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Modulated photoconductivity study of electron drift mobility
in amorphous silicon

K. Hattori,a) M. Iida, T. Hirao, and H. Okamoto
Department of Physical Science, Graduate School of Engineering Science, Osaka University, Toyonaka,
Osaka 560-8531, Japan

~Received 2 August 1999; accepted for publication 14 December 1999!

The modulated photoconductivity technique, a convenient means of measuring the drift mobility of
photocarriers, has been applied to investigate carrier transport in hydrogenated amorphous silicon.
The frequency resolved spectra of drift mobility that can be obtained from the measurements were
analyzed in accordance with a generalized transport model that included possible carrier interactions
between localized states through tunneling transitions. Theory suggests that a tunneling-assisted
thermalization of nonequilibrium carriers appreciably affects the transport process. The
experimental results are reasonably accounted for by the introduced model, leading to quantitative
assessments for transport mechanisms. ©2000 American Institute of Physics.
@S0021-8979~00!08006-3#
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I. INTRODUCTION

A fundamental property of amorphous semiconductor
the presence of localized states. The interactions of ex
carriers with localized states have a significant influence
the transport process as clearly manifested in trans
photocurrent measurements with pulsed excitation, s
as a time-of-flight ~TOF! measurement in a sandwic
configuration.1 The investigation of photocarrier transpo
has greatly contributed to the understanding of these ma
als. In the TOF experiment, a sheet of carriers is created
one surface by a brief flash of strongly absorbed light.
voltage applied across the sample causes the carriers to
to the opposite surface. The propagation of carriers is m
tored by the current induced in an external circuit. The T
transport in amorphous semiconductors is frequently
scribed by introducing the concept of drift mobility that
defined as an effective mobility averaged over all the carr
involved in transport. The drift mobility of experimental con
cern is that of carriers in a highly nonequilibrium distributio
that relaxes as the carriers traverse the sample, and
essence time dependent. The present prevailing theory
the transient drift mobility phenomena is the multiple tra
ping model,2 which considers that carriers move by repe
edly transitioning between extended and localized states
coming trapped in localized states then releasing fr
localized states to extended states.

In this study, a frequency resolved technique based
modulated photoconductivity~MPC! in a coplanar geometry
has been applied to investigate the drift mobility of pho
carriers and their interactions with localized states. A
tailed discussion is given for interpreting the frequency d
main measurements of drift mobility in accord with
generalized transport model. The model takes into acco
possible carrier interactions between localized states thro
tunneling transitions in the context of a mean field appro
mation. The theoretical consideration suggests tha
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tunneling-assisted thermalization of nonequilibrium carri
takes part in the transport process to an appreciable deg
The developed model accounts for the experimental res
obtained for hydrogenated amorphous silicon (a-Si:H),
yielding quantitative assessments of the transport prope
of this material.

II. THEORY AND ANALYSIS

A. Phenomenological formulation

We here consider an amorphous semiconductor laye
a coplanar configuration uniformly illuminated by a weak
absorbed band-gap light. The extended band states and
localized gap states are both populated with photogener
excess carriers. The charge neutrality requirement impos

N5n1(
i

ni5p1(
k

pk , ~1!

whereN is the total concentration of charge carriers,n andp
refer to the concentrations of electrons in the conduct
band states and holes in the valence band states, respect
ni the concentration of electrons trapped at the localiz
states of energye i , andpk the concentration of holes trappe
at the localized states of energyek . With electron and hole
currents being spatially uniform, the continuity equation
simply expressed by

d

dt
N5G2R, ~2!

whereG denotes the generation rate andR the recombination
rate. For an excitation light sinusoidally varying in time su
that

G5G01DG cos~vt !, ~3!

a first-order solution for carrier concentration is given by

N5N01Re@DN exp~ ivt !#, ~4!

where i 2521, N05n01( ini05p01(kpk0 is the steady-
state concentration generated byG0 , andDN5Dn1( iDni
1 © 2000 American Institute of Physics

 or copyright; see http://jap.aip.org/about/rights_and_permissions



e
e
um
ur
he
ic

a

e
re

bl

p
e

-
te
rie
is
f

p
c

o

r-
i

P
,

mal
a-
n-
is

iers
rier
ns
sion
ns

u-
n

ro-
tion.
lo-
on

ua-

ical
ed

s

ng
f

2902 J. Appl. Phys., Vol. 87, No. 6, 15 March 2000 Hattori et al.

Dow
5Dp1(kDpk is the complex number that gives amplitud
and phase of the sinusoidal part of concentration. The
pression assumes a linear response to the modulated ill
nation, which can be generally validated for a small pert
bation DG!G0 . In such a linear response regime, t
recombination rate is represented in a phenomenolog
manner by

R5R01ReFDN

t̄
exp~ ivt !G . ~5!

