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MECHANISM OF FORMATION OF SPACE-CHARGE
POLARIZATION IN DIELECTRICS

V. Ya. Medvedev, T. A. Kuketaev, and M. P. Tonronogov UDC 539.2+537.226

7], is investigated. A strict solution of a system of the nonlinear Fokker—Planck and Poisson
derived in the form of a Fourier series, a recurrent relation is suggested for the oscillation m
mechanism of space-charge relaxation to be considered as an interaction of modes genera
external electric field. Very cumbersome calculations do not allow us to estimate the o,
applications of the solution obtained within the framework of one paper.

1. RELAXATION MODES OF THE SPACE-CHARGE POLARIZATION

The space-charge polarization is a governing factor of the dielectric p is a common mechanism of
charge relaxation in thin films of microcircuit elements; the space-charge formation Its in an unstable operation of MIS
structures and their breakdown.

The space-charge relaxation in crystals has been investigated on,the
[1, 2]. We were forced to use a phenomenological model which descp
and Poisson equations [3, 4]. Its analytical solution was obtained in

level only in uniform weak electric fields
e transfer by a system of the Fokker—Planck
irst and in [5] in the second approximations

. . . h, N . . X Dt
of mathematical perturbation theory. We now write down the s in dimensionless variables £ =— and t=—- [4]:
a a

)

=7 (ny + P)Z| - ,
6& £=0.1/a £=0,1/a

e 1 E®r)
p(£,0)=0, ,!Zda—;E—O-

Here the space-c ibution is characterized by p =n—-n,, where n, is the equilibrium concentration of mobile

carriers havi z =— 1is the dimensionless electric field strength, E, is the uniform electric field strength, a is

Ey
aq _ hak,
I ! D

con , D is the diffusion coefficient, y = , O=wyny, [ is the thickness of the dielectric,

the mobility of charge carriers.
ar from the breakdown y <1; therefore, it is expedient to use series

and v
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It is obvious that
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Substituting Eq. (2) into Eq. (1) and equating terms with identical y powers, we obtain
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We seek a solution of system (4) as a series in orthogonal fun =cos (Téj with norm |, [ = >
a
+0
pp=2 A )
k=1
According to the second equation of syst Q
= [wp,d&+C(1); (6)
otherwise,
+o0
z, =y A4, (k,t)(L)sin(@§j+C(r). @)
k=1 ka [
The term C(t) in Bgy(7) is8pecified by the last equation of system (4):
= 21 .2 (Ttkj
C(t)=- A (k,t)| ——— |sin”| —|. 8
(9=-w 5 4, (k1) - Join® 3 ®
hus we have
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z, =y An(k,‘c)(—j sin(ﬂaj—— . ©)
il mka / Tk
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Let us designate

n—=2
fn—l = Z0Py-1 + Z PmZn-m-1 - (10)

m=1

In this case, the kinetic equation assumes the form

2
Po _0Pn_gp Yt (11)
ot 0§ o0&
Let us write down the boundary and initial conditions: <

op,
aE—’ £=0,1/a

=(n0Zp 1+ Jut ezo, ya» P(8:0)=0 (12)

and the relaxation mode amplitudes 4, (k,t):
l/a
A, (k,t)—z— j P, cos( ]lmJ&)d&. (13)

Multiplication of Egs. (11) and (12) by ¥, = cos(“fl—“gj yields

y OPu _ 82p
= - 14
] aT f a ( )
Q(nozn RI/E) . (15)
=0,l/a
Integration of Eq. (14) over & from 0
1/ l/a 6 l/a l/a P
e - [w, S P ge - je\yjpnda j\y Yt e (16)
o T og g3
We now t ntegral on the left side of Eq.(16) changing the order of integration over & and
differentiation withisespectto t. From Eq. (13) it follows that
l/a A
2 J- \II da_ l @ (]aT) (17)
ot 2a Ot
P 2 i2a?
We nowtake by parts the first integral on the right side of Eq. (16) taking into account that P 2’ =— 5 — Y
la 52 o l/a oy e 2.2 2
[, P ge—w, Pul o EI BT (oL (1)
o€? /o 0 % |, / 2a
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l/a
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Since =0, boundary conditions (12) change their form
0
lja 52 2 i2a?
.[ lIJj 02‘5” d&_‘ ¥, (nOZn 1 +f )| =lfa \Pj (nOZn—l +f;1—1 )|§=0 _j—An (jsT) . (19)
0
We note that
sin? (nk)
B 2lyn L 2
¥ inyz, e~ 2 COS(TEJ)/E A4, (k,7) e (20)
2l\|1n 2
W inyz, 0= 2 ao ZAn 1 (K, T)k—- 2n
Taking by parts the last integral in Eq. (16), we derive the following e i ¢ relaxation mode amplitudes

