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Thermally stimulated currents due to multiple-trapping
carrier transport: II. Dispersive transport
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Majakowskiego 11/12, 80-952 Gdaiisk, Poland
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Abstract. This paper deals with non-isothermal dispersive cartier transport in an insulator
with trapping states. The approximate solutions of t he transport equations derived previously
are extended here to include an arbitrary spatial distribution of generated carriers as well as
the temperature and energy dependences of some trap parameters and the temperature
dependence of the microscopic carrier mobility. The accuracy of the formulae describing
thermally stimulated currents (TsC) is verified by Monte Carlo calculations for exponential
and Gaussian trap distributions. Methods of determining the shape of the trap distribution
and the trap parameters from the Tsc data are discussed.

1. Introduction

A major advance in understanding the electronic transport properties of disordered
solids was the development of the theory of dispersive carrier transport by Scher and
Montroll [1], Noolandi {2, 3], Schmidlin [4] and other authors (see reviews [5, 6]). They
explained satisfactorily the extremely large dispersion of the transit times of excess
carriers, revealed in the time-of-flight (TOF) measurements for many disordered
materials. It was recognized that dispersive transport is related to the non-equilibrium
occupancy of the localized states, for both trap-controlled and hopping transport mech-
anisms.

In the 1980s, the mentioned theory was extended to the case of non-isothermal
carrier transport [7-11], thus giving a new theory of thermally stimulated currents (TSC).
Except for variable sample temperature, the assumptions of the “Tsc drift experiment’
follow closely those of the TOF method. It was presupposed that the excess carriers are
initially generated in the surface layer of the sample by light or ionizing radiation. Next,
the sample is heated gradually, and the Tsc induced by carrier drift in the applied
field is monitored. It was shown that the described 1$C technique can yield the same
information about the localized states in the solid as the most commonly used TOF
method.

Regarding the Tsc caused by dispersive multiple-trapping cartier transport, two main .
approaches have been put forward by Plans et af [8] and Tomaszewicz and Jachym [10].
Both works were based on the simplified theory of isothermal dispersive transport [12-
14] and gave similar results, despite the somewhat different approximations used for
solving the transport equations. In this paper, the results obtained in [10] are extended
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to cover the cases of arbitrary spatial distribution of the generated carriers, as well as
of temperature-dependent microscopic carrier mobility and some temperature- and
energy-dependent trap parameters. The accuracy of the formulae describing TSC is
proved by Monte Carlo calculations for model trap distributions. A more extensive
review of the literature, as well as more details concerning the formulation of the
transport equations and the Monte Carlo method, are given in the preceding paper
(hereafter referred to as I) dealing with non-dispersive Tsc.

2. Formulation of the problem

2.1. Transport equations

The equations describing non-isothermal carrier transport in a solid with trapping states
are derived in section 2.2 of I. Only the equations themselves are repeated here for
convenience:

oln(z, 8} + nfz, D)ot + u(t) on(z,H/oz =0 (6}
nied = [ S emzryar =0 @
0
o= [ cem@en (- [ 005) de G
7{e, 1) = v~ (e, 1) exple/kT(?)] (4)
_ Loutn) fo
i) = noTe L n(z,t)dz. (5)

2.2. Dispersive transport regime

Dispersive transport is characterized by a progressive thermalization of the carriers with
trapping states distributed in a wide energy region, &, — £ & kT(#). In the following, we
shall assume that the function C(e, )N,(£) varies slowly with energy compared to
the Boltzmann factor exp[e/k7(t)]. The dominant part of the carriers then occupies
relatively deep traps, from which no carrier emission takes place up to the given time z.
Since the probability of carrier emission from these traps does not depend on the moment
t' of carrier capture, formula (3) for ®(t, #') can be simplified by setting ' = 0 in the
lower limit of the integral in the exponential factor (cf. [10]). Furthermore, we assume
that the functions C,(z, #) and—as implied by the detailed equilibrium principle (I,
equation (5))—w» (g, f) can be expressed in the factorized form:

Cfe, 1) = w()Cy(e) (6)
v(e, 1) = w(O) [T/ To] ¥ vq(e) (7

where Co(¢) = C(&, 0), vo(€) = v(e, 0) and the initial sample temperature Ty = T(0).
This assumption is unnecessary if C(¢, ¢) and »(e, £) depend solely on one variable, & or
t. The fanction (¢, ¢') then takes the form

D, ') = w(t) (2, 0) (8)
where
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(1, 0) = f o Cole)N(e) exp (— L ' Tr(‘:’t,)) de. )

Oge can note that equation (8) is also valid for the initial stage of carrier transport. In
such a case carrier detrapping and the time variation of the carrier trapping probability
are negligible, which implies that ®(z, ¢') = ®(¢, 0) = 1/1,y, where T is the mean free-
carrier lifetime at the initial moment {cf. I, equation (16)). In the last formula the
exponential term in the integrand may be approximated by the unit step function
Hle — &4(7)], where the demarcation level (1) is given by the implicit equation [8, 10]

I dt’
| smmmt (10

This yields the simple formula

o(t, 0) ~ f " Co)NLe) de (11)
£o(n)

valid for £? < g£4(f) < &. The level £(¢) separates the shallower traps, which reached
equilibrium occupancy, and the deeper ones, characterized by non-equilibrium popu-
lation. Dispersive transport occurs therefore in the time region given implicitly by the
above inequality.

