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INVESTIGATION OF RECHARGING PROCESSES FOR THE VOLUME
LOCALIZED STATES IN POLYCRYSTALLINE SEMICONDUCTORS

The influence of recharging processes for the volume localized states in semiconductor component of
polycrystalline structure on the kinetics of isothermal depolarization current is theoretically studied. The
equation of continuity of electric induction on the borders of the insulator-semiconductor together with a
first integral of the equations for the spatial charge is used as a model. Kinetic equations are recorded on the
basis of the Shockley - Red - Hall statistics. The current density of depolarization, induced recharge of
surface and volumetric local electronic states are determined as a result of the decision. The spectral
characteristics of the current are obtained with using the Fourier transformation. In the spectra there are
two clearly distinct maxima. The low-frequency maximum corresponds to the surface states, and the high-
frequency one corresponds to the volume localized states. The values of parameters that are typical for the
metal-oxide varistor ceramics based on ZnO are taken in the calculations. It is shown that the kinetic and
spectral dependences of depolarization current at different temperatures can be used to evaluate the
ionization energy and temperature dependences of the capture ratios of the electron states.

Keywords: polycrystalline semiconductor, isothermal depolarization current, localized electronic states,
kinetics, spectrum, potential.

Teoperuyecku wucciaeqyercsi BJIHsSHHE IIPOLECCOB Iepe3apsiKH  00beMHBIX JIOKAJIM30BAHHBIX
COCTOSIHMI B MOJIYNPOBOJHHKOBOI KOMIIOHEHTe MOIMKPHCTAININYECKOH CTPYKTYPbl HAa KHHETHKY TOKa
HM30TePpMHYECKOil Jenossipusanud. B kadecTBe MoJeJH MCHO/IBL3YeTCS YPABHEHHSl HeENPEPbIBHOCTH
JIEKTPHYECKOl HMHAYKIMM HA IPAHMLAX HM30JISITOP-NOJYNPOBOJHHK BMeECTe € IePBbIM HHTErpajioM
Ilyaccona n1s1 001acTeli NPOCTPAHCTBEHHOI O 3apsiia. Kunernueckue ypaBHeHuUs 3alIMCBIBAIOTCH HA OCHOBE
craructukn Hloxm - Pupa - Xosmia. B pesyabrate pemieHusi onpeneiisiercsl INIOTHOCTh TOKAa
JenoJisipu3anuy, 00ycJ0BJICHHOIO Nepe3apsiikoil NOBEPXHOCTHBIX U 00beMHBIX JIOKAJILHBIX 31eKTPOHHBIX
cocrosHuii. C mMcnonb3oBaHHeM mpeodpa3oBaHusi Dypbe MOTYYAKOTCSl CNEKTPAIbLHBbIE XapaAKTePUCTHKH
Toka. B cmekTpax sIBHO BBIICJNSIIOTCS [Ba MAKCHMyMa: HH3KOYACTOTHBIH, COOTBETCTBYIOIIMIi
MOBEPXHOCTHLIM M BBICOKOYACTOTHBII, COOTBETCTBYIOIHI 00beMHbIM JIOKAJH30BAHHBIM COCTOSTHHSIM.
IIpn pacyerax NMPUHUMAIOTCSI 3HAYEHHS MAPaMeTPOB, XapaKTepHbIe I MeTAINIOKCHIHON BapHCTOpHOIt
KepamMuku Ha ocHOBe ZnO. Iloka3aHo, YTO0 KHHETHYECKHE H CIEKTPAJIbHbIC 3aBHCHMOCTH TOKa
JeNoJIIpPU3AIMH NPH PA3HBIX TEeMIEPATYPaX MOKHO MCIO/Ib30BAaTh /ISl OLEHKH JHEPrMM HMOHM3ALMU U
TeMIePATyPHBIX 3aBHCUMOCTeH KOI()(PULHEHTOB 3aXBATA 3IeKTPOHHBIX COCTOSTHUIA.