The average lifetime for all the charge carrierst̄ defined
above permits formulating the modulated component of c
rier concentration as

DN5
DGt̄

11 ivt̄
. ~6!

The transport of carriers may occur via the extend
states as well as the localized states. A comprehensive
resentation for MPC, taking into account all the possi
channels, is given by

Ds5qFmcDn1mnDp1(
i

mciDni1(
k

mnkDpkG , ~7!

whereq denotes the unit electronic charge,mc,n the mobili-
ties of electrons and holes in the extended states, res
tively, andmci,nk the mobilities of electrons and holes in th
localized states, respectively. It may be convenient here
introduce the drift mobility defined as

m̄5
mcDn1mnDp1( imciDni1(kmnkDpk

DN
. ~8!

Combining Eqs.~6!–~8!, we obtain a concise expression

Ds5
qDGm̄t̄

11 ivt̄
. ~9!

The MPC parametersm̄ andt̄ introduced above, being func
tions of frequency, generalize the small-signal parame
employed for formulation of the steady-state photocar
grating transport.3,4 Our MPC theory is quite general at th
stage in the sense that it does not depend on the details o
transport and recombination mechanisms.

The following part of discussion relies on a regional a
proximation with respect to frequency. In the high frequen
regime where the conditionvu t̄u@1 is met, one obtains

Ds5
qDGm̄

iv
, ~10!

indicating that the MPC behavior is free from the effect
the recombination described byt̄ and controlled only by the
drift mobility m̄. The drift mobility can be therefore dete
mined from the measurement of the high frequency MPC
terms of the relationship

m̄5
ivDs

qDG
. ~11!

An equivalent formula has been deduced in previous M
studies using a photomixing technique.5 On the other hand
Eq. ~9! is reduced to
nloaded 10 Feb 2011 to 133.1.91.151. Redistribution subject to AIP license
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Ds5qDGm̄t̄, ~12!

in the low frequency regime wherevu t̄u!1. Expected in this
extreme limit is that the carrier system stays in quasither
equilibrium during modulation and thereby the transport p
rametersm̄ and t̄ become frequency independent. In Appe
dix A, the plausibility of MPC behavior suggested above
demonstrated by model calculations.

B. Rate equations

In this section, we will deal with drift mobility for the
case in which electrons are the predominant type of carr
in photoconduction, so as to accommodate photocar
transport ina-Si:H. This considerably reduces complicatio
in the theoretical analysis and thereby makes the discus
more straightforward. It is also assumed that contributio
due to hopping transport in the general formula~8! are mi-
nor. A justification of this neglect is given by means of n
merical calculation in Appendix B. The drift mobility is the
simply rewritten as

m̄5mc

Dn

DN
. ~13!

Even in such a simple case, contributions by tunneling p
cesses cannot be completely excluded from considera
There is a possibility that tunneling interactions between
calized states may affect nonequilibrium occupation,
which the population ratioDn/DN and the drift mobilitym̄
depend. We will address this point in the following.

The starting point for the analysis is the set of rate eq
tions for a distribution of localized states with densitiesNi

and energiese i ,

dn

dt
5G2(

i
@nC~Ni2ni !2eini #2

n2neq

t
, ~14!

dni

dt
5nC~Ni2ni !2eini2ni(

j Þ i
wi j 1(

j Þ i
njwji

2
ni2ni

eq

t i
. ~15!