By inserting formula (8) into equation (2) we obtain, after simple transformations,
the approximate equation describing the trapping/detrapping kinetics for dispersive
transport:

% (%) ~ w(On(z, £) | (12)

where ®(f) = ®(¢, 0). The physical meaning of the above equation may be better under-
stood after its rearrangement into the form

1 do@)

w()D(D)n(z, 1) + 5—(}—) &

on(z,8)
at

n(z, 1). (13)

One can show that the first and second terms on the RHS represent, respectively, the
rates of carrier capture in the energy region £ = g(z), and of carrier emission from traps
of depth equal to £¢(¢) (cf. [10]). In the above approximation the processes of carrier
trapping and detrapping in the energy range £ < g(z) are ignored.

To simplify the transport equations further, we omit the term én(z, ¢)/dt from the
continuity equation (1), which yields

an(z, )/t + u(t) an(z, H)/3z = 0. (14)

In the case of temperature-independent parameters uo(f) and Cy(e, ¢) this approxi-
mation is valid for the time ¢ 3 z (cf. [10]). One may expect that the analogous criterion
holds also in the present case, In the TSC experiments the measurement time ¢ > 7>z
and the considered approximation seems to be legitimate. In the following we assume
that the carriers are generated in the sample by a light pulse of very short duration and
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that no carrier injection takes place from the front electrode. Then the boundary
condition for equations (12) and (14) is

n0,0)=0 £>0. (15)

In contrast to previous papers on the subject, we shall consider here the case of arbitrary
initial distribution n(z, 0) of carriers in the sample. However, the initial condition cannot
be directly applied to equations (12} and (14), because the second of them is not valid
for t =< z. Instead, we assume that carrier detrapping and the time variation of u(r) and
Ci(, 1) are negligible in some time region from ¢ =0 to > z. The corresponding
solutions of exact transport equations (1)—(3) are (see appendix 1):

n{z,t)=0 (16)
nlz, t) = %MJ.Z n(z', 0y expl—(z — z'}/7] dz’ (17)
0

where ¢ > z. These expressions may be utilized as the initial conditions for equations
(12) and (14). 1t should be mentioned that the applicability of the resulting formulae for
TSC in the case of bulk carrier generation requires, contrary to the case of surface
generation, negligible carrier recombination during the whole Tsc run.

3. Analytical results

3.1. Solutions of transport eguations

The system of equations (12) and (14) governing carrier transport does not seem to have
solutions in terms of elementary functions. In the following, we shall confine ourselves
to some cases that allow us to derive simple formulae describing Tsc.

First, we shall neglect the temperature dependence of u(f), C(¢, f)and v(z, 1), setting
u(t) = 1 and w(f) = 1 in equations (5}, (12) and (14). Equations (12) and (14) are then
solved easily, and the general solutions fulfilling condition (15) are:

n(z, §) = f; f " o(z') expl—(z - 2)®(5)] dz’ (18)
Q
a2 = 00) [ 82 expl-(z - 2)2(0) dz' (19)
0

The function g{z) can be determined from conditions (16) and (17). Since in the case of
no carrier retrapping ®(t) = 1/t (cf. preceding section), it is seen that g(z) = n(z, 0).
Inserting the free-carrier density (18) into equation (5), one obtains after simple trans-
formations the following formula for TsC:

1) = 10%[31(5 (1 _ f " n(z, 0) exp[— (o — 2)D()] dz)]. (20)

noTy 0

For surface carrier generation, corresponding to the initial condition
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n(z, 0) = ne1(6(2) (21)
from equation (20) one gets

d /1 —exp[—1,P()]
’(‘)=’°a( o8 )

(22)

This formula has already been derived in a somewhat different way in [10]. For uniform
bulk carrier generation, when

n(z,0) = ng (23)

one ¢btains

., d(1e®() + exp[—T,P(H)] - 1
=1 dt( 70 @) )

We shall consider some general features of the TSC, given by equation (20). Provided
that 7,®() & 1, the second term in the inner brackets can be neglected. Then, one
obtains

24)

d/ 1
1=l (m) : (25)

On the other hand, if T,®(z) < 1, the exponential function in the integrand in equation
(20) may be expanded into a power series. Taking three initial terms, one gets

I(5) = clyr3[—d®()/df (26)
where the constant ¢ is given by

1
2nyTo

=

f (1 = z/zo)?n(z, 0) dz. @7)
(]

For surface and uniform volume carrier generation, corresponding to (21) and (23}, the
constant ¢ = 1/2 and 1/6, respectively.

