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Tunneling-assisted thermalization and recombination of nonequilibrium carriers in localized
states: Application to the frequency-resolved drift mobility in amorphous silicon
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This article presents a theory for nonequilibrium carrier kinetics in amorphous semiconductors containing
localized states among which finite interactions are allowed via tunneling. Fourier domain solutions are ex-
plored intensively in order to quantitatively interpret the frequency-dependent photocarrier drift mobility de-
termined by modulated photoconductivity measurement. The theoretical analysis is in agreement with experi-
ments carried out for hydrogenated amorphous silicon over a wide range of frequencies and temperatures, and
discloses that the inclusion of tunneling transitions considerably accelerates carrier thermalization in localized
band-tail states. A generalized recombination model that considers both direct capture of band carriers and
tunneling transfer of band-tail carriers into recombination centers is also discussed in detail, suggesting that
even for room temperature, the tunneling recombination takes place preferentially.
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. INTRODUCTION a-Si:H. This leads to a quantitative evaluation of the carrier
thermalization process in this material. An interesting con-
A fundamental property of amorphous semiconductorsclusion regarding recombination via tunneling is also drawn
such as hydrogenated amorphous silicenSj:H), is the from theoretical considerations.
presence of localized gap states that significantly influence The paper is organized as follows. The generalized theory
the relaxation of nonequilibrium carriers in these materialsfor carrier thermalization and recombination is given in Sec.
Intensive effort has been devoted to understanding this prd!. The numerical simulation and comparison with experi-
cess. However, existing models of carrier kinetics are tognent are described in Sec. lll. Finally we give a brief sum-
restrictive to account for all the experimental results al-mary in Sec. IV.
though adequate agreement with some aspects was achieved
in a limited range of temperature. For example, the multiple Il. THEORY OF CARRIER KINETICS
trapping modéiis frequently used for the description of phe-
nomena near room temperature. This model assumes, on the
basis of Shockley-Read statistics, that carriers are trapped in We begin by considering thermalization of nonequilib-
localized states where they are immobile until thermally reXium carriers of a single type in localized states distributed in
emitted to extended states. Alternatively, the model that onlygPace and in energy. In the following, we shall arbitrarily
takes into account carrier transitions between localized statePecify the carriers to be electrons. The treatment for holes is
via tunneling explains the experiments at lowerSimilar
temperature$:®
Recently, the authors introduced the modulated photocon-
ductivity (MPC) technique for frequency-resolved measure- We base our theoretical analysis on the linearized rate
ment of the drift mobility of an ensemble of photocarriet.  equation
The frequency-dependent drift mobility is related to its time- g
domain equivalent by Fourier transformation and intimatel
correlatesqwith the er¥ergy distribution of nonequilibrium car)—lﬁf”(t): Ne()C—=Tn(t)ent % Fn(O)Winn= f“(t)é Wam,
riers in localized states. The frequency-domain assessment (1)
achieved by this experiment, which is free from the com-
plexity often encountered in the time domain, where tranwheref(t) is the probability that stata is occupied by an
sient carrier distribution at any moment depends on the hiselectron at time. The first two terms on the right-hand side
tory of the decay, gives more straightforward access to thef Eq. (1) describe the gain and loss of an electron due to
problem. The experimental results obtained deBi:H over  capture from and thermal emission to the conduction band,
a wide temperature range suggest that thermal transitions beespectively. The capture rate is expressed by the concentra-
tween localized and extended states as well as tunneling tration of band electrons(t) multiplied by the coefficienC.
sitions between localized states contribute cooperatively té\ well-known detailed balance relation.e,=e(e)
carrier dynamics. Motivated by this observation, as well as=N.C ex{d —(e.—&,)/KT], exists between the capture coeffi-
by the lack of theory with an extended scope, in the presentientC and the thermal emission ragg for staten of energy
study we pursue a theoretical analysis that treats all the prole,,, where N, is the effective density of conduction-band
able transitions in a single unified model. Model predictionsstates above energy, andkT is the thermal energ¥. The
are in excellent agreement with drift-mobility experiments inlast two terms in Eq(1) represent electron traffic among

A. Thermalization

1. Rate equation
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localized states via tunneling transitions. The tunneling rat®f correlation between the arrangement of states, the prob-
of an electron from an initial stateto a final statam, sepa- ability P factors intoM identical probabilitiep as

rated by a distancé,,—r,| and by an energg,,—e,, is
given to a good approximation bw,,=v(e,—&,)eXp ] B
(—=2|r—r4l/a), wherea denotes the localization radius, and P(ri,...fm ’81""'8'\")_“1_:[1 P(rm.&m)- (4)
v(e)=voexd —6(e)elkT]; vy is the frequency factor and N ) )

f() the unit step functiofi:” The tunneling rates obey a Under these conditions, the configurational average pre-
detailed balance between forward and backward process€§ribed by Eq(3) is then a straightforward calculation giv-
and are symmetrized by a Boltzmann factor such thathd the survival probability against tunneling transitions as
Winn/Wnm=eXd —(e,—&,)/KT]. The rate equatiorfl) does M

not contain the second-order terms appearing in its most gen- <Sl(t)>{m}:(J' d3r denp(rm,emexp—Wont)| . (5)

eral expression and assumes that the average occupancy of

states is small. This would be a proper assumption for then this expression, the labeh is used to merely denote an
conduction-band tail in intrinsi@-Si:H, details of which  arbitrary final state. For a random distribution, the probabil-

M

will be discussed in Sec. l.. o _ ity p(r,e) is actually position independent and simply rep-
The integral form of the linearized equation is easily resented as the density of localized stdbds) divided by
shown to be the numbe. In the limit asV becomes infinite, while the

densityM/V= [de D(&) remains finite, we obtain

t
fo(t)=| dt'n.Csy(t—t’
=] drnes-t) <sI<t>>{mwsT<sn,t)=exp(—fdst(sm>fd3rm

t
+2 f_mdt’fm(t’)wmnsn(t—t’). 2) X{l_exp(_wnmt)}>’ ®

This expression includes causality, that is, the occupation oivhere the well-known formula ligy_,..(1—x/M)M=exp
each localized state at any tinteis determined from a (—x) has been used. A similar statistical treatment of the
knowledge of the population of carriers in both extended andntegrand in the second term on the right-hand side of(Eq.
localized states at all previous timgs<t. The system’s re- leads to the expression
sponse is characterized by the functieg(t), which de-

scribes the probability that an electron resides in Stafier 2 fo(t )W SH(t—t')
time intervalt. The survival probability is factored into the mo mn
product s,(t)=s3(t)s'(t), where si(t)=exp(—ei) and

s,:(t):exp(—Emwnmt) are the elemental probabilities of sur- _ , _ 1
viving thermal emission to the conduction band and tunnel- % (Fin(t") Winn €XH = Wit =) J)m
ing transitions to localized states, respectively.

