHY
Harpyry. [IpoaHanizoBaHO CTPYKTYpHI 3MiHH KPHCTAIY SKi 3yMOBIIEHI Je()OPMYIOUOIO CHIIOIO STKa MA€E
rapMOHIYHY CKJIaJIOBY HI3bKOI 4acToTh. [lokaszano, mo aedopmyroua cuiia Mpu3BOAUTH J0 BiTHOCHOTO
3CYBY IIaPiB 1 0 3MiHU CKJIAJIOBOI IEPioy TPaTKU HOPMAJIHHOI JIO IUIONIUHHY [apiB, KA Peati3y€eThCs
muckpetHo. [IpoananizoBaHO 3MiHU y CTPYKTYpi €JIEKTPOHHHUX CTaHIB SIKi 3yMOBJIEHI TUPPAKIIEI0
BoxiBCbKHX XBWIIb HAa CTBOPEHHX BperiBChbKUX IUTOMIMHAX, @ TAKOXK Ha 3HATTI BUPOILKEHHS CHEPreTHY-
HUX CTaHIB MEXaHIYHOIO HANPYTOI0. 3'ICOBaHO MPUYMHH YacOBOTO 3CYBY MiXk (azamu 1ehopMyodol
CHJIH 1 CTPYMOM IT'€30(pOTONPOBIAHOCTI. OLiHEHI MOKIMBOCTI MPAKTUYHOTO BUKOPUCTAHHS €PEKTY.

KirouoBi ciioBa: 1'e30()0TONPOBIIHICTD, MAPYBaTi KPUCTAIH, 3MIIIICHHS IIapPiB

CIIEKTPbBI IBE3O®OTONPOBOINMOCTH MOJYITPOBOJHUKOBBIX
KPUCTAJLJIOB CJIOMCTOM CTPYKTYPBI

U M. Cmaxupa, P. U. Cmaxupa

AnHortanus. [IpuBeeHbI pe3ynbTaThl HCCISIOBAHUMA CIIEKTPOB Mbe30()OTOMPOBOAUMOCTH CIIO-
HUCTBIX KPUCTAJIJIOB In4Se3, COCTABJISIFOLIEH MPOBOAUMOCTH MPOMOPUHUOHAIBHON MPOU3BEICHHUIO UH-
TEHCHUBHOCTHU CBETA HAa MEXaHMYECKOe HampshkeHue. [IpoaHann3upoBaHsl CTPYKTYPHBIE H3MEHEHUs
KpHCTaJl1a 00yCIIOBIEHHBIE Je(GOpPMUPYIOLIEH CUIOI KOTOpas UIMEET FapMOHUYHYIO COCTABIISIONIYIO
HU3Ko yacToThl. [lokazaHo, uTo Aedopmupyromias cuia NPUBOJUT K OTHOCUTEIBHOMY CIBUTY CJIOEB
Y K U3MEHEHHIO COCTABIIOIIEH ITEPHO/ia PELIETKA HOPMAIbHOU K IIJIOCKOCTH CJI0€B, KOTOPBIN peaIn-
30BaH JUCKpeTHO. [IpoaHann3upoBaHbl U3MEHEHUS B CTPYKTYPE AJIEKTPOHHBIX COCTOSHUNA 00YCIIOB-
JICHHBIC zm(bpaxuneﬁ broxoBckux BOJIH Ha CO3JJaHHBbIX BpeFOBCKI/IX IINIOCKOCTAX, a TAK)XKEC Ha CHATHUHU
BBIPOKIACHUA SHCPICTUICCKUX COCTOSTHUM MEXaHWYECKUM HaIIPSA’)KCHUEM. BrrsicueHsl IMPUYKUHBI BpC-
MEHHOTO C/IBUTA MEXTy (azaMu Ae(popMHUPYIOIIEH CHIIBI K TOKOM IThe30()0TONPOBOAMMOCTH. OIIeHEHBI
BO3MO)KHOCTH MTPAKTUIECKOTO UCTIONB30BaHMS dPPeKTa.