As follows from equation (9), the function ®(z) decreases monotonically with time.
Therefore, equations (25) and (26) describe the initial and the final parts of the T$C
curve, One can show that the current I(¢), given by (25) and (26), is an increasing and
decreasing function of time, respectively, if the function Ci(e, f)N,(&) slowly falls with
energy. The approximate position of the TSC maximum can be found by equating these
formulae, which results in the implicit equation

10®(z,) = ¢ V2. (28)

The time 7, corresponds to the effective transit time of the carrier packet across the
sample [10]. Equations (25) and (26) are respectively valid for t < 7, and > 7.

Now we shall derive formulae determining the initial rise and the final decay of Tsc
for the general case of temperature-dependent (1), Ci(e, £) and »(¢, ). Let us consider
first the initial stage of carrier transport, for which carrier neutralization at the collecting
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electrode is negligible, and almost all generated carriers remain in the sample. Inte-
grating both sides of equation (12) with respect to z, and assuming that n(z, ) € n,(z, 1),
we obtain

jotﬂ alz, ) dz z%](—l;)‘-}-% (ﬁ)

According to equation {5), the initial TSC rise is expressed by

_pund/ 1
M=hina (d)(t)) ' @)

Let us consider now the final stage of carrier transport, assuming that all the carriers
emitted from traps of depth g(¢) are collected at the electrode without retrapping in the
energy region & = £,(f). The first term on the RHs of equation (13) can then be dropped,
which results in ’

dnfz,t) 1 dd()
at D) df

m(z, 1.

Integrating this equation and making use of equations (14) and (15) yields
n(z, 1) < (1) n(z, t) o< —[1/u(8)] d®(£)/de.

In the above refationships, the omitted factors depend solely on z. Hence, as results
from equation (5), the final TsC decay is given by

X(2) o —dd(£)/dr. (30)

Formulae (29) and (30) generalize expressions (25) and (26). In (30), however, neither
the value of the proportionality constant nor its dependence on 74 can be determined.

3.2. Discussion

For the purposes of both the following discussion as well as the numerical calculations,
we shall specify here the form of the functions T(¢), u(?), C\(¢, £}, v(¢, ) and N(e). We
assume the linear scheme of sample heating,

T()=T, + Bt (31)

where £ is the heating rate. In what follows, all the quantities will be expressed in terms
of sample temperature instead of time.

Except for the final part of the section, we shall neglect the energy dependences of
the carrier capture coefficient and the frequency factor. This assumption is commonly
used in the theory of isothermal dispersive transport and corresponds to the case of
strongly coupled ¢lectron~multiphonon interactions. For weak electrop-multiphonon
~ coupling both quantities vary exponentially with energy [15, 16},

Cuo(e) = Co(0) exp(—/kTy) (32)
vo(e) = vo(0) exp(—e/kTy) (33)

where the characteristic temperature T is related to the mean phonon energy. We
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consider the usual case of the power-law dependences of u(T), C{7} and »(T) on
temperature (cf. I, section 3.2), corresponding to the equations:

u(T) = (T/To)* (34)
w(T) = (T/T)'#~2. (35)

The value of the parameter ¢ depends on the free-carrier scattering mechanism (a =
~3/2 and 3/2 for scattering on acoustic phonons and charged impurities, respectively).
The value of b is determined by the kind of trapping centres (b = 0 and 2 for neutral and
coulombic ones).

Once the sample heating mode and the form of the function »(e, T) are given,
equation (10) determining the demarcation energy £4(7) may be solved approximately
(see appendix 2). In the present case the demarcation level is a linear function of
temperature:

&o(T) = K(c*T — T*) - (36)
c*=c, In(vy/BTE ) + c3. (37)

The numerical values of T*, ¢, and ¢, depend on the parameter b.
As the model trap distributions leading to dispersive transport, we choose the
exponential distribution '

Ny(e) = (Niw/kT) exp[~ (e — &{)/kT] (38)
and the special case of Gaussian distribution
N(#) = @N /7 *kT,) exp{~[(¢ - &])/kT.J} (39)

In both formulae N, stands for the total density of traps, the characteristic temperature
T, determines the rate of trap density decrease with energy and the upper limit of the
trap distribution &, = %. '

Making use of the equations obtained in the previous sections, one can now calculate
the TsC for a given trap distribution. Below, only some formulae referring to the
exponential one (38) are given, because of the unique features of the resulting Tsc. With
the neglect of the temperature dependence of u(T) and C,(T), from equations (25), (26)
and (28) one gets formuiae determining the initial rise and the final drop of the T5C, as
well as the temperature T, = T(t,) corresponding approximately to the TSC maximum:

KT) < exp(+c*T/T.) : (40)
T, = (1/c*)[ed/k + T* + T.In(c74/10)]. (41)

In equation (40) the plus and minus signs refer to the temperature regions T < T, and
T > T,, respectively. Essentially the same formulae were derived earlierin [7, 8, 11} for
the case of surface carrier generation.