A,(j,7):

Here we have introduced the function

04,(j,v) _ _
+ lfa
F(r) S\Vno —Lsin’ (T; % Ta [ 1, & (23
1 0

A solution of differential equatio initial condition 4,(,0)=0 is

% = [ex J(t t)}F(t )dt' . (24)
Combining Egs. (4) we find the recursion relation for 4,(/,1):

T 2.2 2 . 8
An(j,t)=£exp{(9+n ;za J(t —t)}{ nozwsm (2)

2( T
oo sin ( ) ) ,/a
x> A, (k,T)———= o j S (B2 &j da}dt ) (25)
k=1

Because of cumbersome calculations, the integral over the spatial variable & in Eq. (25) is calculated in the

Appendix. We obtain
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relation for the relaxation mode amplitude in the nth order of the perturbation theory:

T 272 2
An(k,r)=fepo6+TE ];2a J(t’—r)}{gn
0

sin’ (np)
+00 , 2
Xz An—l (pat ) P -
p=l1 p

g "
Designating j by k and k by p in Eqgs. (25) and (26) and substituting Eq. (26) into Eq. (25) @ iveithe recursion

_\V_z Z Am(pat,)An—m—l(S9t,)

Qak =2 +=© { i
/

m=1 p,s=1

4
- 2”‘ e 7
Here 8(p+s—k),8(p+k—s), —p) are Kronecker’s delta symbols. It should be emphasized that n>2 in
Eq. 27).
The relaxation mo litudes in the first order of the perturbation theory for n =1 are calculated using Eqs. (23)
and (24):
T 2,2 2
Ak, 7) = _47“n0 sin? (%kj [ 20 (") exp Ke+ T 1;2 a J(;' —r):|dt' : (28)
0
r ctric field, z, (¢") = exp(iw,¢') , and formula (28) assumes the form

i 272 2
exp (i, 1) —exp —(9+TE kza ]‘c
A (k ‘c)——4—an sin? (ﬁ) = !
e 1 2 *k*a?
0+
2

= 29

+im,
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2
wa” . . . .
where o, = o is the dimensionless frequency of the external electric field.

2. MECHANISM OF SPACE-CHARGE FORMATION

In the first-order approximation of the perturbation theory, the space charge accumulation in dielectrics and
semiconductors can be considered as an excitation in an external electric field of relaxation modes with the amplitude

A (k,7), wavelength A, = % , and relaxation time T, [4]:

(30

Here 7, is the Maxwell relaxation time:

M

(€2))

(32

(33)

where 1, is the diffusion relaxation time mode with k= 1.
If the Maxwell relaxation.ti the first mode t,, >> 1, then 1, =1, and the space-charge relaxation is
determined by diffusion of defécts W <<Tp, there exists the serial number of the relaxation mode k; for which

Ty~ 1, k? and T, T .
Eq. (33) must be used to ¢
for the Ih ice at

1, the relaxation time of the mode will be equal to the Maxwell one: 1, =1, , and

[ 0
@ e relaxation time for k ~ k; . For relaxation modes with k£ >> k,, 1, ~ 1, . For example,

and sample thickness /~ 10~ m, this is the case when the charged defect concentration is

imes for the Maxwell and diffusion mechanisms are of the same orders t, =1, the serial

numbet, of t ill be k. In this case, 1, >> 1y, = ;{—2 and 1, ~ 1y, . For k <k, Eq. (33) must be used.
2

us, for the relaxation modes with short wavelengths A, , the space-charge relaxation time is equal to 1, , and

polarization; therefore, the monorelaxation process is observed in the second case with the Maxwell relaxation time, and the
diffusion mechanism can be realized only for a very small concentration of the charged defects.