All the localized states considered here have an ident
efficiency of capturing a band electron, which is describ
by the coefficientC. The thermal emission of electrons from
the localized states of energye i to the conduction band state
aboveec occurs at the rateei given by

ei5NcC expF2
ec2e i

kT G , ~16!

wherekT is the thermal energy andNc is the effective den-
sity of conduction band states. Equations~14! and ~15! are
written with monomolecular recombination terms containi
lifetime parameterst and t i . They constitute the rate o
charge recombination represented by

R5
n2neq

t
1(

i

ni2ni
eq

t i
, ~17!
 or copyright; see http://jap.aip.org/about/rights_and_permissions
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where the superscripteq refers to the value in thermal equ
librium. Considering a particular mechanism for recombin
tion is not essential to the analysis of high frequency MPC
the drift mobility determined from it, but is necessitated f
quantitative arguments on the low-frequency MPC and
steady-state photoconductivity. The tunneling rate of an e
tron from the statei to the statej, separated by a distancer
5ur j2r i u and an energye i j 5e j2e i , is expressed by6

wi j 5n expF2
2r

a
2

u~e i j !e i j

kT G , ~18!

wheren is the frequency prefactor,a the localization radius,
and u~e! the unit step function. It is easily confirmed th
Eqs.~14! and~15! are consistent with the continuity Eq.~2!.

In order to make the rate equations given above tr
table, we here use the average tunneling rate assessed
framework of the mean field model that assumes each sta
surrounded by the same average environment.7 The tunnel-
ing transitions preferentially take place between the nea
available neighbors. The distribution function of near
neighbor separationsr from a particular occupied state
given by

Pj~r !54pr 2~Nj2nj !expF2
4pr 3~Nj2nj !

3 G , ~19!

for a randomly distributed collection of unoccupied sta
with densityNj2nj . The configuration average is then

^wi j &5E wi j ~r !Pj~r !dr. ~20!

An essential requirement for localization is that the locali
tion radiusa is less than the mean distance (3/4pNj )

1/3 be-
tween the states, leading to the approximation

^wi j &5Ci j ~Nj2nj !, ~21!

with

Ci j 5npa3 expF2
u~e i j !e i j

kT G . ~22!

In the mean field approach, Eq.~15! is consequently rewrit-
ten by

dni

dt
5nC~Ni2ni !2eini2ni(

j Þ i
Ci j ~Nj2nj !

1~Ni2ni !(
j Þ i

njCji 2
ni2ni

eq

t i
. ~23!

A strong localization limit wherea50 and equivalentlyCi j

50 deals with the conventional multiple trapping model th
ignores any carrier interactions between localized state
might be worthwhile to mention that the average tunnel
rate given above meets the detailed balance requireme
thermal equilibrium such that

f i
eqCi j ~12 f j

eq!5 f j
eqCji ~12 f i

eq!, ~24!

where f i
eq5$11exp@(ei2eF)/kT#%21 is the Fermi–Dirac dis-

tribution with Fermi leveleF .
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A linearization of Eqs.~14! and ~23! for the modulated
illumination Eq.~3! is easily achieved by collecting the firs
order terms inDn, Dni , andDG and replacing the deriva
tive by iv. The steady-state solutionsn0 andni0 to be con-
tained in the linearized equations should be considered c
fully. Neglecting the recombination term (ni02ni

eq)/t i , the
steady-state occupancyf i05ni0 /Ni is given by

f i05
n0C

n0C1ei
. ~25!

The occupation functionf i0 is equivalent to the distribution
f i

eq with the Fermi leveleF replaced by the quasi-Fermi leve
ec2kT ln(Nc /n0). The following equality:

f i0Ci j ~12 f j 0!5 f j 0Cji ~12 f i0!, ~26!

then stands for tunneling transitions. This ensures that ev
tunneling term involved in the steady-state equation is c
celed out and does not appear in the expression forf i0 . For
localized states lying in the vicinity of the band edge, like t
conduction band tail ina-Si:H, we may expect thatn0C
!ei and therebyf i0!1 under a moderate excitation.
should be noted that the assumption of the empty state
valid even if the recombination events described byt i ,
which tend to reducef i0 , are taken into consideration. O
the basis of these arguments, we finally reach the equat
that represent the high frequency MPC

DnS iv1(
i

CNi D 2(
i

Dniei5DG, ~27!

DnCNi2Dni S iv1ei1(
j Þ i

Ci j Nj D 1(
j Þ i

DnjCji Ni50.

~28!

The solutions for Eqs.~27! and ~28!, as well as the drift
mobility determined from them, will be investigated in
later section.

C. Model calculation

We here introduce the quantities defined as

N̂i5
Ni

Nc
, ~29!