From equation (41) it appears that the TsC maximum shifts towards higher tem-
peratures with the increase of the heating rate 8 as well as the ratio d/E. The last
dependence is a general feature of the ‘TSC transport peak’. Equation (40) shows that
the rates of initial rise and final decrease of the TsC are independent of the electric field
and the sample thickness. On asemilogarithmic plot ofIn / versus T, they are represented
by straight lines of slopes +c*/T.. This is analogous to the ‘universality’ property of
isothermal dispersive current transients, valid for the exponential trap distribution (see
e.g. [5]). The plot of In I versus T in the case of TSC can be viewed as the analogue of the
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Scher-Montroll {1] plot of log I versuslog ¢, referring to isothermal dispersive transport.
If the temperature variation of u(T) and C,(T) is taken into account, the considered plot
of Tsc is not strictly linear for T < T, (compare (25} and (29)). Then, the ‘universality’
of the shape of Tsc curves with respect to d/E does not hold rigorously.

From now on we shall consider some techniques for determining the energetic trap
distribution from the Tsc data. Analogous methods were proposed earlier in [10] for the
case of surface carrier generation. One of them consists of fitting the temperature
dependence of the charge Q(T) collected in the temperature region from T to 7. The
corresponding formula is obtained by integrating equation (20):

_ Qo _ 1 Ty _ _ ‘
Q(T)'r0¢(r)(_1 P L n(z, 0) exp[—(t, z)(IJ(T)]dz) (42)

where @, = Iytyisthe total charge generated in the sample. One can find the relationship
between 0 and the total charge (. flowing in the measuring circuit, which corresponds
to the area under the TsC curve. Since 7,®(T) < 1 for T > T, from equation (42) one
gets

Qo

YT

T
Q.= J’ 9(1 - zfto)n(z, 0) dz. (43)
0
In the cases of surface and uniform bulk carrier generation (cf. equations (21) and (23)),
Q.. = Qg and Q,/2, respectively. Once the initial distribution of carriers is specified,
from (42) and (43) one gets the formula expressing the ratio Q(T)/(. in terms of the
function 7,®(T). Thus the function ®(T)/u,, being proportional to the total trap density
in the energy region £ = &y(T) (cf. equation (11)), can be determined. The above
procedure was applied in [17] to the reinterpretation of the TSC measurements in poly-
vinylcarbazole [18]. The same function may be found in the simplest way from the initial
TSC increase since, as results from equation (42),

Q(T) = Qo /7 W(T) <, (44)

or from the dependence of temperature T, on the ratio d/E (see equation (28)). Finally,
the shape of the trap distribution can be obtained directly from the final tsc decay. It
follows from equation (30), as well as equations (11) and (36), that

KT) = Bc*CaN{ o(T)) T>T.. (45)

This is in principle the formula derived by Simmons ez al [19] under the assumption of
no carrier retrapping over the whole T5C run. It should be stressed that the previous
methods ignore the temperature dependence of u(T) and C(T), which limit their
accuracy, while the last method is free from this disadvantage.

The described techniques make it possible to find the shape of the function N{eo(T)).
Additionally, one needs to determine the position of the demarcation level &4(T) in
the energy gap as a function of temperature. We assume first that the temperature
dependence of #(T) and C,(T) has no significant influence on the shape of TSC curves.
It is apparent from equation (11) that the function ®(7) depends on the temperature
only via £o(T"). Taking into account the form of equations (20), (42), (36) and (37) one
can conclude that the courses of I{T)/c*8 and Q(T) for different values of 8, plotted
versusc*T — T*, should coincide. Thus, measurements of the TsC or the collected charge
for several heating rates allow us to determine the parameters in (36) and (37) and
the function £y(T), irrespective of the kind of trapping centres. If the TsC peaks are
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significantly affected by the temperature dependence of u(T) and C(T), the plots of
I(T)/c*B versus ¢*T — T* should overlap solely in the high-temperature region T > T,
{cf. equation (30) or (45)). For this reason, it would be desirable to determine the
function £¢(T) from the final Tsc decay. According to equations (29) and (34)—(37)
the course of I(T)TV2~2%/c*8 in the low-temperature region T < T,, plotted versus
c*T — T*, should also not depend on 8. In principle, this allows one to determine the
sum of the parameters ¢ and b, which govern respectively the temperature dependence
of u(T) as well as of C,(T) and »(T). If the temperature dependence of the microscopic
carrier mobility is known a priori, one can caiculate the value of b, which gives some
information about the trapping centres, and of the frequency factor vy,

Let us discuss in brief the case of weak electron—phonon coupling, when Cy(2) and
vo(€) vary exponentially with energy (see equations (32) and (33)). It is obvious that
formutae (20), (29) and (30), determining TsC, as well as the majority of the resulting
equations still remain valid. One should bear in mind that the integrand in equation (11)
for the function ®(T) contains in the general case C(¢) instead of Cy, and that the
demarcation energy £4(T) is a non-linear function of the temperature (appendix 2). In
particular, equation (45) should be replaced by