{m}

X{ ex - W, ’ t_t,
2. Configurational average < ’{ m%m nm ( )) >{ }
m’#m
The problem to be addressed here is the tunneling inter-
actions between localized states as a function of their posi- ~ST(e t—t’)f deD(e)f(e t,)J' Erow
tions and energies. A reasonable approach in this regard is to " meRTmAREme m¥mn

introduce a statistical technique. Here, we apply the configu-

rational average around a given statey integrating over all

possible positions and energies of surrounding states The use of detailed balance betweep, andw,, rearranges

weighted by the probability(rq,...,ry;€1,...,6m) Of their  the above result into the form

occurrence. The L}nethod is similar to that used by Stoddart

Vardeny, and Taucfor analyzing low-temperature photoin- / Tie 41

duced absorption ia-Si:H. % Fn(t") WrnrSp(t =t )>
The corresponding operation is symbolically written as

Xexg —wW,m(t—t")].

{m}

HST(sn,t—t')J denD(em)f(em,t’)
<>{m}:f dsrl'“daersl' "dSMP(rl,...,rM ;81,...,8M).

en—€m| d
3 ><exp(— T ’“)af 43 {1 —exp —Wom(t—t") 1},
An enormous number of statds in volumeV, over which
the space integral in the above expression is performed, are @)
of interest in the present argument. The configurational avemhich contains the same space integral as in(Eg.A dif-
age around a specific state depends only on its energy forfarent averaging procedure was applied in our previous
spatially homogenous distribution. If we assume the absencanalysis’ namely, the quantityexp(— 2y Wnqd) )m i treated
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approximately as exp{Z(Wnmmb)- In Appendix B, results t ) ,
following from these different averaging procedures areli()= _mdt ne(t)C§(t—t")

compared.
J’t ’ ft, " ” 2 ’ "
+ dt dt"ny(t")C Si(t"—t")N;
3. Formulation for discrete levels —o —o ot =i i( N,
Th_e arguments given ab_ov_e make use of the Continuous X Cji(t—t)S(t—t')

density of states in the statistical treatment. However, in or-
der to obtain a concise expression and to facilitate a numeri- L (L L (.
cal computation, details of which will be presented in Sec. + ﬂcdt ﬁcdt ﬂcdt ne(t")

[, the formulation in terms of a discrete density of states
D(e)=2jN;é(e—¢;) is preferred. There is no loss in gen-

erality because the continuum limit may be restored by con- XC; gfj St = "IN Cyy (" =) (1" —1")
sidering an infinitesimal level spacing.
For the distribution of discrete levels, the averaged sur- XN;Cji(t=t")S(t—=t")+---,

vival probability against tunneling transitions can be written

for a leveli of energye; as Equation(11) accounts for a sequence of tunneling events to

infinite times.
Before closing this section, it may be appropriate to
T evaluate analytically the volum&;;(t), which crucially
S (t):exp<—2 NjVij(t))- (8 characterizes the tunneling interactions between localized
17 states. A rough assessment, expressed by

3

By definition, N;V;;(t) represents the average number of ma
y Vi) rep g Vij ()= “—[In(rt) Po(rt=1), (12)

sites of levelj to which an electron trapped at levelis
transferable via tunneling within time The contribution due ] o
to an isoenergetic transition=i is removed from the sum- IS obtained from the approximation that ex{ ")~ 6(x).
mation since it does not affect the level occupation. The critiNOte that a time-dependent critical transfer radiyt), de-
>1, directly defines a sphere with volum&/(t)
=4(r;;(t)]%3, which exactly coincides wtgl?éllzsqlz). A
[ 2 similar expression is found in some litera dealing
Vij()= Jo dr 47 {1 —exd —w;; ()t} © it tunneling events in an ensemble of randomly positioned
sites. It is, however, evident that the step-function approxi-
) . N mation does not hold with sufficient accuracy near0. A
wherew;; (r) = v;; exp(—2r/a) is the tunneling transition raté more rigorous treatment based on the improved
and vj;=v(s;—¢;) is the energy-dependent prefactor. The gpproximatior, exp(—e )= #(x)(1—e ), leads to
overall survival probability is expressed as5(t)
=SC(1)S'(t), whereSE(t) =exp(—at) with e;=e(e;). It is vit,  pt<i,

convenient to introduce the definition 3
Vij(t) = madx [In(w;;t)]¥ . (13
2 k—l, Vijt>1
k=0 !
si—g
Cji(t):exr< _#)ﬁvij(t)' (100 This illustrates that the tunneling volumé;(t) increases

linearly with time up tot=1/v;; when its time dependence
smoothly turns logarithmic. At long times such thatutj

It can be understood from the derivation of E@) that >1, Egs.(12) and(13) become equivalent.

Cji(t) describes the probability that an electron trapped at

level j makes a transition to leveland does not return to B. Recombination

level j in time intervalt. With these notations, the nonequi-

librium occupancy originally given by Eq2) becomes In this section, we generalize the theory by considering

recombination events. Recombination can occur by the cap-
ture of band carriers into deep states occupied by carriers of

t the opposite type, as well as by the tunneling transitions
fi(t)zj dt'ng(t")CS(t—t') between electrons and holes trapped in the localized states.
o Both processes are described below within the framework of

t monomolecular recombination mechani¥h.
+Z:. ij dt’f;(t")Cji(t—t")S(t—t"). (12) The tunneling recombination process is formally included
o o in the rate equatiofil), by appending a proper term contain-
ing the transition rate to recombination centers. In the mono-
As explicitly shown by its series expansion, molecular case, we may write
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dgfn(t):nc(t)c_fn(t)en <fn(t)2 Wn|>
! ! (m.1}

> f”‘(t)w"’”_f“(t)@ ot & W“')’ - [ avnaeressa-visie-

14

t
><<sﬁ(t—t’)2 wn|> +f dt’sS(t—t")
where | indexes recombination centers and distinguishes ! m 7"
them from statesn acting as traps. The additional transition
channels provided by recombination decrease the total sur- ><<E fm(t’)wmns;:(t_t,)>
vival probability s,(t) =s$(t) s} (t)sR(t), where the multipli- m
cative factorsy(t) =exp(~Xwy) is the probability that an It is easily found that the recombination factor reduces to

electron trapped in statesurvives recombination transitions )

during time{).plt is reasonable to assume that the recombinagsﬁ(t)z'wn_o{!}:_d<§(t)>{.'}/qt’ corresponding to—c_jSR(t)_/dt
tion centers are randomly distributed in space. In that casd the infinite v_olume limit. In view of this relationship, we
the configurational average introduced in Sec. Il A applieérLItrOduce the time-dependent rate,

similarly for the probabilitys,Ff(t). Since all the recombina- d d

tion transitions are downward in energy, we have in the in-  Q,(t)= —&c(t)SiT(t)aSR(tFSi(t)NRaVo(t), (18
finite volume limit,