KiioueBble c¢j10Ba: MONMKPUCTAUTMYECKHI MOMYNIPOBOJHUK, TOK H30TEPMUYECKON EMOJApH3aliy,
JIOKAIT30BaHHBIE YIEKTPOHHBIE COCTOSHYISA, KHHETHKA, CITEKT], TOTEHIHAL.

TeopeTHYHO AOCIIKYETbCA BIUIMB NpoLeciB nepe3apsiikid 00’€MHHX JIOKAJi30BaHMX CTaHiB B
HANIBNPOBITHUKOBI KOMIIOHEHTi MOJMIKPUCTAIIYHOI CTPYKTYpH HA KiHETHKY CTPyMy i30TepMiuHOL
aenoaspizanii. B sikocti Mogesi BMKOPHCTOBYETbCS pPIiBHSIHHSI HeNEepPepBHOCTI Ha MeKax i30JSTOp-
HAIIBIPOBITHHK cyMicHO 3 nepmnM inTerpajom Ilyaccona nis odmacreii npocroposoro 3apsiny. Kinernuni
piBHAHHA 3anucyloTbest Ha ocHOBi cratucrtuku IMloxkni — Pina — Xoswia. B pesyabrari pimenns
BH3HAYAEThCS IIVIBHICTL CTPYMY AenoJspu3anii, 00yMOBJICHOI0 Iepe3apsiIkol0 MOBePXHEBUX i 00’eMHHNX
JIOKATBHUX €JeKTPOHHUX CTaHiB. 3 BHKOPHCTAHHSIM IepeTBopeHHs Dyp’e 0fep:KylOThCS CHeKTPaIbHi
XapaKTepUCTHKH cTpyMy. B cmekTpax fIBHO BHIISIIOTBCA ABa MAaKCHMYMHM : HHM3bKOYACTOTHHii, 10
BiINoOBila€ MOBepXHeBUM i BHCOKOYACTOTHMIi, L0 BiamoBinae 00’eMHMM JoKadizoBaHuM ctaHam. Ilpu
PO3paxyHKax MNpUiMAOTbCA 3HAYEHHS NapaMeTpiB, XapakTepHi 11 MeTAJIOKCHIHOI BapHUCTOPHOL
Kepamiku Ha ocHOBi ZnO. [Toka3aHo, 0 KiHeTHYHI i cIeKTPaIBLHI 321€3KHOCTI CTPYMY JenoJsipu3anii npu
Pi3HHX TeMIepaTypax MOKHA BHKOPHCTOBYBATH /Ui OLIHKH eHepril ioHi3amii i TemmeparypHux
3aJIeKHOCTel KoedillieHTIB 3aXBaTy €JIEKTPOHHHUX CTAHIB.

KirouoBi ci10Ba: monikpucTaniuHui HAMIBIPOBIIHUK, CTPYM i30TepMIdHOI JAemOsIpu3aliii, JoKasti3oBaHi
SJICKTPOHHI CTaHM, KIHETHKA, CIICKTP, OTCHIIIaI.
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Introduction

Electron exchange processes for localized states in polycrystalline semiconductors
with intercrystallite potential barriers can be studied by analyzing the isothermal
depolarization (ID) current kinetics [1].

The known basic theoretical model of the ID current kinetics in polycrystalline
semiconductors is based on the concept of recharging surface localized electronic states
(LES) at the boundaries of the semiconductor crystallites and the matrix of the
insulating phase [2]. The influence of volumetric LES in such structures has not been
studied theoretically up to now.

At the same time, for several polycrystalline structures, in particular, metal oxide
varistor ceramics, contribution of volumetric LES to the ID current can be
considerable.