D f̂ i5
NcDni

NiDn
. ~30!

The normalized occupancyD f̂ i is the ratio of occupancies
Dni /Ni and Dn/Nc in the framework of the present rat
equation analysis, where the distribution of extended state
equivalent to a single effective level with densityNc and
energyec . The drift mobility is formulated with these defi
nitions as

m̄

mc
5

1

11( i N̂iD f̂ i

. ~31!

In this expression, a direct connection between the drift m
bility and the normalized occupancy is evident.

It is instructive to outline the analytic properties of th
multiple trapping model assuminga50 before proceeding to
 or copyright; see http://jap.aip.org/about/rights_and_permissions
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more general cases. A simple analytical solution for the n
malized occupancy is easily achieved in the strong local
tion limit to be

D f̂ i5
NcC

iv1ei
. ~32!

Readily understood is that a specific energy level given

e th5ec2kT lnS NcC

v D , ~33!

plays an important role.8–11Two energy regions separated b
the thermalization energye th are defined in conjunction with
given frequency and temperature. In the shallower ene
region wheree i.e th , the normalized occupancy obeys
Boltzmann distribution

D f̂ i5expS ec2e i

kT D , ~34!

indicating that a quasithermal equilibrium is established p
tially between electrons in the extended states and the a
ciated localized states. On the other hand, for the deep lo
ized states with energiese i,e th , the nonequilibrium
occupation represented by

D f̂ i5
NcC

iv
, ~35!

occurs. A deeper thermalization energy appears for a lo
frequency at a fixed temperature. The frequency-dom
thermalization event corresponds to the progressively de
trapping of carriers that causes dispersive transport obse
in the time domain. The thermalization process in the pr
ence of tunneling transitions between localized states wil
examined in the following part of this section by means
numerical calculation.

The calculations are based on the density of sta
~DOS!, which has been introduced to describe the cond
tion band tail,12,13

D~e!

5H DcS 12
ec2e

e0
D ; e.ec2e01kTc ,

DckTc

e0
expF2S 11

ec2e2e0

kTc
D G ; e,ec2e01kTc

.

~36!

This distribution is composed of a linearly decreasing p
from the conduction band edgeec , followed by an exponen-
tially decreasing part into the gap. A linear distribution e
tended aboveec gives the effective density of statesNc

5DckT(11kT/e0). In the calculation, the continuous DO
was replaced by a set of discrete levels with a spacingd,
normally set at 10 meV, for which the simultaneous line
Eqs. ~27! and ~28! are solved numerically. It has been co
firmed that the calculated result is not altered by usingd less
than 10 meV. Parameters used in the calculations areDc

5231021cm23 eV21, e05100 meV,C51028 cm3 s21, and
a510 Å. The value of localization radius is compatible wi
the previous estimates.6,14 The same frequency prefactorn
nloaded 10 Feb 2011 to 133.1.91.151. Redistribution subject to AIP license
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5NcC for tunneling transitions and thermal emissions w
assumed for simplicity, which would be reasonable so far
nonradiative tunneling transitions6 are concerned.

Figure 1 displays the absolute values of normalized
cupancyuD f̂ i u calculated as a function of energy for variou
frequencies. The occupation function fora50, plotted by
dotted line as a reference, exhibits a sharp step at the t
malization energy, as interpreted previously on the basis
the analytical consideration. In the shallow energy regi
the function behaves as an exponential, whereas uniform
cupancy appears in the deep energy region. The therma
tion energy shifts downward in the gap with decreasing f
quency. Simultaneously, the deep nonequilibrium p
becomes more prominent. Similar qualitative features can
found for the results obtained by assuminga510 Å, shown
by solid lines. It can be seen in the figure that tunneli
interactions between localized states bring about a deep
malization energy as well as an increased deep nonequ
rium occupancy. In this case, the energy at which the to
escape rate described byei1( j Þ iCi j Nj coincides with the
frequency.v is a good approximation to the thermalizatio
energy that divides the exponential occupancy from the u
form occupancy. Figure 2 shows the normalized occupa
functions calculated for various temperatures. As tempe
ture decreases, the thermalization energy moves upward.
intensity of deep nonequilibrium occupancy varies sligh
with temperature fora50, due to the attempt-to-escape fr
quencyNcC being weakly dependent on temperature. In t
presence of tunneling interactions, on the other hand
strong temperature dependence emerges. The probabili
tunneling transitions depends on the density of access
states, as explicitly indicated by Eq.~21!, so that the ther-
malization process is markedly influenced by the DOS d
tribution. This is in sharp contrast to the strong localizati
limit present without such a correlation. It is logical to expe
that the thermalization of trapped electrons is accelerated
a higher DOS. This is confirmed by the calculations w
varying the slope of exponential band tail.