<sﬁ<t—t’)2 wn.>

{m} {1}

which represents the decay of electron population at level
due to losses by recombination transitions. Consequently, the

R(t) = _
S(t) =exd —NrVo(1)]. (15 continuity equation is formulated as
. . L . d
Here,Ny is the density of recombination centers argt) is I+ N =61 =Rt 19
the relevant interaction volume, which is given by E&3) at| etV Z i (=R, 19

with »;; replaced byv, and is energy independent. In the . _ _ o
discrete-level case, the averaged survival probability againdith the configurationally averaged recombination rate ex-
all release events is written in product form pressed as

S(0)=SDS (), (16) R =nOCNe 22 Nirch) 29
where the functiom,(t), given by the right-hand side of Eq.
as prescribed by the statistical independence of each factdd1) with replacingS;(t) by Q;(t), accounts for the recom-
In the presence of tunneling recombination, Efjl) de- bination processes via multiple tunneling.
scribes the nonequilibrium occupation while the survival
probability S;(t) involved in it is given by Eq(16). C. Eourier transform
In order to obtain a closed-form solution to the problem, . .
we next address the continuity equation for all the electrons, A.more t.ractablle form of the mtegre.lli in Eqd) and
This is represented under uniform photoexcitation as (20) is obtained via Fourier transformatiof(w) =7 [f(t)]
=[7 . dt f(t)exp(—iwt). In terms of linear response theory, it
follows that this familiar technique provides a direct connec-
d 1 tion to MPC. This formal statement is verified by noting that
gt N+ V; fa(t) the Fourier-transformed configurational averagg(---)] is
identical with the configurationally averaged Fourier trans-

1 form (F[---]). In this sense, the operation of configurational
=G(t)—n(t)CNg— vz fn(t>2| Wiy, averaging originally carried out in the time domain is pre-
¥ served in the frequency domain.
(17) For convenience, we define the following transfer func-
tions:
where G(t) denotes the generation rate. The recombination @(w)=F[CNS (D)D),

rate consists of two terms. The first terg(t) CNg accounts
for the capture of band electrons into the recombination cen-

ters. The strategy for dealing with the second term Bji(w)=F [C;(N;S(t) 6(t)],
Vs f.(1)2w,, which describes tunneling recombina-

tion, proceeds as before. The first step involves independent 'J)(w):}—[z CNiQi(t)e(t)},
configurational averages over the associated statasd|, i
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N - G(w)7(w)
The frequency-domain equations are simply represented ifollows from the continuity equatiof22). This defines an
terms of these functions as important experimental parameter
~ ~ - - ~ iwo(w) iwm(w)
i) =Te(0)&(w)+ 2, Nj(w)Bji(w), (21) MMPC= — 2 =mwlo) ———, (25)
J#i qG(w) l+ior(w)
i oN(0)=6(w)—R(w) (22) which coincides with the true drift mobility(w) in the high-

frequency regime where the condition thalr(w)|>1 is
met. On the other hand, in the low-frequency regime where
B ) ~ =N~ o|7(w)|<1,umpc is reduced td wu(w) 7(w).
R(@)=Tc(@)[CNr+ ¢(w) ]+ 2 ij()®j(w), (23 | In thla context of the present theory, the average lifetime is
given straightforwardly from Eq23) by
with respect to the concentrations of band electgsy) B
and trapped electrorfg(w) =N;f;(w), as well as their total (@)= N(w) (26
concentratiolN(w) =N (w) +2;h;(w). Equationg21)—(23) Tie( @) CNg+ ?ﬁ(w)]+2j T (0)%;(w)
correspond to the time-domain equatighs), (19), and(20),
respectively. There is one frequency-domain rate equatiol is widely accepted fom-Si:H that electron transport via
(21) for each energy level. Its matrix form, extended states dominates photoconduction at sufficiently
high temperatures and thereby w)=quN.(w) where u,
1/a, _:73’21/a1"'—,~8i1/a1"'—,~3j1/'5¥1"' is the band electron mobility. Then, the high-temperature
~ ~ ~ drift mobility is simply written as
— B2/, 1a; "'_,Bizlaz"'_ﬁjzlaz"'

=y 2
—Buld —Bala; Ua - —Byla Herm N(w) “

which is directly determined by solving ER1). The theo-
_731] 1% _Zgzj I+ —73”/711' 1/"0}j retical considerations in Appendix C are concerned with the
. . . . contribution due to hopping transport through localized
states, and prove quantitatively that Eg7) has practical
validity over a wide temperature range.

c 1 D. Steady state

The steady-state formula for nonequilibrium occupation is
derived from the time average of the original equatitf)
or equivalently from the low-frequency limit of the trans-
formed equatior{21). The result is

X

=t
L e
=]

(2]

Il

H

=]
5 ..
o
=

f_i=ﬁccrdts,(t)+_2 N;f; fwdthi(t)Si(t), (28)
0 j#I 0

explains that the inverse of the matrix composed of transfer
functions forms the solution for the population ratios where an overbar denotes the steady state. In order to ana-

Tii ()M ). lyze the steady-state occupanEy it is helpful to consider
In our previous study, the drift mobilityu(w) and the the probability per unit time of electron releasg(t)
average lifetimer(w) for all the charge carriers involved in =—dS(t)/dt, normalized as

transport were introduced in order to formulate MPC in a

phenomenological and thereby model-independent manner. 1= det P.(1)
Here, we briefly outline the theoretical expressions in order 0 :
to relate them to the present considerations. These transport
parameters are written in the notation of this article by
w(w)=7(w)/qN(w) and 7(w)=N(w)/R(w), respectively,
whereo(w) denotes the Fourier-transformed photoconduc- .
tivity and q the unit electronic charge. For any spatially ho- + f dt Qi(1). (29)
mogeneous illumination, the comprehensive relationship 0