The presence of deep energy LES filled with electrons at the boundaries of
semiconductor crystallites (e.g., ZnO) leads to the formation of surface charges and
near-surface potential barriers (up to 1 eV or more) between the semiconductor
crystallites [3]. The change of the filling of such LES by applying real (not admitting
breakdown) polarizing voltage is usually insignificant, and needs more time for their
discharge. Therefore, a significant contribution to the formation of the observed (fast)
component of the ID current [1, 4] can be provided by volumetric LES of
semiconductor crystallites.

In this paper a model of the kinetics of ID current, which takes into account the
recharging processes for the volume LES in semiconductor crystallites is proposed. The
effect on the value of its polarizing voltage and temperature is also studied; and the
analysis of the information value of the model to obtain data on the characteristics of
bulk LES is performed.

Element of the polycrystalline semiconductor structure

The element of the polycrystalline structure for the one-dimensional model is a
layer of semiconductor material located in surface region. The region is isolated from
both sides by dielectric thin films of intergranular phase.

Applying the polarizing voltage produces the additional filling and, accordingly,
the devastation of surface and bulk LES that are energetically near the Fermi level and
spatially located in the border areas of both the semiconductor layer.

After the decline of the applied voltage to zero, the sample depolarization starts.
This process ends with relaxation to the initial filling of LES. The dependence of
depolarization current versus time provides information on the nature of mentioned
electrical transients [1, 4-6].

In order to concretize model, we consider a one-dimensional structure,
characteristic for a metal-oxide varistor ceramics [3]. It includes a semiconductor layer
ZnO with a thickness of d_ ~ 10 pm located between two thin films of thickness d, ~
20 A of the dielectric intergranular phase. It is assumed that the charging occurs mainly
for electron transitions between LES and the conduction band of ZnO.

It is necessary to solve two problems in the simulation. The first problem is to find
the potential distribution and function of electron filling of surface and bulk LES in the

crystallites in a steady state of polarization (for different values of voltageV =V, ).
The second one is to determine the dependence of these functions on time for the

transition of the initially polarized object in equilibrium with its short-circuit (V' =0)
using the kinetics of the ID current.
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The model equations
The polarization state

Equations, that determine a steady-state polarization, are the equations of continuity of
the electric charge displacement at the boundaries of a single insulator-semiconductor
structure element (coordinates of the boundaries of the semiconductor layer x =Fd, /2,

point x = 0 corresponds to the middle layer)

14 d
86— = E08y— +eNg fs|i=a)2 (1)
dg x| g /2
d V,
E9E3— =¢gpe; ——+eN 2
0¢s dx vdy 2 0¢d dd SfS|x=dS/2 ( )

with the first integral of the Poisson equation for the space charge region of the form

d kT kT .
e e—LF(Y) = e—Lszgn(— Y)x

. e
X{I{V[(fV(y)—fV(0)+eXp(y)—1]—pVO[eXP(—y)—ll}dy} |

oMo Ny o

where N, — surfactant concentration (index g =) and bulk (index ¢ =) donor LES,
composite index q is used in a similar manner, and then to describe the surface and

volumetric parameters; f, ; — the electron distribution function in the LES (at equilibrium

Fermi function); Y=e(¢@-@ o)/kT, ¢, — level of capacity in the semiconductor; n,, and
Py — the concentration of free electrons and holes in a semiconductor crystal; & and & —

the relative dielectric permittivity of the dielectric intergranular phase and a
semiconductor; g, — electric constant; e — the absolute value of the electron charge; k —
Boltzmann constant; 7 — temperature; V, =V —[ (d,/2)- (=d,/2)] ; V=Vpor, Vror —
the value of the polarizing voltage applied to the unit cell of a polycrystalline structure; x
— coordinate along the axis orthogonal to the layers of a single structural element.

The numerical solution of the set of nonlinear equations (1) — (3) provides the

potential distribution Y (POL)(x) and the distribution functions of electrons on surface
fS(POL)(i dg/ 2) and bulk f,,(POL)(x) LES for the polarized structure element of
polycrystalline semiconductor.