Figure 3 illustrates the frequency resolved spectra
drift mobility amplitudeum̄u computed for various tempera

FIG. 1. Normalized occupation functionsuD f̂ i u for various frequencies
v/2p5104, 106, 108, and 1010 Hz at a temperatureT5260 K. Dashed and
solid lines represent the results computed fora50 and 10 Å, respectively.
The DOS distribution given by Eq.~36! with the characteristic temperatur
Tc5260 K is assumed in the calculation.
 or copyright; see http://jap.aip.org/about/rights_and_permissions
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tures. The drift mobility behavior illustrated in the figure ca
be accounted for on the basis of the arguments on the
malized occupancy. At a certain temperature, the therma
tion energy deepens with decreasing frequency, followed
the increasing population ratio of trapped electrons to f
electrons( iDni /Dn and thereby the decreasing magnitu
of drift mobility. As temperature decreases, the drift mobil
observed at any fixed frequency is reduced. In the absenc
tunneling transitions, this phenomenon reflects mainly an
pansion of the deep energy range available for electron t
ping. The tunneling-assisted thermalization considerably
hances the deep nonequilibrium occupancy, yielding
significant lowering of drift mobility. The theoretical consid
eration given above, which only concerns absolute value
the associated quantities, is highly restricted but sufficien
gain a fundamental understanding of the MPC-derived d
mobility.

III. EXPERIMENTAL DETAILS

A 6-mm-thick sample of intrinsica-Si:H deposited by
glow discharge on a glass substrate at a substrate temper
of 200 °C was used in the present study. The contacts w

FIG. 2. Normalized occupation functionsuD f̂ i u for various temperaturesT
5180, 220, 260, and 300 K at a frequencyv/2p5106 Hz. Dashed and solid
lines represent the results computed fora50 and 10 Å, respectively. In the
calculation,Tc5260 K is assumed.

FIG. 3. Frequency dependence of normalized drift mobilityum̄u/mc for vari-
ous temperaturesT5180, 220, 260, 300, 340, and 380 K. Dashed and so
lines represent the results computed fora50 and 10 Å, respectively. In the
calculation,Tc5260 K is assumed.
nloaded 10 Feb 2011 to 133.1.91.151. Redistribution subject to AIP license
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coplanar Al electrodes with a gap of 1 mm deposited on
of the sample. In the MPC experiments, the sample w
mounted in a temperature-controlled cryostat. The meas
ment temperature was varied between 160 and 380 K.
sample was uniformly illuminated by a 679 nm light from
diode laser. The light intensity was modulated sinusoidally
a frequencyv52p f with f varying between 10 Hz and 4
MHz. The highest frequency corresponds to a time scale
ns, which is comparable to the shortest time resolvable
transient photocurrent experiments. The electric field app
between the electrodes was typicallyE510 kV/cm. At a fre-
quency higher thanf 510 kHz, the amplitude of MPCuDsu
was detected by a rf spectrum analyzer and a wideband
amplifier. A standard lockin amplifier was also employed f
low frequency measurements. The magnitude of drift mo
ity was determined by using the relation

um̄u5
vuDsu
qDG

.

Prior to the drift mobility measurement, a linear r
sponse assumed in the theoretical analysis of MPC has
tested experimentally by varying the modulation amplitu
DG while keeping the steady-state background intensityG0

constant. The experiment actually showed excellent linea
over the modulation depthsDG/G0 ranging from 1% to
100%. All the data to be presented in this article were
quired in the linear response regime. Effects of the elec
field applied between electrodes and the steady-state
intensity have also been carefully examined. It was fou
experimentally that an increase in high frequency MPC
curs to an extent that depends on power dissipations0E2

because of a thermally activated drift mobility. Cons
quently, the MPC-derived drift mobility decays appreciab
following the light induced degradation of the steady-st
photoconductivity. The apparent instability under light soa
ing can be eliminated by monitoring MPC with a sufficient
weak field and illumination. It has been confirmed from su
measurements that light induced degradation of drift mo
ity is less than 10% after prolonged light exposure~679 nm,
18 mW/cm2, 7 h!. Further details of the light-soaking exper
ments will be given in a separate article. In the followin
section, the results obtained for the light-soaked sample w
a negligible heating effect throughout a series of measu
ments are presented and discussed.