KT) & B[deg(T)/dT] Co£o(T))Ni(£0(T)). (46)

Because of another form of the expression for £¢(7T), the Tsc dependence on heating
rate S should differ from that established before, though the discrepancy may not be
very significant (cf. next section). Thus the TsC measurements for several values of
enable us in principle to distinguish between the cases of strong and weak electron—
phonon coupling. In the last case, this would allow determination of the characteristic
temperature T, the function £¢(7T) and in consequence the form of the energetic trap
profile, :
Considering the reliability of the described techniques, one should recognize that
the rate of TsC decay for T & T, is independent of the spatial trap distribution [20, 21],
the extent of trap occupancy [22] and, probably, on the space-charge field due to
generated or permanently trapped carriers. All the menticned factors would affect the
shape of the TsC peaks in the temperature region T =< T, as well as their position.
Therefore, the analysis of the final TSC decay utilizing formulae (45) or (46) seems to be
most appropriate. It is worth noting that a similar method of determining the trap
distribution from the current transient [(f) for ¢ > v, was developed in the case of
isothermal dispersive transport (e.g. [23]). On the other hand, the determination of the
parameters b and v, from the initial rise of the TsC, as described above, may involve a
significant error.

4. Numerical analysis

4.1. Monte Carlo method

In order to verify the accuracy of the formulae determining Tsc, we carried out Monte
Carlo simulations of non-isothermal dispersive transport. The calculation procedure is
analogous to that described in I, The transport of the individual carrier is characterized
by the following random variables: the free-carrier lifetime Az, the trap depth £ and
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the carrier dwell-time A, in the trap. The values of these variables are calculated
repeatedly from the equations

Aty = —7y(t) In(X") (47)

e=z) — kT, In(X") (48a)

£ =gl + kT[-In(X")]"? sin(zX™) (48b)

e=¢e} = [kT,T./(T, + T)]In(X") (48¢)
[#% A!r dt .

f,y ey ™) (49)

Here ., and 1, denote the moments of carrier release from the trap and of carrier capture,
respectively, and X'; . . ., X" are random numbers, uniformly distributed in the interval
(0, 1). Equations (48a) and (48b) concern the cases of exponential (38) and Gaussian
(39) trap distributions, respectively, as well as of Cyy(#) = const, while equation (48¢)
corresponds to the case of exponential distribution of traps (38) and Cy(€) o« exp(—¢&/
&T,). Formula (48e) follows from equation (47) of I and formula (48c) is obtained in a
similar manner. Formula (48b) results from the Box-Muller algorithm for generating
random variables of a Gaussian distribution [24]. Implicit equation (49) for At, is solved
numerically in a similar way as in I. The Tsc curve is obtained by repeating the above
procedure for a large number N of carriers and averaging the resulting current.

In all the calculations, the limit £? of the trap distribution is set considerably greater
than kT, The ‘cut-off’ in the trap density is introduced solely for caiculational
convenience. First, the number of ‘inefficient’ trapping events in the energy interval
£ < £y{Tg) is reduced. Secondly, the convergence of the series in the procedure for
solving equation (49) (cf. §, appendix 3) is ameliored. From approximate equation (11),
determining the function &(T), it is seen that its course and, in consequence, the TsC do
not depend on the density of traps with depth & < go(Tp) if £? < £4(T;). Then, the
position of the trap limit £? in the energy gap has no essential importance.

4.2. Comparison of analytical and numerical results

In the figures, the results of Monte Carlo simulations (marked by points) are compared
with those following from the approximate solutions of transport equations (shown by
full and broken curves). Figures 1-4 concern the energy- and temperature-independent
carrier capture coefficient and frequency factor, as well as the free-carrier mobility
independent of temperature.

Figure 1 shows the TsC peaks obtained for the exponential distribution of traps (38),
and both surface and uniform bulk carrier generation. The full curves are calculated
from equations (22) and (24); the broken lines, which represent the initial rise and the
final decay of Tsc, are calculated from equations (25), (26) and (27). The function ®(7)
is computed using approximate equations (11), (36) and (A2.6), (A2.7). It is seen that
the accuracy of the equations improves—as expected (cf. section 2.2)—with the increase
of characteristic temperature T, and is rather satisfactory for the ratio T,/ T, = 5 (figure
1(a)). The semilogarithmic plot somewhat masks the discrepancies between analytical
and numerical results. For example, the differences in the height of TSC peaks range
from about 2% (figure 1(a), curve 1) to about 8% (figure 1(b}, curve 2). In the high-
temperature region the Monte Carlo results exhibit appreciable fluctuations, probably
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Figure 1. TSCcurves calculated for exponential distribution of traps and both surface (1) and
volurpe (2) carrier generation: 7,8/ = 107'% 1,8/Ty = 2.28 x 1072 (), 2.31 X 10712 (b);
voTo/B = 10%, To/Ty = 5(a), 3 (b); £/ /kTy = 30; Ty = 100 K; N = 10¢ (a), 10% (b).
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Flgure 2. T5¢ curves obtained for Gaussian trap distribution and both surface (1) and volume
(2) generation of carriers: ©o8/ Ty = 107, 7B/ Ty = 7.46 X 1072(a),1.08 x 1071 (b); ¥, T/
B = 10: T/ Ty = 15(a), 10(b); el /kTy = 30, To = W00 K; N =2 x 10%(a, 1}, 4 x 104 (a, 2},
4% 10%(b, 1), 8 X 105 (b, 2). -