Kinetics of depolarization

Kinetic equations describing the recharging LES during depolarization written on
the basis of the Shockley-Read-Hall statistics [7] have the form

df, (x,t)/dt =Cpy {Kl ~ 1y (x,t))~ n(x,t)—fq (x,t)nqu} 4)

where n,, = N eXp(— AE, / kT ) — the concentration of electrons in the conduction band,

reduced to the level of E,, AE, — ionization energy, Nc— effective density of states in the
conduction band of the semiconductor; ¥’ (x,t) and n(x,t) =Ny exp[Y (x, t)] - potential
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profile (band bending) and the concentration of free electrons in the space charge of the
structural element of the semiconductor crystallites; ¢, - coefficient of electron capture

LES (¢,, =0, Uy / g, 0,, — the effective capture cross section, Uy - average thermal

velocity of the electrons, g - the degeneracy of LES.
The initial conditions for the surface and bulk LES are

fS(ids /2): SPOL(ids/z)ﬂ
Sy (6,0)= 17 (x)
Y(x,
The dependencies Y(x,¢) are found by the equation integrating = (j tgly/FLv(t)]

YpoL (x)
where Y., (x) is the solution of the set (1)—(2) with using the expression (3) for the first

©)

integral of the Poisson equation, L — Debye screening length of an intrinsic
semiconductor. The depolarization current density caused by the recharging of the surface
and bulk LES can be written as

le(f) = jg)(f)ﬁL J'%)(t) =eNg d[fs(_ ds/2,t)—fs(ds/2,t)]/dt +
) /(2)
+eN, jf{d[fV (c,0)] ek — N,y jf{d[fV (c,0)] Y,

where L(Slg u L(Szc) are thicknesses of space charge regions located near the left and right

(6)

edges of the semiconductor layer.

Overall analysis of the expression (6) is complicated and can be carried out only
approximately with using numerical methods. However, given the idea that the near-
surface space-charge region is formed deep ("slow") levels [3] (LES with the long
relaxation times, which, in particular, also confirmed by the study of thermally stimulated
depolarization currents [8]), can be considered as the potential distribution in the

crystallites during depolarization Y (x,l‘)z Y(x). This allows obtaining the analytical

solution of the kinetic equation (4) and equation (6) for the surface and volume ID
currents explicitly

Jw(6)= 5 O+ 71, ()= j§ - expl=t/z)+ ji-expl=1/z,) ()
where 75 =[c,s(m5 +ng )] g =le (my + )] B
) =—eN g5 [ (= d, )2)- £7d, f2)];

Lgc
O =—eN, 7 - [0 (x)= 4400 (x)]
0

Lgc = ’”‘”‘(L(sl)c ) )5

L(Slé and L(SZC) are the thicknesses of the left and right areas of the space charge
polarization in the semiconductor crystallite.
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Functions V(ﬁm)(x) u ,/(QOL)(x) correspond to the LES charge on one side and

their discharge on the other side of the semiconductor layer.
For the equation (7) it is accepted that the resulting volumetric component of the
depolarization current j%)(t) can be approximately determined by its maximal

component. This component is caused by LES. Its energy level is crossing the Fermi level
[9]. It’s supposed that n,(x)~n,, and 7, (x)= 7pp.

The kinetic and spectral dependences of depolarizing current
Theoretical kinetic dependence of the isothermal depolarization current j;(¢) of the
polycrystalline semiconductor element of structure obtained on the basis (7) is presented
in Fig. 1. The corresponding spectral dependences ./, (a)), as shown in this figure, are
found using the direct sine-transform of Fourier:

Tip(@)= " imle)sinfo-okit =13 (0)+ /o) ®

where @ - cyclic frequency (0¢[0, ©]), a J%) (@)= (2j(()q)/7r) x a)/la)2 + (l/rq )2 J