For crystalline dielectrics, the minimum wavelength of the relaxation mode is 2a; therefore, the serial number of the
corresponding mode k cannot exceed kn.x = //a. As a rule, this restriction can be ignored in calculations, because the
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relaxation mode amplitudes are inversely proportional to the squared serial number of modes and quickly decrease with
increasing serial number.

The suggested mechanism of space-charge accumulation and relaxation allows us to interpret very simply recurrent
relation (27) for the relaxation mode amplitudes in the nth order of the perturbation theory. Thus, the first term in the
integrand of this formula describes the linear interaction of the odd kth mode with other odd modes, including the self-
action, thereby resulting in an increase in the mode amplitude. The second term in the integrand of recurrent formula (27)
for the amplitude 4, (k,t) describes the nonlinear interaction of the external ac electric field with the relaxation modes, and
this interaction is linear in a dc electric field z, =1. For odd %, the contribution to the amplitude A4,(k,t) comes\from the

interaction of the electric field with the even relaxation modes, whereas for even £, the contribution gemes from the
interaction with odd relaxation modes, and the self-action is excluded. The third term of integrand (27) characterizes the
nonlinear interaction between two relaxation modes, and terms with Kronecker’s delta symbol§ describe generation
[8(p+s—k)]and destruction [8(p+k—s) and 8(p—s—k) ] of the kth relaxation modes.

To elucidate a role of the nonlinear interactions in the space-charge relaxation, analyti€alfexpressions for the
relaxation mode amplitudes were calculated in [6] for the first three harmonics. According \to the\results of these
calculations, only odd relaxation modes are generated at the main frequency ® in alljgpertusbation orders in the
approximation of linear interaction. The nonlinear interactions result in generation of frequéncysharmonies, The second term
in recursion relation (27), describing the nonlinear interaction of modes in an external\electri¢ field, describes generation of
frequency harmonics nw, whereas the nonlinear interactions of modes described'by the,third term of the recursion relation
generate (n—1)o frequency harmonics in the nth order of the perturbation theory. Odd, relaxation modes are excited for odd

n, and even modes are excited for even n. The odd relaxation modes exciftedsat even frequencies and the even modes at odd
frequencies decay the faster, the greater the serial mode number £, that is, the shorter the wavelength A, .

This suggests that the physical mechanism of space-charge fermation in dielectrics and semiconductors consists in
generation of relaxation modes in an external electric field. In theWimitial’stage, short-wavelength modes with small
relaxation times and amplitudes are generated; as a result, small-scale inhomogeneities arise in the space-charge distribution
whose relaxation is described by the diffusion mechanism. For titne imtervals comparable to the relaxation time of the main
mode with k£ = 1, long-wavelength modes are excited. Exactly these modes form the space charge on macroscopic scales in
the sample. It seems likely that spontaneous generation ofyrelaxation modes in the absence of external electric field is also
possible. Due to the nonlinear interaction character, {in the case ofigpontaneous symmetry breaking this can lead to the phase
transition of the dielectric into the ferroelectric®r metastable electret state.

The dimensional effects of interlayet polasization in crystals with hydrogen bonds we calculated in [7] can serve as
an illustration of the above-described space-¢harge relaxation mechanism.

CONCLUSIONS

1. Based on the solution of the system of the Fokker—Planck and Poisson equations, the phenomenological model of
charge transfer in diel@ctries, has/been constructed. The strict solution of the system of the nonlinear Fokker—Planck and
Poisson equationsgvas detived as a Fourier series in the relaxation modes whose amplitudes in the nth approximation are
expressed through “the amplitudes of the preceding approximation and hence through the amplitude of the first
approximatign aceerdingto the recursion formulas.

2. Thefmechanism of space-charge polarization formation in dielectrics was suggested, consisting in the excitation
of the relaxation'modes in an external electric field and subsequent interaction of these modes; the relaxation times were
calculated, and it was established that modes with long wavelengths make the main contribution to the space-charge
polarization.