IV. RESULTS AND DISCUSSION

Figure 4 displays the frequency dependence of MPC a
plitude measured at various temperatures. These plots sh
plateau in the lower frequency region, while in the high
frequency region they go downward with frequency. The lo
frequency behavior is indicative of the constant mobilit
lifetime product that is expected for a quasiequilibrat
transport system. On the other hand, the high freque
MPC is considered to be drift mobility controlled. Figure
illustrates the drift mobility spectra derived from the MP
data, which consist of two branches separated by a k
Note that the translation into drift mobility can be validate
 or copyright; see http://jap.aip.org/about/rights_and_permissions
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only for the high frequency branch. The low frequen
branch, showing a linear increase with frequency, mer
representsm̄t̄ multiplied by frequency.

A direct way to investigate transport processes involv
is to quantitatively compare the experimental data with
theoretical results. To begin with, the traditional multip
trapping model that ignores carrier interactions between
calized states is examined. The temperature dependen
drift mobility measured atf 510 MHz is plotted in Fig. 6,
together with the theoretical plots based on the DOS dis
butions given by Eq.~36! with various characteristic tem
peraturesTc . The experimental data exhibit a relative
steep decrease for lower temperatures, which significa
depart from the model calculations. Other probable types
DOS including a single exponential distribution,1 have also
been considered for this assessment. These alternative
to reproduce the drift mobility behavior experimentally o
served. In contrast, the transport model that takes tunne
interactions into consideration successfully accounts for
drift mobility data. The result of calculation using the DO
distribution given by Eq.~36! is plotted with the experimen
tal data in Fig. 7. In the calculation, the extended-state m
bility, the characteristic temperature, and the localization
dius were chosen asmc515 cm2/V s, Tc5220 K, anda510

FIG. 4. Frequency dependence of normalized MPC amplitudeuDsu/qDG
measured for various temperaturesT5180, 220, 260, 296, 340, and 380 K

FIG. 5. Frequency resolved spectra of drift mobility calculated by using
relation um̄u5vuDsu/qDG from the MPC data shown in Fig. 4. Solid line
are theoretical fits withmc515 cm2/V s, Tc5220 K, anda510 Å. The
DOS distribution given by Eq.~36! is assumed in the calculation.
nloaded 10 Feb 2011 to 133.1.91.151. Redistribution subject to AIP license
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Å, respectively. Good agreement is also confirmed for
drift mobility spectra shown in Fig. 5 where the theoretic
plots are drawn by solid lines.

The extended-state mobility evaluated here does
contradict the previous estimate,mc510– 15 cm2/V s,6

whereas the characteristic temperatureTc5220 K is low as
compared with those implied from the TOF experimen
Tc5250– 300 K.1,13 It should be noticed, however, that th
previous evaluation relies on the multiple trapping mod
constructed with the simplification thata50. This predicts a
pretransit TOF current that shows a power-law time dep
dence tb, with a temperature dependent slopeb52(1
2T/Tc) for T,Tc .1 The temperature dependence of t
slopeb observed in low-field TOF experiments13,15 is sum-
marized in Fig. 8. It is found in the figure that the theoretic
prediction is valid only in a medium temperature ran
around 200 K, leading toTc5260 K. The sizable effect of
tunneling interactions demonstrated by the present meas
ments tempts us to reexamine the time-domain results
Appendix C, TOF solutions in the pretransit time regime a
obtained quantitatively, in association with the transient d
mobility concept. The simulated result with characteris
temperatureTc5230 K gives the best fit to the experiment

e

FIG. 6. Comparison of experimentally observed temperature dependen
10 MHz drift mobility ~closed circles! to theoretical predictions from the
multiple trapping model, assuming various conduction band tail slo
~solid lines!.