% » d
=eif0 dtS(t)+j§ NJJO dtS(t)mV”—(t)
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Using the tunneling capture  coefficient Cj(t) o
= (ej/&)dV;;(t)/dt, we can rewrite Eq(29) as = Jo dtexp(—ent)

n_((;c(l—fxdtQi(t) X<exr{—§ ant)>
i 0 {m}

0 _CC ©
=n.c| dtst+> Njn—f dt C;i (1)Si(1). ><<exp(—2 Wmt>2 Wn|>
0 j#i ej 0 [ [ {1}
(30
=—fxdt HOICHG) E<sR<t>>
A comparison of Egs(28) and (30) shows that when the 0 Sn AU TANC AL

dimensionless quantity’;dt Q;(t) is much smaller than
unity, the steady-state occupancy has a Boltzmann form  The same treatment can be applied to the other release effi-
ciencies. In the infinite volume limit, the results are written
F=_C —exd — €i— €fn
! i kT

for a leveli as
where e¢,=e,—kTIn(N./n)) is the quasi-Fermi-level for
band electrons. This result is naturally understood as arising
from the detailed balance relations imposed on all the tran-
sitions other than recombination. X & NJJ dt§(t V'J(t) (32D
The mathematical manipulation applied above is made
physically transparent by directly considering the configura- .
tional average in the steady state. The electron release chan- X'R:j dtQ;(t), (320
nels from a certain initial state include thermal emission to '
the conduction band, and tunneling transitions to the trap
statesm as well as to the recombination centérghe effi-  subject to the sum rulg®+ x{ + x*=1. This is exactly what
ciencies of the relevant events are given by is stated by Eq(29). The steady-state occupancy is averaged
in a similar way. Thus,

, (31)
XC=e f “dts (1), (329
0

_ €n
B ’ .C+
eyt zm Wpmt EI Wh <f_n>{m = n 2 men
en’"Zm an+zl Wi

{m,1}

2w [
xi= — —.C [ at ST (O
en""Em an+2| Whi

+ths,?(t)<2 f_menSI(t)> CAGTE
0 m m}

2| Wi

et S Wt S Wy which leads td; given by Eq.(28). Likewise, we can obtain
the averaged efficiencies of capturing band eIectyrﬁmnd
trapped electronpl defined by

XR=

respectively, wherg$+ x1 + xR= 1. Because correlation be-
tween the numerator and denominator in these expressions is n.C
generally important, it is not sufficient to average them sepa- <P§>{m = ,
meI"I
{m,1}

rately. The trick to managing this problem involves the inte- n C+E
gral form. For instance, the configurational averaging of the
efficiency)(ﬁ proceeds as follows:

< T> EmeWmn
R -7 Pn){m1} = ,
X mn = Jl) dt<2| Wi nerS T
{m,1}
Xex;{— €nt X Womt > WmH> Relating the denominator in these expressionsf o we
" ! {m,1} calculate that
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n.C (= g.—¢
pf=" [ Cars o, (333 1- =5~ ecme<A-KT,
f. Jo
' D(g)=D.X ﬂ _<9C—s—A+kTc (36)
. A X kT, '
pr==> Njf_,-f dt C; (1) Si(t). (33b ec—e>A—kT,.
NEd 0

fi This distribution decreases linearly from the conduction-

c T ] e c T band edge ., and thereafter decreases exponentially into the
The sum rulepi”+p; =1 and the identitiex;"=p;” andx;  gap. A linear distribution for the extended states extrapolated
=p! for x?<1 are readily confirmed from Eq$28) and  aboves, gives the effective density of statég =D kT(1
(31), respectively. +kT/A). The simulation represents the continuous distribu-
Finally, we provide the steady-state recombination rate, tion by a ladder of discrete levels; =D (&) 5. The energy
spacing ¢ was normally set at 20 meV. It has been
. confirmed that applyinde less than this value does not alter
R=TN. n. e} the calculated result. Parameters used in the calculation
n°CNR+nCczi fo dtNQi(Y) are D,=2x10%cm3ev !, A=0.l1eV, T,=220K, C
) =10 8cmPs !, anda=1 nm. The value of itlggglocalization
= - O radiusa is compatible with previous estimal for band-
+; nJ;j fo dtCuONQi(D), 349 tail electrons ina-Si:H. The same frequency prefactog
=N.C for tunneling transitions, and thermal emissions was
derived directly from the Fourier transform, E@3), with assumed for simplicity. This is reasonable in the case when

©=0. The same result is reached from averaging the stead unneling transitions are nonradiative. The value chosen for
state version of the recombination rate contained in(Ed. he characteristic temperatuifg is based on agreement with

The proportion of the number of active recombination chan—the drift mobility experiments, which will be described in

nels. either by the direct canture of band electrafisor the detail in Sec. llIC. The Fourier transforms required for the
o y P ectrg . frequency-domain analysis were computed with Gaussian
tunneling transfer of trapped electrons, is determined

from this exoression to be weighting in order to improve convergence of the numerical
P integration. Care was taken to keep the resulting broadening
in frequency domain negligibly small.

¢ NcCNg o .
n=——, (353 A. Thermalization in band-tail states
R First, we investigate thermalization in band-tail states in
the absence of recombination. Figure 1 displays survival
1/ * 1.2 oo
WT::( nC> f dtN;Qi(t) r
R i 0 1 ==
0.8 L
+2 N> f dthi(t)NiQi(t)>. (35b) £ 06F
i iz Jo = ‘
= 04 [
cL T - c - = 02f
where »~+ 7' =1. The efficiencyn™ determines the effec- g "r
tive capture coefficientC.4=C/7° for the recombination g0 —
centers such that the total recombination fates the same 2 .
as it would be if only the band electrons were captured but > E
the recombination centers had the capture coeffici&pt 2 08 F
The enhancement factors17 obtained here is distinct from 2 06 F
those evaluated in previous analySé§where multiple tun- A
neling transitions experienced by an electron are completely -
ignored. 02 ¢ ‘
0 Do vond vooibsind sl 1) el ol |
10" 10 10® 10® 10* 107 10°
IIl. NUMERICAL ANALYSIS AND DISCUSSION TIME (s)

This section investigates thermalization and recombina- giG_ 1. Time evolution of survival probabilitieg(t) for various

tion in the presence of tunneling transitions by numericalenergiesgC,si:o_L 0.2, 0.3 and 0.4 eV in the absence of recom-
calculation and compares the theoretical results with experpination. Dashed and full lines represent the results computed for
ment. The calculation incorporates the density of stateSocalization radia=0 and 1 nm, respectively. The calculation is

which has been introduced to describe the conduction-banghsed on the density of states given by E2f). The upper and
tail in a-Si:H,>"1® lower figures correspond f6=300 and 180 K, respectively.
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L i P IR
0 0.1 0.2 0.3 0.4 0.5 =0 and 1 nm, respectively.
ENERGY (eV)
energy range where the nonequilibrium occupancy occurs
broadens. These qualitative features are commonly observed
for botha=0 nm anda=1 nm, while the calculation clearly

full lines represent the results computed 4ot 0 and 1 nm, respec- indicates that the tunneling interactions produce a deeply po-

tively. The upper figure corresponds To=300 K while the lower sitioned. thrmalization energy as well as an increased deep
figure is for 180 K. nonequilibrium occupancy. The effects are enhanced at low