3. From the suggested mechanism of the kinetics of space-charge polarization in dielectrics, the dimensional effects
unambiguously follow considered in [7] for crystals with hydrogen bonds and the Maxwell relaxation.
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APPENDIX

. oV . . . n=2
Since ¥, = cos (%E‘,J, then 6_2’;] = —%sin (n]l_a j, and taking into account that f,_; =zyp,_1 + X PmZuom-1 »
m=1
we obtain
I/a oY, nja| NE
[ foa—=Lde=="21 [z, (&t )sm(iajda
o [o/a Iy /
n—2l/a cha
+Z ,[ Pm (E-”t,)zn—m—l (E_,,t')Sln(TE_,)dE_, . A 1)
m=1 (

Having substituted into Eq. (A 1) distributions of space charges p,, and p,_; : Q
iy , npa
py=3 A, (p,t)cos(%éj, @ (A2)
p=1
g , E mpa
Pp-1= Z An—l (p,t )COS 4 (tv (A 3)

p=l1

and z,_,, (&) written as

+00
Zp—m-1 (&,t,) = \llz An—m—l ( %

) (A4)
s=1
we find
. o0 l/a .
% ) o 2 i 3
p=l1 0

l/a .
YAy (s,t')—mlm {j cos(n?;agjsin(%éjsin(n]l—ai)dﬁ
0

2sin’ (n;) lfa npa Tja
=2 cos(%&jsin(%&jdé . (A5)

. Y/ npa .\ . (Tmja . lfa .
he integral | cos T§ sin Té’; d& in Eq.(A5) can be expressed as [ cos(Ax)sin(Bx)dx, where
0 0

Tpa

A= and B:n'}—a;then
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l/a

lJa ' _ |cos(B—A)x cos(A+B)x
_([cos(Ax)sm(Bx)dx——{ 2(B—4) + 2(4+B) }

s
0

otherwise,

on(j-p) . on(j+p)

Ia npa mja ;| sin 5 sin 5
_[ cos(—&jsin(— )dé’;z— - + -
0 / / na j-p j+p

Let us take into account that if j and p are even or odd numbers, j—p and j+ p will be e and Eq. (A) will
be equal to zero. If one of these numbers is even and another odd, j— p and j+ p will be odd numbers,

Sinz?t(Jz—p)zsinzﬁ(];p)=1 ond L1 2j

ji-p j+p -

(A 6)

(A7)
Thus, integral (A 6) can be written as follows:

I/a . . .
jcos(%a)sinﬁ—“gjd&i _2% in ”(J; . (A 8)
0

Ta j° =

Formula (A 8) automatically takes into account that one of the numb and another odd, and consequently, j# p.

The second integral in Eq. (A 5) is expressed as

l/a
[ cos Ain Cdx ,
0 O

where

then we easily derive

in(4+C-B in(A+B—
Ax)Sin(Bx)sinCdxzi[sm( +C )x+s1n( +B-C)x

0 A+C-B A+B-C

l/a
=0.

sin(A+B+C)x sin(B+C—-A4)x
A+B+C B+C-4

0

If the denominators on the right side of the equation are equal to zero, the integral is expressed through Kronecker’s
delta symbols:

l/a

| cos(Ax)sin(Bx)sinCdx=4L[8(A+C—B)+8(A+B—C)
0 a
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~8(A+B+C)-8(B+C—4)], (A9)

and Eq. (A 9) is reduced to the form

l/a .
| cos[@é)sin(@&jsm[M j=L[S(p+s—j)+8(p+j—s)—5(j+s—p)], (A 10)
0 ) / / 4a
where it has been taken into account that (p+ j+s)=0 for j>1, p>1,and s>1.
As a result, the final expression for the integral assumes the form
’ 2 sin’ n(j+p)
a , v ; Tja " 2 2l 2
J-fn—l(&’t) a]dEJ:_L{ZO(t)ZAn—I(p’t) d .2 2
0 E', / p=1 a J —-p
n-=2 +owo , , i ] .
‘HVZ 2 Am(pat)An—m—l(sat)_{_[6(p+s_.])+ + S,
m=l ps=1 nsa |4a
2sin’ (nsj
. 2)1 2j n(j+p
=55+ /- p)]- LA A (a1
s Ta ;- —p 2
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