due to the small number of carriers remaining in the sampie. The general course of TsC
suggests, however, a good coincidence with the analytical formulae.

Figure 2 presents analogous results for the Gaussian trap distribution (39). The
accuracy of the approximate equations, determining TSC, again ameliorates with increas-
ing value of T,. In coatrast to the case of the exponential distribution, the TSC peaks are
asymmetric, their low-temperature half-widths being larger than the high-temperature
ones. The TsC characteristics are, therefore, quite sensitive to changes in the energetic
trap distribution. This proves the potential usefulness of the considered Tsc method.

The plots in figures 3 and 4 correspond to identical conditions (exponential trap
distribution, surface carrier generation) and data set used as curve (1) in figure 1{a). In
figure 3, the time evolution of the total carrier density in the sample,
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Figure 3. Spatial distribution of carriers at several times calculated for exponential trap
distribution and surface carrier generation. The parameters are as in figure 1(a).
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Figure 4, Encrgy distribution of trapped carriers averaged over sample thickness for two
different times, The results are obtained for exponential distribution of traps and carrier
generation at the sample surface. The parameters are as in figure 1(#).

oz, 1) = n(z, 1) + nlz, )

is displayed. The trapped-carrier density exceeds in the present case the free one by
more than nine orders of magnitude, and n,,(z, f) = n,(z, 1). From equations (19) and
(21} it follows that the trapped-carrier density should decrease exponentially with space
coordinate. The numerical simulation approximately confirms this behaviour,

In figure 4, the time variation of the energetic distribution of trapped carriers
ni(z,t, €) is presented as its average over the sample thickness. The corresponding
formulae are derived in appendix 3. The broken and full sloping lines are for the cases
of thermal equilibrium between free and trapped carriers (& < g4(f), equation (A3.3))
and of no carrier emission from the traps (¢ > £4(f), equation (A3.5)), respectively, One
should recall that equation (12), governing the carrier trapping/detrapping kinetics, was
dertved under the assumption of a dominant number of carriers captured in the energy
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Figure 5. TsC peaks calculated for exponential trap distribution and both surface (1) and
volume (2) carrier generation in the case of weak electron—phonon coupling: T8/ Ty = 10719
708/ To = 1.87 % 1077 (g}, 1.32 X 1071 (b); vo(e?)To/B = 105; T/Ty = T,/T, = 8 (a), 4
(B); £8/kTy =30; Ty = 100 K; N = 10* (a, 1), 2 X 10*(a,2),2.5 X 10° (b, 1), 5 X 10° (b, 2).

region £> gyt). In general, the analytical formulae reproduce the numerical cal-
culations quite well. The given results verify the concept of demarcation energy £y(f), if
only the trap density varies slowly with energy.

Figure 5 shows the TsC peaks obtained for an exponential distribution of traps with
Cu(e) and vg(e) < exp(—&/kT,) (weak electron-multiphonon coupling). The tem-
perature dependence of u(7T), C (e, T)and v(e, T) isstillignored. The notations are the
same as in figures 1 and 2. The function ®(7T) in equations (22) and (24)-(26) for TsC is
computed from (11), (A2.6), (A2.7) and (A2.15). The accuracy of the equations should
now depend mainly on the parameter T,, defined by T;' = T;! + T,! which charac-
terizes the rate of decrease of the function Cyo(e)N,(2). For T, = 4T (figure 5(a)) the
accuracy is quite good, though slight deviations seem to exist in the high-temperature
region. The Tsc peaks have aimost identical shape as those in figure 1, concerning energy-
independent Cyp(€) and »y(€) (strong electron—-multiphonon coupling). This indicates
that the demarcation level gy T), although given by non-linear expression (A2.15), shifts
nearly linearly with temperature. The TSC dependence on heating rate § should then
have a similar form to that corresponding to »y(€) = const. Thus, in experimental
practice it may be difficult to discriminate between the cases of strong and weak electron—
phonon coupling.