temperatures. Note that the frequency-domain thermalization

probability as a function of time. The dashed curvesdor event addressed here corresponds to progressively deeper
=0 correspond to the elemental survival probabiﬂ@(t) trapping in the time domain, which involves the effects of
controlled only by the thermal emission ragg. The solid tunneling transitions as demonstrated by the survival prob-
curves fora=1 nm represent the total survival probability ability plotted in Fig. 1. From additional calculations, we
S,(t)=S|C(t)S|T(t) including the contribution due to tunnel- have observed that the frequency-dependent thermalization
ing release. It is immediately apparent from this figure thanergy is represented to a good approximation by the energy
even for room temperature, the survival probability decaygt which the mean survival time, determined by the integra-
considerably faster in the presence of tunneling transitiongion [ydt S(t), coincides with 1.
The promotion of electron release becomes even more pro- Figure 3 shows the frequency-resolved spectra of the
nounced with decreasing temperature. From this observatiogirift-mobility amplitude|u(w)|, given by Eq.(27), computed
one realizes that the effect of tunneling transitions is quitgfor various temperatures. The drift-mobility behavior de-
substantial and that the ordinary multiple trapping modelpicted in the figure is easily understood in terms of argu-
does not adequately describe the band-tail electron dynanments based on the occupation function. At a certain tem-
ics. The figure also reveals that the tunneling releases aigerature, the thermalization energy deepens with decreasing
thermally activated, particularly for deep energy states, indifrequency, followed by the increasing population ratio of
cating a dominance of upward transitions. How the releasetsapped electrons to band electrons and thereby the decreas-
are divided between the upward and downward transitions i#1g magnitude of drift mobility. As temperature decreases,
discussed analytically in Appendix A. the drift mobility observed at any fixed frequency is reduced

Figure 2 illustrates the absolute values of the Fourierdue to a relative increase in population of trapped electrons.
transformed occupandy(w) =T (w)/N; as a function of en-  The tunneling interactions between band-tail states acceler-

ergy, divided by the effective occupancy for conduction bancfté the thermalization process and lower the frequency-
T.()=Ty(w)/N,. In the shallow-energy region the normal- dependent drift mobility. It should be noted that the drift

ized occupation function obeys the Boltzmann distributionr.nObIIIty in the low-frequency I|m|t,_as_ the_ occupation func-
Lo . tion approaches the Boltzmann distribution over the whole
exd (e.—&;)/KT], indicating that the relevant states are in qua- g .
; P . , energy range, is independent of the presence or otherwise of
sithermal equilibrium with the conduction band. On the other. : - ; .
L . ; intra-band-tail transitions. The above discussions do not ref-
hand, the nonequilibrium occupation appears in the Oleepe'rence hases of the associated quantities. As expected, the
energy region where thermal contact with the conduction p ~ o q PR P o
band cannot be established within a time scale of The  band-tail occupancfi(w) is in phase withf () in the equi-
thermalization energy that separates the equilibrium frondibrium region as well as out of phase with(w) in the
nonequilibrium occupation descends in the gap with decreagionequilibrium region. Accordingly, the drift-mobility phase
ing frequency. Simultaneously the deep nonequilibrium ocvaries with frequency and goes to zero when the frequency
cupancy becomes more prominent. As temperature ddsecomes low enough for all the band-tail states to reach

creases, the thermalization energy shifts upward so that theguilibrium with the conduction band. The phase graphs are

FIG. 2. Normalized occupation functiond;(w)/f (w)| for
various frequencies/2w=10%, 1, 1¢%, and 18°Hz. Dashed and
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FIG. 5. Time evolution of survival probabiliti€s(t) for differ-

. FIG. 4. Survival probabilities against recombination transitionSgpt energies af =180 K in the presence of recombination centers
S7(t) as a func£t1|0n o;‘ tlme6 for varlogjs de3n3|t|es of recor_nbmatmn with Ng=10cm™3. The chain-dotted line represents the function
centersNg=10" 10'%, 10'6, and 167 cm 3. The calculation as- SR(t) plotted in Fig. 4.

sumesv,=3.6x 10''s ! for T=180K.

) _ with theoretical plots displayed in Fig. 1, it appears that the
not presented here. They are not necessarily needed in ordggditional release yields a larger effect for lower tempera-
to gain a fundamental understanding of results o_f.the preseffires when the probabilitﬁlc(t)SIT(t) tends to decay slowly.
experiments, which only concern the drift-mobility ampli- giqre 5 demonstrates the influence of recombination transi-
tude. tions. The total survival probabilit (t) = S°(t) S'(t) SX(t)

calculated forT=180 K andNg=10'"cm™ 2 is shown in that
B. Recombination and deep trapping figure.

Figure 6 presents the frequency dependence of the drift
obility and the average lifetime calculatedTat 180 K for
various densities of recombination centers. The calculation is
ased on Eqg21)—(23), which take into account the tunnel-

g recombination of band-tail electrons in addition to the
direct recombination of band electrons. It can be seen in the
figure that the drift mobility increases only a little at low
frequency in the presence of recombination even Ngr
=10"cm 3, In terms of Eq.(21), it follows that the drift

This section shows how the results given in the precedingn
section are modified by the inclusion of recombination
events. Since the recombination centers tdatreferences
may be somewhat vague, we specify them from a practicq
point of view before giving the quantitative analysis. In
a-Si:H, the midgap defect states originating from Si dan-
gling bonds play a significant role in recombination. For a
high-quality intrinsic material, the defect density is not more
than 13%cm™3. The other possible recombination sites are
nonequilibrium holes captured in the valence-band tail,

0

which make a dominant contribution to recombination at a 10 LA I B
low temperature. The measured density of band-tail P ——N =10"%em™

9,20; 7 =3 ; 10 R E
holes®?%is at most 18/ cm 3. Based on these observations, N =0 E
only values ofNg lower than 16’ cm™2 are considered in the 107 L R
following arguments. In addition, the monomolecular recom- i 3
bination centers must satisfy the constraint tNatremains 10 L 1

constant in time. This can be fulfilled experimentally with
sufficiently strong background illumination. In this case, the

Average lifetime (s) Drift mobility (normalized)

4 [
linearized theory is valid in the small-signal regime where e
the behavior of supplemental photocarriers is considered. 10% £
Unless either the bias illumination is extremely strong or the 10° i
temperature is extremely low, state filling is thought to be -
negligible for the conduction-band tail with the density of 107 ¢
states decreasing steeply into the gap. 107 &
The survival probability against recombination transitions 10°® r N = 107em3
SR(t) strongly depends on the density of recombination cen- 10° d e R_‘ e 3
ters, as illustrated in Fig. 4. This behavior can be quantified 10? 10° 168 10° 101;)“'"" 012

by the characteristic decay time, which is roughly given by
exd (6/7a’Ng)®]/vy, for Nr<l/ma=3x10Fcm 3
from Eq. (15, and is slightly affected by variations in tem-  F|G. 6. Frequency dependence of the normalized drift mobility
perature through the frequency prefacigr The overall sur- | (w)|/u, and average lifetimér (w)| computed aff =180 K for
vival probability for band-tail electrons is reduced uniformly various values oNg. The vertical bar inserted in the lifetime plot
in energy by the multiplicative factd®?(t). In comparison indicates the frequency position at whiei(w)|=1.