KiroueBble c10Ba: 16e30()OTONPOBOAUMOCTD, CIIOMCThIE KPUCTAILIbI, CMELLIEHHUE CIIOEB

INTRODUCTION these changes occurring in semiconductor crystals

of layered structure under the influence of the

Piezophotoconductivity of material is part of
conductivity that is caused by the combined action
of light and deformation and is proportional to the
product of the intensity of light and mechanical
stress. The spectral dependence of this component
is formed by certain changes in the structure of
electron states resulting deformation of the crystal
irradiated with light [1]. In this paper we analyze

force which is the sum of a sustainable and harmo-
nious part, low frequency €, and light irradiation
with light spectrum of interband absorption.

EXPERIMENTAL

The basis for this review is the results of ex-
perimental studies of piezophotoconductivity in
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In,Se, layered crystals. In,Se, crystals belong to
the orthorhombic unit cell, contains 28 atoms,
which are located in two neighboring layers.
Single layer of crystal has a complex structure,
between the atoms of In and Se are not the same
type of chemical bonding forces that form struc-
ture in a shape the of the string, leading to a sharp
anisotropy of the interaction between adjacent
layers [2,3].

Figure 1 shows spectral dependencies of piezo-
photoconductivity and photocurrent phase shift
of piezophotocurrent relatively to modulating
pressure phase. The spectra are measured in a
mode of sample radiation by light with constant
intensity and modulating low-frequency distortion.
In the frequency range of light that corresponds
to interband transitions, spectra of conductivity
harmonic component, the frequency of which is
equal to the modulating frequency, have oscilla-
tion nature. This is reflected in the regular placing
in the range of absorption narrow spectral inter-
vals of high piezophotoconductivity value. In this
spectral range spectral dependence of phase shift
correlated with piezophotoconductivity is realized
and the phase shift also has oscillation character.
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Fig. 1. Spectra of piezophotoconductivity and pho-
tocurrent phase shift relatively to phase of modulat-
ing pressure in In Se, crystals.

Piezophotoconductivity and phase shift spectra
depends on the temperature of the sample, the ini-
tial pressure value and direction of layers’ offset.
Experimental studies have established that the
structure of piezophotoconductivity spectrum and
its phase difference relatively to phase of modu-
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lating pressure have oscillation character, spectral
dependence of the phase shift clearly correlated
with the energy dependence of piezophotocon-
ductivity.

The basic properties of piezophotoconductiv-
ity spectra of In,Se, crystals show that their im-
plementation is due to significant changes in the
electronic states caused by the combined action
of deformation and light. It is assumed that such
impact on the electronic system can be realized
by small efforts that lead to shear deformation of
layers in the layered crystals.

DISCUSSION

Because of the anisotropy of chemical bond
strength separate layer can be considered as an
individual structural element whose properties
remain unchanged under the influence of external
fields. Layered crystal is considered as a system of
weakly interacting planar nanostructures in which
external deforming force leads to a relative shift
between the layers, without significant changes
in their structure. This distortion does not change
the period of the grid in the plane of the layers (x,
), but leads to a change in the period directly per-
pendicular to the plane of the layers (axis z) [4,5].

We will analyze the frequency shift of layered
crystal in a direction z, that is normal to the plane
of the layers by force F=F +F sinQ which leads
to a shift between adjacent layers at a distance
L=L +L_ sinQt. Because of this deformation we
can observe the change in lattice period 4 °, which
for the non-deformed crystal coincides with the
thickness of the layer. In general, the period d_ of
deformed crystal equal to number of displaced
layers m in total length  Y;L; = dy,,  which is
equal to lattice period d in the direction of shift,
d =md". Integer m, deﬁnlng d_depends on the
shift value Z which changes contmuously

Eftective values of the impact of deformation
on the electronic states correspond to small value

m. Since m = =% can be integer can be an integer
only for spemﬁed values L small values m is real-
ized for fixed L value, for which d - is a multiple of
the shift value. In the absence of such multiplicity,
it can be reached for several periods Nd _. - In gen-
eral case ;m = d"y , where N is the smallest integer
for which m is an integer for given values d 1L
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Thus, at continuous change of shift value smallest
values of grating periods d_is implemented only for
specified shift values. In between displacement L,
which corresponds to the change of m in one large
m values and ineffective d_ periods appeat. The
smallest m number corresponds to shift L = > dxy .