Finally, figure 6 illustrates the influence of temperature variation of u(7), C,(T) and
v(T) on the TsC course. Figures 6(a) and () relate to the neutral and coulombic trapping
centres, respectively; curves (1) and (2) relate to carrier scattering on acoustic phonons
and charged impurities. The TSC peaks are calculated with the same assumptions
(exponential distribution of traps, carrier generation at the sample surface, energy-
independent Cy(e) and v¢(£)), and for identical values of the parameters at T = T as
the peaks (1) in figure 1(b). The initial rise and the final decrease of TSC (full lines) are
computed from equations (29) and (30). The values of the unknown proportionality
constant in (30) are chosen to obtain the best fit with Monte Carlo results. The accuracy
of the equations is essentially the same as in figure 1(b). Inspection of figures 1(b) and 6
shows meaningful differences between the individual TSC peaks, mainly due to the
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Figure 6. TsC peaks obtained for exponential distribution of traps and carrier generation at
the sample surface. The individual peaks correspond to different temperature dependences
of u(T), C{T) and »(T). Parameters: tof/Ty = 1071 148/To = 2.31 X 107" weFy/f =
105, T/ Ty = 3, e8/kTe = 30; To = 100 K; 2 = ~1,5(1), 1.5(2); b = 0{a), 2 (b); N = 6 x 10°
(1), 10*(2).

temperature variation of free-carrier mobility. One can conclude that the neglect of the
dependence of u{(T), C(7) and »(T) on temperature may introduce appreciable error
in the energetic trap profile, determined from the Tsc data.

5. Conclusions

In this work we have investigated the TsC related to multiple-trapping dispersive carrier
transport. The derived formulae have been verified by the Monte Carlo evaluation of
TSC. The main attention has been paid to the case of energy-independent carrier capture
coefficient and frequency factor (strong electron—multiphonon coupling). As regards
this case, the following conclusions can be made.

(i) The shape of the TsC peak is determined mainly by the forms of energetic trap
distribution and spatial distribution of generated carriers. The TsC is also infiuenced by
the temperature dependence of carrier capture coefficient and frequency factor (i.e. by
the kind of trapping centres) as well as of free-carrier mobility.

(ii) In principle, several techniques could be applied to the Tsc data analysis. The
majority of them, however, do not take into account the temperature dependence of
the quantities mentioned above, and may introduce some errors into the determined
energetic profiles of traps. The only exception is the method utilizing the final TsC decay.

(iif) Some information about the kind of trapping centres can be inferred from the
initial increase of TsC. For this purpose, the temperature dependence of microscopic
carrier mobility must be known a priori.

These conclusions do not change essentially when the carrier capture coefficient and
the frequency factor decrease exponentially with energy (weak electron—multiphonon
coupling). The TSC course is then related to the form of ‘effective density’ (i.e. product
of density and carrier capture coefficient) of traps. In principle the cases of strong and
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weak electron—phonon coupling may be distinguished on the basis of the Tsc dependence
on heating rate.

The TsC peaks of a similar form can also be due to hopping carrier transport between
the localized states [9]. At the present stage of the theory one cannot establish the
distinguishing features of TSC related to muitiple-trapping and hopping transport.

The given treatment of TsC applies to strongly dispersive transport, when the trap
density and the carrier capture coefficient vary slowly with energy, and the energetic
distribution of trapped carriers differs significantly from the equilibrium one. There
exists the possibility of an alterpative approach for both isothermal and non-isothermal
dispersive transport, assuming nearly perfect thermalization of captured carriers. This
will be the subject of a forthcoming paper.
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Appendix 1, Solutions of equations (1)-(3) in the case of no carrier detrapping

Neglecting in equations (1)-(3) the carrier detrapping and the time dependence of z(f)
and C(z, 1), i.e. setting u(f) = 1 and ®(¢, ') = 1/7,¢ (cf. section 2.2), we get

aln(z, ) + n(z, N]/dt + 3n(z, H)/az =0 (AL1)
n(z, i) = -rl— j “n(z. 1) dr, (A12)
0 /g

Differentiation of (A1.2) with respect to time and inserticn into (Al.1) yields
on(z, /ot + an(z, D/3z = —n(z, /1y (AL.3)

The solutions of equations {A1.2) and (A1.3), corresponding to instantancous surface
carrier generation, are well known from the theory of the TOF method (see e.g. [25]).
However, we need a more general solution, valid for an arbitrary initial distribution
r(z, 0) of generated carriers. The general solution of (A1.3), fulfilling the boundary
condition (15}, has the form

n(z, 1) = n(z — t,0) exp(—t/To)H(z — 1) (Al.4)

where H(. . .) is the unit step function. Substituting {A1.4) into (Al 2) and introducing
the new integration variable z’ = z — £ we obtain

z

n(z, ) = ;1- n(z', 0) exp[~(z — 2’) /v o) H(z') dz'. (ALS)

0y

Ift > z, from (Al.4) and (A1.5) one gets equations (16) and (17).
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Appendix 2. Expressions for demarcation energy £4(T)
We shall assume here the linear heating scheme (31) and express v(e, T)in the factorized

form (7). Equation (10), which determines the demarcation level g4(T), can then be
written, using equations (4) and (35), as