Frequency (Hz)
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FIG. 7. Frequency dependence of the normalized MPC mobility FIG. 8. Frequency dependence of the normalized drift mobility
| tpd/ 11 calculated aff = 180 K for various values oflg. |(w)|/ pe calculated aff =180 K for various values ol .

simply due to an increment of deeply lying states. On the
other hand, in the high-frequency region the spectrum agrees
RNeII with that for Np=0. It was confirmed that this feature
Yemained unchanged against temperature variation.

mobility is determined independently of the direct recombi-
nation of band electrons. Eventually, the increase of drif
mobility is solely associated with loss of trapped electrons b
tunneling recombination. In contrast to the drift-mobility be-
havior, the average lifetime is greatly affected by variations
in Ngr. The figure illustrates that the magnitude of the life-
time is almost inversely proportional dg. It is understood This section summarizes the quantitative interpretation of
from inspecting Eq(26) that this relation is characteristic of the MPC experiments performed @aSi:H. A 6-um-thick
relatively low densities of recombination centers. The recomsample of intrinsi@-Si:H deposited on a glass substrate was
bination processes involved are not evaluated directly fronused in the experiments. The contacts were coplanar Al elec-
the average lifetime since it also correlates with the populatrodes evaporated on top of the film. The sample was homo-
tion ratio. The quantitative evaluation will be deferred until geneously illuminated by 679-nm light from a diode laser.
the steady-state analysis. The light intensity was modulated sinusoidally at a fre-

An experimentally accessible quantity in this work is thequency varying betweew/27=10Hz and 40 MHz. The
MPC mobility uypc. The results of calculating this quantity MPC amplitude was detected by a standard lock-in amplifier
by Eg. (25 are summarized in Fig. 7. Simulated spectrafor low frequencies<100 kH2 or by an rf spectrum ana-
exhibit two branches separated by a knee. As expected, thezer for high frequencie$>10 kHz). Further details of the
spectrum in the high-frequency branch is not affected byexperiments are given in our previous papersThe present
recombination and exactly coincides with the drift mobility work extends the temperature range from 140 to 380 K. The
u(w) controlled by thermalization in the band tail. The fre- drift-mobility data presented below were obtained in the lin-
guency at which the knee appears is determined by the comar response regime.
dition that w|7(w)|=1. This can be confirmed by compari-  Figure 9 displays the measured MPC mobility against fre-
son with the lifetime plots in Fig. 6, where the correspondingquency at various temperatures. The kink expected from the
frequencies are indicated by vertical bars. Similar observa-
tions were obtained for various temperatures.

The preceding discussions suppose that the deep-energy
states, referred to as the recombination centers, are populated
with background nonequilibrium carriers. When the illumi-
nation level is low enough or the temperature is high enough,
the occupation of the valence-band tail almost stays in the
dark equilibrium, and the midgap defect states are brought
into play as trap centers rather than recombination centers. In
this study, a deep trapping effect such as this has been simu-
lated by a single level of energy.— 0.6 eV appended to the
band-tail levels. Note that the present theory does not con-
sider any isoenergetic transitions. Hence, an exclusion of
tunneling exists between defect states, as one might expect
from their small wave-function overlap. The results calcu- fiG. 9. Theoretical fitglines) to the drift-mobility spectra ob-
lated atT=180K for the deep-level densities ranging from tained from MPC experiments fa-Si:H (dots. The eleven plots
Np=10" to 10" cm™3 are summarized in Fig. 8. The drift- correspond tar =140, 160, 180, 200, 220, 240, 260, 280, 296, 340,
mobility spectra,u(w), identical with uypc in this calcula- and 380 K. The calculation assumes that=15cn?/Vs, T,
tion assumingNg=0, show a fall off at a low frequency =220K, anda=1 nm.

C. Comparison with experimental results

10! ¢

T =380K

_
2

._.
<

._.
<
[

DRIFT MOBILITY (cm?/Vs)
=

104 [o1ny
]

10' 10?2 10° 10* 10° 10° 107 10® 10° 10"
FREQUENCY (Hz)
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0 0.1 0.2 0.3 0.4 0.5 o -
ENERGY (eV) perature. Re_call that recombination transitions are almost
temperature independent. In effect, the low-temperature be-
FIG. 10. Release efficiencieg”, y!, and xR as a function of ~havior reflects the deactivation of the other two transition
energy. The calculation assumes tig=10cm 3. The upper channels. The observation thatf<1 implies that the

and lower figures correspond ®=300 and 180 K, respectively. steady-state occupation functidn does not much deviate
The relevant transitions are shown schematically in the inset. from the Boltzmann formfieqz exd —(&i—&)/KT]. This is

. . . ids/fed
numerical calculations is clearly identified in these spectra?onﬂrmed in Fig. 11, where the occupancy ratiésf;

In the experiments, we observed that the low-frequency fa"_comput_ed ‘f‘ﬂ-:180 K, are PIOt_t?d for various d_ensmes of
off is affected appreciably by varying the background illumi- recombination c7ent(ir3)s. A significant deviation is observed
nation intensity, which presumably modifies the occupationonly_for Nr= 1_01 cm - N L

of deep states, while the high-frequency part stays un- F|gTure 12 illustrates the .recombmatlon efficiencigs
changed. The high-frequency MPC mobility is therefore jus—;:’.md ’7d CﬁICUIﬁted as a f“.”CtI'O” ofltemperature. I Wﬁ‘s con]-c
tifiably interpreted as the drift mobility, which is independent '"M€ that these numerical results were essentially unai-
of recombination as well as deep trapping. The experimente{FCted by vary|7ng t,hf density qf rgcomblnatlon centers in the
data in the high-frequency regime were first compared wit@nge Nr= 10 cm . From this f'gF"e’ one finds that the
the numerical results based on H&7) with Ng=Np=0. tunnelmg transitions contribute an increasing amount to thg
For T=160K, excellent agreement was obtained betweeﬁecomb'r(':at'on process as temperature is reduced. An effi-
theory and experiment, leading to the estimates that ciency 7 lower than unity, as sho_vvn _here, means that a
—15¢cn?/V's and T,=220K. However, the drift mobility substantial enhancement of recombination takes place, as de-
measured at the Icowest temperatu'fe; 140K is several scribed by the effective capture coefficiety =C/7° as
times larger than the theoretical prediction, which postulate¥vell as by the relevant band electron lifetime/G

that photocurrent is carried only by band electrons. This dis= 1/CeiNg. The theoretical results agree with a variety of
crepancy leads us to consider the hopping transport of ban@xperiments, such as photoluminescetfcd, photoinduced

tail electrons. The theoretical analysis for hopping mobility
is described in Appendix C. Numerical results involving the