FIG. 7. Theoretical fit~solid lines! to temperature dependence of drift mo
bility um̄u measured at frequencyv/2p510 MHz ~closed circles!. In the
calculation,mc515 cm2/V s, Tc5220 K, anda510 Å are assumed.
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data over a wide temperature range, as shown in Fig. 8.
estimation is slightly larger but comparable to the MP
result.

The MPC experiment has long been an attractive me
of probing DOS distribution. Before concluding this sectio
we must address its applicability. Assuming the MPC tra
port is controlled by trapping and release from isolated
calized states, the spectroscopic method is devised wi
low temperature approximation9–11 such that

D~e!5
2

pkTC H ImFqmcDG

Ds G2vJ , ~37!

where the energy scale is given by the thermalization ene

e5ec2kT lnS NcC

v D .

Again, the problem lies in a finite localization radius th
allows tunneling interactions to take a part in the MPC p
cess, throwing doubt on the DOS reconstructed by mean
the above formulas. To examine this, a numerical simula
has been carried out for the band tail distribution withTc

5220 K. The results of the reconstruction are displayed
Fig. 9. A slight deviation from the assumed DOS fora50 is
simply a result of thermal blurring effect. The figure clear
shows that the disagreement is greatly emphasized fora510
Å, indicating an insufficient accuracy in the DOS deduc
from MPC.

V. SUMMARY

Frequency-domain measurements of drift mobility
photocarriers by means of MPC technique have been app
to explore transport process ina-Si:H. Theoretically, MPC
transport is represented by introducing average transpor
rameters for all the charge carriers without loss of genera
A high frequency MPC is discussed with special empha
since it is purely drift mobility controlled, leading to a simp
way to survey the transport mechanism. The frequency
solved drift mobility is quantitatively analyzed in accordan
with a general model that considers possible tunneling in

FIG. 8. Temperature-dependent slopeb of transient drift mobility decay.
Low-field TOF data fora-Si:H p- i -n diodes~Refs. 13 and 15! are shown by
symbols. Dashed and solid lines represent the results computed fora50 and
10 Å, respectively. The DOS distribution given by Eq.~36! with Tc

5230 K is assumed in the calculation.
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actions between localized states in a mean field appro
Prime effects of incorporating tunneling transitions a
viewed from the theoretical analysis as an accelerated t
malization of nonequilibrium carriers as well as a reduc
magnitude of drift mobility. Using a finite localization lengt
a510 Å, the theory accounts well for MPC experiments p
formed fora-Si:H over a wide range of frequency and tem
perature. The suggested incomplete localization is consis
with transient drift mobility data obtained from TOF exper
ments. The model consideration also reveals that the M
methodology devised on the basis of isolated localized st
yields an incorrectly mapped DOS distribution.

APPENDIX A: RECOMBINATION

Our theory for drift mobility measurements assumes
particular frequency that characterizes MPC behavior. T
assumed changeover in frequency domain is here elucid
by inclusion of the monomolecular recombination mech
nism. This is formally achieved by appending onto Eqs.~27!
and ~28! additional termsDn/t and Dni /t i , respectively.
For simplicity, we consider a tunneling recombination co
sisting of downward tunneling transitions of band tail ele
trons to holes deeply trapped in the gap, to which an ene
independentt i would be adapted reasonably. The results
calculation incorporating the recombination processes
scribed above are illustrated in Fig. 10. The simulated sp
tra show two branches separated by a knee. It is rea
found that in the high frequency branch, the spectrum is
affected by the recombination. We have confirmed that va
ing lifetime parameters shifts the frequency at which t
knee appears while the high frequency branch stays
changed. These observations lend credence to the pre
interpretation of MPC-derived drift mobility.

APPENDIX B: HOPPING MOBILITY

The mean transition rate of electrons from an occup
level i to an unoccupied levelj with density Nj (!nj ) is
written by

^wi j &5Ci j Nj .

FIG. 9. DOS reconstructed by using Eq.~37! at a temperatureT5160 K.
Open and closed circles represent the results computed fora50 and 10 Å,
respectively. The DOS distribution assumed in the calculation is plotted
dashed line.
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Generally, there exists a particular levelj 5m for which the
rate^wi j & is a maximum. The corresponding energyem turns
out to be

em5H ec2e01kT; e i,ec2e01kT and T.Tc ,

e i ; otherwise,
~B1!

for the DOS line shape introduced in Sec. II C. The m
probable transition considered here may give the largest
tribution to electron transport via localized states. The dif
sion coefficient for an isotropic hopping motion is the
evaluated in the mean field approach to be

Dci5
1

6
^wimurm2r i u2&>

a2

2
CimNm . ~B2!

Applying the Einstein relationship, we have the mobility
electrons situated at a leveli expressed by

mci5
qa2

2kT
CimNm . ~B3!