Value of m and period d_ is discrete functions
of time. The value of d_ period, which is formed
with constant deforming force, can be reduced
by harmonic component. Increase m by n units
is realized by reducing the magnitude of L on

nlL

. nL
AL =, or decrease m by growing L on AL = P

The values of these increases occur during the
change of the time component of the shift in time

t, = —arcsin— - dt = L arcsin+ 2&
+ Q Lg m+n an Y Ly m-n’ cor-

respondingly, L is amplitude of shift harmonic
component.

The variable component of the shift creates
system of periods d_ with values that are imple-
mented during the period of deformation force in
a given time. Small value of m is realized for a
few moments of shift change due to discrete and
frequency nature of shift.

Shear strain between adjacent layers by a force
which is the sum of the constant and harmonic
components leads to changes in the interaction be-
tween the layers and the emergence of space-time
deformation perturbation of undeformed crystal.
In the case of low frequencies Q of distortion
force, which allow consideration of a classic time
changes, the impact of such field can be estimated
by methods of perturbation theory. The results of
this estimation indicate the possibility of a radical
change of certain electronic states that are caused
by the diffraction of Bloch waves on artificial
Bragg planes or removing degenerate energy
states by deformation field.

Significant changes in consequence of the re-
moval of degeneracy undergo energy states whose
wave vectors Kk has k. component, which is equal
toa whole number of perturbation wave vectors
q= n— . The reason for these changes is the emer-
gence of gaps in the functional dependence of
energy on k_ components that manifests itself in
a sharp change in the density of electronic states.
Disturbing deformation field, which leads to
the removal of degeneracy of electronic states
leads to energy intervals depending on the en-

ergy of the wave vector, magnitude of which
is set by changing the components &, within

(Zig Lfist <k, ‘2;; L;;LS which is realized in a
given time.
CONCLUSIONS

Deformation of the layer shear is carried by low
frequency stress causes space-time disturbance
during which potential consistently has in a given
time controlled values, which leads to significant
changes in the structure of electronic states. The
value of the disturbance period is discrete time
function that allows estimate times when energy
states degenerate. This result coincides with the
analysis of Bragg deformation of Bloch waves
on planes that are formed by deformation, energy
position is set by period g.

We shall note that the basic properties of the
piezophotoconductivity spectra can make conclu-
sions about the practical use of the effect in object
recognition systems, on the base of the radiation
spectral composition without dispersive elements.
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Summary

The results of investigations of piezophotoconductivity of layered crystals In,Se,, conductivity
component which is proportional to the product of the intensity of light and the mechanical stress, are
presented. We analyzed the structural changes which are caused by crystal deforming force that has
harmonic component of low frequency. It is shown that deforming force leads to a relative shift of the
layers and to change a component period grating which is normal to the plane of the layers, which is
implemented discretely.

The spectra are measured in a mode of sample radiation by light with constant intensity and modu-
lating low-frequency distortion. In the frequency range of light that corresponds to interband transi-
tions, spectra of conductivity harmonic component, the frequency of which is equal to the modulating
frequency, have oscillation nature. This is reflected in the regular placing in the range of absorption
narrow spectral intervals of high piezophotoconductivity value.

The basic properties of piezophotoconductivity spectra of In,Se, crystals show that their implementa-
tion is due to significant changes in the electronic states caused by the combined action of deformation
and light. It is assumed that such impact on the electronic system can be realized by small efforts that
lead to shear deformation of layers in the layered crystals.