S
contribution from hopping mobility are in reasonable agree- S Lr AR
ment with experiment, as shown by the solid lines in Fig. 9. = L 1
S 08 o :
D. Steady state = 06 _ c.' cb _
Finally, we discuss the steady-state properties. Figure 10 % i §/bt -
shows the release efficiencig§, x; andx" calculated as a Eoaf 4T ]
function of energy forNg=10"cm 3. We learn from the Z e T = 220K ]
figure that thermal emission into the conduction band gives a E 02 < | 1
sizable contribution only in the close vicinity of the band S b |..?_num
edge. Apart from that, tunneling transitions into the band-tail ) 010(')“”15(')' 200 250 300 350 400 450 500

states are the most probable release process, even for room
temperature. The dominance of intra-band-tail transitions is
more pronounced at lower temperatures. The efficiency of FiG. 12. Recombination efficiencies® and 5" calculated as a
recombination transitions, which is nearly visible on thefunction of temperature falg=10'°cm2. The relevant transitions
deep-energy side in this plot, increases with decreasing tenare shown schematically in the inset.

TEMPERATURE (K)
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absorptior, light-induced electron spin resonandeand r Eo—e

steady-state photoconductivftyall of which show that re- eXD((V— DT )—1. vot<1,
combination ina-Si:H is dominated by tunneling at low tem-

peratures. Even for room temperature, the present calculal-: _ 7 x{ 1 EcT &) A(t)

tions indicate that tunneling transitions account for atfooft (&)= y—1 Vot e (y—1) KT vot '’

the total recombination rate. This conclusion is supported by e e
room-temperature observation of the spin-dependent photo- 1< V0t<exp< i

conductivity, which can be explained when the majority of \ kT

photocarriers undergo the tunneling recombinatforand (A3)
throws doubt on the conventional interpretation, which asynere y=TIT. and the functionA(t) is expressed fory
sumes direct capture into recombination centers in such a1 gg
high-temperature regime.
A(t)_é [In(vOt>]k+3§ [y In(wet) ¥
IV. SUMMARY L Y iEs k! '

This paper presents a theoretical description of carrieft is easily found thatA(t) behaves ast for 0<In(wt)
thermalization and recombination, which, in a unified man-<1 and as ¢,t)?/y* for In(yt)>1. It is not important to
ner, takes into account tunneling interactions between locakonsider the behavior at long times such thgt> exy (e,
ized states as well as thermal interactions between localized ¢)/kT], which is omitted from Eq(A3), since the time
and extended states. Numerical results expressed in Fouriginge in which the tunneling transitions contribute signifi-
space are discussed intensively for the purpose of achievingantly to the carrier release is limited, in competition with
a quantitative interpretation of the frequency dependent drifthe thermal emission to extended states. A careful examina-
mobility measured foa-Si:H. The incorporation of tunnel- tion of Egs.(A2) and (A3) shows that fory>3 the upward
ing transitions, with the accepted value for the localizationtransitions predominaté;; (e,t)>F (t), for all times in the

radius, yields appreciable effects, namely, an accelerateghergy range below.—[kT/(y—1)]In(2—1/y).
thermalization of nonequilibrium electrons in the conduction

band tail as well as a reduced magnitude of the drift mobility
reflecting the energy distribution of these electrons. The
theory, augmented by involving a low-temperature hopping A previous theory for carrier kinetics, called the mean-
transport, shows excellent agreement with experiments pefield model® is based upon the use of the configurationally
formed over a wide range of frequencies and temperaturegaveraged tunneling transition rakg,(Wn,m, resulting in a
The other important role played by tunneling transitions is toformulation with linearly increasing tunneling volume
provide additional recombination channels through localized/;;(t) = wa®u;;t for all times. It turns out that this overesti-
states in parallel with direct capture of band electrons. Thenates tunneling interactions for long times, as compared
numerical calculations suggest that even for room temperawith Eq. (13), which is derived from the more complete the-
ture, the tunneling transitions accounts for abguof the  oretical analysis.

steady-state recombination rate. On the basis of these obser- It is informative to first examine analytical results for an
vations, this work argues against the conventional interpretaexponential band tail. Within the framework of mean-field
tion that assumes multiple trapping in the band tail and remodel, the function§ | (t) andF,(e,t) involved in Eq.(A1)
combination by direct capture. are simply expressed by

APPENDIX B: MEAN-FIELD MODEL

Fl(t):Vot, (B1)
APPENDIX A: UPWARD AND DOWNWARD TRANSITIONS

In the continuum limit, the survival probability against
tunneling transition$'(&,t) can be represented analytically
as

FT(S,t):

Vot

F{ E.—¢€
exp (y=1) ——|-1|, (B2
for all times. In comparison with EqgA2) and (A3), one
T _ 3 easily finds that the mean-field approach becomes equivalent
S'(e,t) =exp{—7a’D(e)KT[F () +F;(e, )]}, to the exact treatment when If)<1. Even in the long-time
(A1) region 1<In(ygt)<(e.—¢€)/KT, the same leading term is
_ _ _ evaluated forF,(e,t) from Egs.(A3) and(B2) at high tem-
with the exponential density of staté@¥(s)=D.exfl—(ec  peratures such thag>1. Therefore, it can be said that the
—¢)/KT]. The time evolution is governed by the function jaan field model forms a good approximation to the exact
F,(t), which involves only downward transitions and is €n- ey in the high-temperature regime insofar as the expo-
ergy independent, and the functién(s,t), which involves  aniia| density of states is concerned. However, it is evident
only upward transitions and is energy dependent. They arg s the similarity is no longer maintained at lower tempera-