The contribution to the drift mobility in MPC transport i
therefore represented by

m̄hop5
( imciDni

DN
. ~B4!

The hopping mobility given above can be assessed from
numerical solution of the rate Eqs.~27! and~28!. The results
of calculation fora510 Å andTc5220 K are shown in Fig.
11. The computed hopping mobility, which is smaller
orders of magnitude than the measured mobility plotted
Fig. 5, supports the validity of the present analysis wh
neglects hopping transport.

APPENDIX C: TRANSIENT DRIFT MOBILITY

Here, we shall consider electron transport in a TOF c
figuration, for instance, ap- i -n diode. The continuity equa
tion is expressed by

FIG. 10. Drift mobility spectra simulated by using the relationum̄
5vuDsu/qDG for various temperaturesT5180– 380 K. Solid lines repre-
sent the results computed by taking into account monomolecular reco
nation. The lifetime parameters are selected att5(CNr)

21 and t i

5(npa3Nr)
21 with Nr51015 cm23. Dashed lines are plots calculated fo

1/t51/t i50. The DOS distribution given by Eq.~36! with the characteristic
temperatureTc5220 K is assumed in the calculation.
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]

]t
N1

]

]x
mcnE50, ~C1!

for the one-dimensional transport fromx50 to x5d. Evi-
dently, the charge injected att50 is retained within the
sample volume before the extraction atx5d starts. An ex-
plicit representation for the charge conservation;

]

]t
Ñ~ t !50, ~C2!

can be directly derived from Eq.~C1!, whereÑ denotes the
spatial average defined by the integration fromx50 to d
divided byd. The pretransit TOF currentJ(t) observed un-
der a uniform electric field is therefore related to the transi
drift mobility as

m̄~ t !5mc

ñ~ t !

Ñ~0!
5

J~ t !d

QE
, ~C3!

whereQ5qÑ(0)d refers to the injected charge. The expre
sion coincides with that deduced previously.16 In the small-
signal TOF experiment, the trap saturation can be avoide
that the concentrations of electrons in the extended statñ
and in the localized statesñi obey the linearized rate equa
tions

dñ

dt
52(

i
~ ñCNi2eiñi !, ~C4!

dñi

dt
5ñCNi2eiñi2ñi(

j Þ i
Ci j Nj1Ni(

j Þ i
ñ jCji . ~C5!

We have to keep in mind that the discussion igno
possible contributions of hopping transport. A tim
dependent hopping mobility can be defined as

m̄hop~ t !5
( imciñi~ t !

Ñ~0!
. ~C6!

Our preliminary calculation has revealed the trivial ro
played by hopping mobility in determining the transient ph
tocurrents, at least for temperatures above 100 K. Howe
it is known experimentally that even at a temperature aro
200 K, the transient photocurrent measured fora-Si:H is
significantly modified when an electric field exceedin

bi-

FIG. 11. Frequency dependent hopping mobilityum̄hopu calculated for vari-
ous temperaturesT5180– 380 K. In the calculation,Tc5220 K is assumed.
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105 V/cm is applied, due to a field-enhanced band-t
hopping.13 The present model does not include the fie
related effect and concerns the low-field transient drift m
bility.

Figure 12 shows the transient drift mobilitym̄(t) ob-
tained from numerically solving the differential Eqs.~C4!
and~C5! for the DOS given by Eq.~36!. The decay of tran-
sient drift mobility follows approximately a power law tim
dependence liketb(b,0) for long times. Note that such

FIG. 12. Time dependent drift mobilitym̄(t) for various temperaturesT
5180– 380 K. Dashed and solid lines represent the results compute
a50 and 10 Å, respectively. In the calculation,Tc5220 K is assumed.
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long time portion can be usually observed in the expe
ments. A faster decay in the presence of tunneling inter
tions is interpreted as being due to a faster thermalizat
which is confirmed from the time evolution of occupatio
function simultaneously computed.
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