S () -

or, after a change of integration variable, s = g,/kT’, as

vo(£)ed” j eo/kTo exp(-—s)
T P ds=1. (A2.2)

£o/kT

If &0/kT, €3/kTy > 1 and T is not too close to Ty, the upper integration limit in (A2.2)
may be replaced by infinity and the asymptotic formuta

[ () o ) 2

eg/kT

may be used (cf. I, equations (A2.4) and (A2.5)). Thus, from (A2.2) and (A2.3) one
gets the equation

exp(ey /kT) = vo(eokT* 2 /BT} 2 ep. (A2.4)

Let us consider first the case of strong electron—phonon coupling, ¥4(€) = const, and
rewrite equation (AZ2.4) in the form

£o/kT =In(vokT* 2 /BT P¢,). (A2.5)

Since v(Ty/B > 1, the RHS of (A2.5) is a slowly varying function of g and T. Therefore,
£¢{T) may be well approximated by a linear function (36) of temperature. The values of
coefficients in (36) and (37) can be determined by solving numerically equation (A2.5)
for some range of T and v, /BT 3. For coulombic (b = 2) and neutral (p = 0) centres
one obtains, respectively,

c* = 0.967 In(v,/B) + 3.7 (A2.6)

™ =180K (A2.7)
[26] and

¢* = 0.9741n(vo/BT3) + 16.6 (A2.8)

T =T700K. , (A2.9)

Here, vy/Bis expressed in K~!and Ty in K. Formulae (A2.8) and (A2.9) were obtained
by fitting the function £4(7) in the temperature range 100K < T< 450K for 107K <
vo/BTh < 102 K~3. The accuracy of equation (36) is then better than 6%. The accuracy
of equations (11), (36), (A2.8) and (A2.9), determining the function ®(T) for neutral
centres, is illustrated by figure A.1.
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0 12 e 16 1820 (A2.8),(A2.9)(brokenline): v T, /B = 10 T./T; =
Ty 5; £9/kTy = 30; T, = 100K.

Let us consider now the case of weak electron—phonon coupling, when »(€)
decreases exponentially with energy (cf. equation (33)). From equation (A2.4) one then
gets

(£0/K)(/T + 1/T,) = In[vy(0) kT*~° /BTF° &]. (A2.10)

This equation can be transformed to a form identical to (A2.5) by introducing the new
variables £, and T, defined by

&0/ T =ey(1/T + 1/T,) (A2.11)

&0 /T =g, /T* " (A2.12)
or, explicitly, by

5o = eo(1 + T/T,)4-D/C-8) (A2.13)

T=TQ1+ T/T)/e-. (A2.14)

Hence, 4(T) can be approximated by a linear function of T with the same coeficients c*
and T* as in (36) (in (A2.6) and (A2.8) v, should be replaced by »((0)). Returning to
the variables £, and T with the aid of (A2.13) and (A2.14) one gets the formula

£o(T) = k[c* T(1 + T/T)VE=5 — T*|/(1 + T/T,)#-9/G-0  (A2.15)

The above transformation does not hold for b = 3, but we shall not consider this
exceptional case.

Appendix 3. Energetic distribution of trapped carriers

The equation governing the kinetics of carrier trapping and detrapping for a given energy
level has the form

anl(z,t, )/at= Cle, ON(en(z, t) — ni{z,t, &)1z, 1) (A3.1)

(1, equation (2)), where n{(z, t, £) is the carrier density in the traps per unit energy. The
first and second terms on the RHS are the rates of carrier capture and emission, respect-
ively. In what follows, we assume for simplicity that C,(¢, {) = const.
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As indicated in section 2.2, the carriers captured in the energy range & < g,(¢) are
essentially in thermal equilibrium with the free carriers. One can then set in (A3.1)
an(z,t, £)/at = 0, which gives

ni(z,t &) = CN(e)t e, On(z, 1) £ < go(t). (A3.2)
Averaging this expression over z one obtains

27t £) = CN(e) —’—(:—') f "z, 1) dz. (A3.3)
¢y

The probability of carrier emission from the traps having depth £ > £4(?) is very small
and the second term on the RES of {A3.1) may then be dropped. This yields

ni{(z,t, €)= CNfc) r n{z, ¢y dr £ > gy(t) (A3.4)
0
and
I, €) = ﬂrﬁl f ' ( J’ “ n(z, ¥) dz) dr. (A3.5)
o ‘o

The calculations of n; (¢, £) can be facilitated by recognizing that the integrals in (A3.3)
and (A3.5) are proportional to I(¢) and Q(f), respectively (cf. equations (5), (20) and
(42)). Obviously, the demarcation limit between both energy regions cannot be sharp.
In fact, there exists some intermediate region in the vicinity of £y{(z} in which equations
(A3.3) and (A3.5) do not apply (see figure 4).
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