The left (low-frequency) maximum of spectrum corresponds to the surface LES, and
the right (high-frequency) one — to bulk LES. In the calculations, the values of the
parameters are for metal oxide wvaristor ceramics based on ZnO: AE, =0.2 eV;
Ny=10" sm'3; ¢, =107 sm*/s and AEs=0,5 eV, Ng=10" sm’z; cs=10" sm3/s; nyo = 10"
sm’; nyo>> pro) [8]. As can be seen, there are two relaxation areas in the kinetics j;p(?).
They are characterized by times 7y and 7y depending on the capture coefficients c,, and
ionization energies AE, of LES. The first area (fast) is associated with the recharging of
bulk LES, and the second (slow) one — with recharging surface LES, i.e. 7, << z5. If 7~ 75,
then these areas are overlapped.

log Jip (@)-10°, A-c/em? log Jp (®)10°, A-c/em?
1.5 F 4 1Lk )
log jip , A/cm? 3 ! 3
2 3 4 Tr log jio, A/ cu’ 123
L 5 05}
5F
/ 05 -5
0 1
o LA ! -5 0 5
1ok .5 0 5 log ®, pad/c
log @, pad/c -10F
_15 1 1 1 1 1 _15 1
-4 -2 0 2 4 6 4 -2 0 2 4 6
logt ¢ logt, ¢
a) b)

Fig. 1. Time ] D (Z‘ ) and spectral J D (a)) dependences of isothermal depolarization current of

structural element on Vpp;,.V:1—-0.5;2 —-5;3-10;4 — 15 at 7=300 K (a) and temperature 7, K: 1 —
2705 2 -300,3 - 330 at Vpo, =3 V (6)
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According to this in the spectra J 10(0)) there are two dispersion areas: high-

frequency region is associated with recharging volume LES and the low frequency one is
due to the recharge of surface LES. For the frequencies of their maxima we have in
accordance with (8)

o) =1/, . 9)

With increasing polarization voltage Vp; the dependences jg)(t) and J gg)(a)) are
lifted up (current increases in absolute value) to a limiting value corresponding to full
charge of surface LES on one side of the semiconductor layer and full discharge on the
other. With increasing of polarization voltage Vp,, the absolute value of the bulk

component of the current density of depolarization j,(p(t) and its maximum range

J 1([’;)(0)) increases. However, the saturation is not observed.

The growth temperature T increases the amount of ID current and speed
depolarization. The temperature dependence of the frequency wm.x(7) are straighten the
coordinates (log(a)max), 1/T). The activation energies conform to the calculation of

ionization energies of the bulk and surface LES.

Parameters of localized states

The model gives the relationship between the parameters of bulk LES, relaxation
times and ID current in a form similar to that in [2] for surface LES:

Int, =-Inc, N +4E, [(kT) . (10)

The temperature dependences ,(7) or 6{)1(1;73)X (T) can be found from the spectral
curves for the depolarizing current obtained at different temperatures. From Eq. (10) the

formula follows for determining an ionization energy and capture coefficient of free
electrons for the bulk (and surface) local electronic states:

AE, =In(10) -k - A[lg 7,(T)x T2] [A0/T) ; (11)
eug(T)=[e,(T)- Ne (D)} - explaE, J(kT)). (12)
Conclusions

In polycrystalline semiconductors with relatively high intercrystallite potential
barriers isothermal depolarization currents depends on the recharging of both bulk and
surface localized electronic states.

It is determined:

- the presence of two relaxation areas in the current spectrum and kinetics of
isothermal depolarization due to charging volume and surface localized states, with the
fast or, correspondingly, high frequency region is associated with charge of bulk LES,
and slow or low-frequency region — with recharging surface LES;

- increasing the time and spectral dependencies to some "marginal" for the surface
and the absence of "limit" for the volume dependencies of LES with increasing
polarization voltage in the operating voltage range.
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It is shown that the kinetic and spectral dependencies of the isothermal
depolarization current obtained at different temperatures can be used to estimate the
ionization energy and the temperature dependence of the capture coefficient of bulk (and
surface) LES in semiconductor crystallites.
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