y—1

written as tures.
Figure 13 compares the survival probabilitie%(t)
F (t)=Vo(t)/ mad, (A2) zsc(t)ST(t) calculated in accordance with the exact theoreti-
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e R I I B Mt B it e B B which neglects thermal interactions with extended states as
Lk T'=300K well as recombination transitions. It is convenient for the
0s b 3 analysis to express the solution formally as
s E exact 3
E 06 A \ -----mean field |
g 04 I . : fa()=2 fm(0)gmn(1), (C2)
o ! A v ] m
£802F 01 02 03 0dev ]
r . \ A . ]
R ——— where the Green's functiom(1), corresponds to the prob-
= : T = 180K 1 ability of finding an electron at sita at timet given that it
l g T 3 . ] H
2 2 \, S - ] started from sitem at t=0. The Green’s function obeys the
2 08 F \\ \‘ . ] equation
a 0.6 :— '\ '\ .\. ‘\‘ ‘:
04fF \ ! . : T+ t T
C \ A 1 ' 3 (t)= SrsSp(t) + J dt’ g (t" ) wypsp(t—t'),
02F 01 02 103\ '04eV\ 1 Imn e 7 Jp Smuth T WunSh
0 Frowl v NIRRT W (C3
107?10 10® 10° 10* 107 10°
TIME (s) where 6, is the Kronecker delta. Paralleling the statistical

treatment applied in Sec. I, we arrive at the formulas for a

FIG. 13. Comparison between the survival probability for discrete density of states given by

=1 nm displayed in Fig. full lines) and that calculated in accor-
dance with the mean-field mod@hain-dotted lines

cal analysis and the mean-field approximation. In the calcu- MmO =Nifi() 2 n;(0)Gyi(t). €4
lation, the density of states given by EB6), with T,

=220K, was assumed. As expected from analytical consid- .

erations, both results are nearly identical for T, while Gji(t)=5jiS|T(t)+E f dt’ij(t’)Cki(t—t’)NiST(t—t’).
they show a significant deviation far<T,. Figure 14 illus- k Jo

trates the drift-mobility spectra computed for various tem- (CH
peratures and confirms the agreement in the high-
temperature casé>T,. Here, G;i(t) is the sum of Green’s functions configuration-

ally averaged with level indexgsandi kept fixed, and sym-

bolically expressed as
APPENDIX C: HOPPING TRANSPORT

Here, we consider low-temperature transport solely within
the framework of the hopping model. The starting point of Gji(t):% (Iminiiy (D Muy
the theory is the rate equatidh

wheren(i) denotes a sita that belongs to levdl, and simi-
d larly m(j) references leve|. Isoenergetic terms such as
afn(U:% fm(t)Wmn—fn(U% Wom: (€D G, (t) andC,(t) are included in EqS(C4) and(C5), which
account for the transport path traversing states of the same
energy. For consistency, the averaged survival probability

E 100; L I I I I I I against tunneling transition§'(t) is now defined as exp
3 10" T=380K ] [—3N;Vji()], which involves the equal energy element
S N;V;i(t) in the summation.
£ 107 / e The hopping motion to be considered is isotropic for an
ol - /" ensemble of randomly positioned sites. Then, the square of
= 107 ¢ =T 3 site distancerﬁm=(rn—rm)2 weighted by the transfer prob-
o C .- i ™
St o~ 140K ] ability gmn(t) follows as

E ok E
E 105 £ s exact 4
2 3 L7 -----mean field } 5 t , 2
B 100 Lomier ook s ol s (FeOma(D =2 | At Gmu(t') + Gt 1G]
S e 1t 100 100 100 1o° uoJo

FREQUENCY (Hz) XWynsh(t—t'), (C6)

FIG. 14. Comparison between the drift mobility fa=1 nm ) ) . . .
displayed in Fig. 3(full lines) and that calculated in accordance Whererp, = (ry,+ryn)“. Performing the configurational av-
with the mean-field modelchain-dotted lings erage, we obtain
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FIG. 16. Comparison between the drift mobility calculated for

FIG. 15. Hopping mobility spectra calculated for various tem- 4= 15 cnf/V's in accordance with Eq27) (dashed linesand that

peraturesl =140—-380 K.
2 4y 2
Rji(t)_% (rocionch9maniy (D )quy

t
=§ fodt’[Rfk(t’>Cki(t—t’)

+Gj(t)Bi(t—t)IN;S[(t=t).  (C7)
The functionB,,(t) is defined as
gi—gr| d (=
Bki(t):exp< - ?)ﬁ fo dr 4ar#{1—exd —wi (r)t]},
(Cy)

of which an approximate form is derived to be

Ei— &k
Byi(t)=3ma® ex;{ - IkT
Vik » Vikt<1!
4
xq 1 IN(wyt)]P
Ly DnOulP oy
tp:O pl

corrected with hopping mobility shown in Fig. 1&ull lines).

the transient decay of the system’s conductivity following an
impulse excitation at=0, opof(t) =gN(0)upot). There-
fore, it is interpreted as a time-domain drift mobility of an
nonequilibrated ensemble of electrons with den$i§0).

On the basis of population conservatidw(t)=N(0)6(t),

the time-domain drift mobility is converted into its
frequency-domain counterpart by the relation,

)= 2Ll ). (C10
Mhop(w ./T[qN(t)] w Mhop( .
The frequency-dependent hopping mobility,{w) can be
determined from solving Eqs(C5) and (C7) in Fourier
space. Inspecting EQC9), we realize that the present theory
is capable of calculating the hopping mobilities for various
initial conditions, for example, a discrete excitation of cer-
tain levels as well as a uniform excitation over all the levels.
An interband photogeneration, under which the initial occu-
pation is established by capturing band electrons, favors the
uniform excitation. In this case the occupation densitf0)
can be replaced with the level denshiy in Eg. (C9).

Figure 15 shows the hopping mobility spechig,q )|
calculated for various temperatures with the density of states

similar to the manner of evaluating the tunneling volumegiven by Eq.(36). In comparison with Fig. 3 where the drift
Vi;(t). The mean-square displacement for all the travelingmobility |u(w)| is computed on the basis of E@7), we find

electrons is expressed in termsRﬁ(t) as

2 ni(0)2 Rf(Y)
> (0)

R2(t)= —
J

Its time derivative defines the diffusion coefficieénand is

(C9

that the hopping mobility exhibits a relatively weak thermal
activation. It must be borne in mind that this is a pure hop-
ping model derivation ofu, @). A direct comparison with
u(w) is not necessarily justified owing to this simplification
but is thought to be reasonable when extended states are little
populated with electrons and equivalen{ly(w)|/u.<1.

The drift mobility corrected with the hopping contribution

| (@) + ppol )| is illustrated in Fig. 16. The band mobility

related to the hopping mobility via the Einstein relation, u.=15cn?/Vs was used in the calculation @f(w). It is

Mnoplt) = (a/6kT)d R2(t)/dt.
The time-dependent hopping mobilityc,,(t) given

confirmed from the figure that the electron transport is well
described byu(w) over a wide temperature range, except for

above corresponds to the response function, which represenfss 140 K where hopping transport dominates.
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