The basic properties of the piezophotoconductivity spectra can make conclusions about the practi-
cal use of the effect in object recognition systems, on the base of the radiation spectral composition
without dispersive elements.

Keywords: piezophotoconductivity, layered crystals, layers’ shift
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Pedepar

IIpuBeneno pe3ynbTaTti JOCHIIKEHb CIIEKTPIB 11 €30(OTONPOBIAHOCTI IapyBaTux kpucraiis In Se,,
CKJIaJIOBOI MPOBITHOCTI NMPOIMOPLIIHOT JOOYTKY IHTEHCUBHOCTI CBITJIa Ha MeXaHI4Hy Hanpyry. [Ipo-
AHATI30BaHO CTPYKTYPHI 3MiHU KPHUCTAITY SIKi 3yMOBJICHI JIe(hOPMYIOUOI0 CHIIOKO SIKa MA€ TAPMOHIYHY
CKJIaZIOBY HM3bKO1 yacToTH. [Tokazano, mo aedopmyroda cuiia Mpru3BOJHTH JI0 BIIHOCHOTO 3CYBY IIapiB
1 10 3MiHHU CKJIAZIOBOI IEP10/ly I'PATKU HOPMAJIBHOI 10 IUIOIMHHY LIapiB, sIKa Peai3y€eThCsl TUCKPETHO.

CnekTpu BUMIpSHI B pPeXHUMI OMPOMIHEHHS 3pa3Ka CBITIIOM MOCTIHHOT iIHTEHCHBHOCTI Ta
MOJYJTIOF0U0T HU3bKOYACTOTHOT tepopmartii. Y gianmazoHi 4acToT CBIT/IA, SKUI BIAMOBI A€ MIK30HHUM
nepexoaam, CIeKTPH FapMOHIYHOT CKJ1a10BO1 IPOBIAHOCTI, YaCTOTA SIKOT piBHA MOIYJIIOI0YiH 4acToTi,
MAaIOTh OCHUJISIIIIHHUN XapakTep. L{e mposBIsSIEThCS Y PEeryIsIpPHOMY PO3MIIIEH], Y Jliana30Hi BIACHOTO
MOTIMHAHHS, BY3bKHUX CHEKTPAJbHUX 1HTEPBATIB MiABUIIICHOTO 3HAYCHHS 11" €30()OTOMPOBITHOCTI.

OcCHOBHI BJIaCTUBOCTI CIEKTPIB 11’€30()OTONPOBIAHOCTI KpucTanis In,Se, 3acBinuyroTh, 1m0 iX
peanizailis 00yMOBJICHa CYTTEBUMHU 3MIHAMHU CHUCTEMH €JICKTPOHHUX CTaHIB BUKIIMKAHHUX CITUIHHOIO
niero nedopmartii 1 cimia. J{omyckaeThesl, 110 TAKKM BILIMB HA €IEKTPOHHY CUCTEMY MOXKE 31HCHUTHCH
HE3HAYHUMH 3yCHUJUIIMU SIK1 IPU3BOIATH 10 AepopMallii 3CyBy IIapiB y IIapyBaTUX KpUCTaax.

OCHOBHI BJIACTUBOCTI CIEKTPIB I’ €30(OTONPOBITHOCTI J03BOJSIOTH 3pOOUTH BUCHOBKH IIIO/I0
MPaAKTUYHOTO BUKOPUCTAHHA €(PEKTy y CHCTeMaxX po3Mi3HaBaHHS 00’ €KTIB IO CIIEKTPAILHOMY CKIIATy
BUIIPOMIHIOBAaHHS 0€3 BUKOPUCTAHHS JI€CIIEPryIOUHX €JICMEHTIB.

KirouoBi ciioBa: 11’ €30 0TONPOBIAHICTD, MIAPYBATI KPUCTANHN, 3MIIIEHHS 1IapiB
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