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Extended-state mobility and its relation to the tail-state distribution in a-Si:H
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The differing interpretations of drift-mobility data for electrons in a-Si:H have been examined.
On the one hand„ there are the analyses which involve the "thermalization approximation" (TA).
One such analysis, based on the density-of-states profile deduced by Spear from field-effect data,
leads to the unexpectedly high value of the extended-state mobility p t=500 cm'V 's '. Another

analysis, which assumes an exponential distribution of tail states, results in the more commonly ac-
cepted value p,„t=13 cm V ' s '. In this work, we show that both models are inconsistent with ex-

perimental data when a more thorough examination is made of the field dependence and the activa-
tion energy of the drift mobility JMq as predicted by those models. Qn the other hand, we examined
Spear's analysis, which does not involve the TA. %'e show that a thorough analysis of multiple-

trapping transport in a tail-state distribution as proposed by Spear leads to more dispersion than he

experimentally observed. Our examination is based on a newly developed computational procedure,
which analyzes multiple-trapping transport by discretizing the continuous distribution of localized
states. Apart from the relevance with respect to electron transport in a-Si:H, this work shows how a
relatively simple but accurate analysis of drift mobility and transient photocurrents can be per-
formed with a much wider applicability than the analyses based on the TA.

I. INTRODUCTION

A curious state of affairs prevails concerning the inter-
pretation of drift-mobility measurements in intrinsic hy-
drogenated amorphous silicon (a-Si:H). Whereas there is
good agreement on the value of the electron drift mobility

is~ and its activation energy as measured by different
groups on material prepared in several laboratories by the
glow-discharge technique, strongly different conclusions
concerning the extended-state mobility p,„,and the tail-
state distribution have been drawn from these observa-
tions. The electron drift mobility measured by Spear and
his collaborators' is about 1 cm V 's ' at room tem-
perature, with an activation energy of 0.13—0.14 eV in the
temperature range 150—320 K (see Fig. 1, dashed line).
In this temperature interval, transport is essentially non-
dispersive, i.e., the narrow charge packet injected into the
sample in a time-of-flight (TOF) experiment maintains its
Gaussian shape during transit, as implied by the shape of
the transient current and the independence of drift rnobili-

ty on applied field. The measurements by Tiedje, Cebul-
ka, Morel, and Abeles are in good agreement with Spear's
at high temperatures; at lower temperatures, horvever,
there is more dispersion than in Spear's data, as indicated
by the different results obtained when the electric field is
doubled (open uersus solid circles in Fig. 1).
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FIG. 1. Electron drift mobilities in undoped a-Si:H, mea-
sured in two laboratories. The dashed curve represents the re-
sults obtained by Spear et al. (Ref. 1) for electric fields varying
by a factor of 10. The solid (open) circles are measurements by
Tiedje et al. on a 3.9-pm thick sample at a field of 10 (2X 10 )
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The deduction of a correct value for the extended-state
mobility p,„,from the measured drift mobility pz is of
great importance, since p,„,is directly related to the
preexponential factor in the conductivity, and thus carries
considerable interest in the study of transport in amor-
phous semiconductors. It is also of importance for the
performance of field-effect transistors (FET's) based on
a-Si. It is therefore rather disturbing that some au-
thors' find p,„,=10 cm V 's ', whereas Silver, Snow,
and Adler estimate p,„,&500 cm V 's ', an almost
crystalline value, on the basis of the same experimental re
suits U.nexpected as Silver's assertion may be, it
nevertheless deserves careful examination, for a crystalline
value for p,„,would have drastic consequences for the
theory of the mobility edge and would open new perspec-
tives on device fabrication. Such a high value for p,„,is
also by itself surprising because it contradicts accepted
notions about noncrystalline semiconductors.

The arguments advanced by Silver and co-workers to
support this unexpectedly high mobility are briefiy sum-
marized. On the basis of highly similar transient
responses in amorphous and crystalline silicon p i npho---
todiodes it was suggested that the two types of material
have comparable extended-state mobilities. At the same
time it was shown that, in conjunction with an exponen-
tial distribution of traps extending 0.5 eV below the band
edge, a value of ju,„,=800 cm V 's ' can be used to
describe the transient space-charge-limited currents in a
n+ i n+ -a--Si:H device. Such high mobilities are con-
sistent with a lack of geminate recombination in a-Si:H,
and they would also explain the nonobservance of a
predicted initial rise in band-tail luminescence. Finally,
Silver er al. also claim that a realistic analysis of pub-
lished drift-mobility data will lead to extended-state mo-
bihty values of about 500 cm V 's '. ' A negative re-
sult in reverse-recovery experiments was first seen as fur-
ther support for a high value of the mobility, "' but oth-
er investigators' '" showed that such conclusion was
unwarranted. It is the analysis of TOF drift-mobility
measurements that will concern us in this paper. Silver
et al. base their analysis on a multiple-trapping (MT)
transport model in a density-of-states distribution similar
to the one advanced by Spear on the basis of field-effect
measurements in o-Si:H. ' Silver's analysis further uses
the thermalization depth concept, an approximation intro-
duced by Tiedje and Rose' and Orenstein and Kastner
the thermalization approximation will be indicated by TA
in what follows.

Let us now consider the analyses which lead to the
more common low mobilities. Spear's interpretation is
straightforward. ' The activation energy of the drift mo-
bility, EE, is interpreted as the energy depth below the
conduction band of a narrow range of states around an en-
ergy E, which effectively control transport during transit.
From the nondispersive character of the transient photo-
current in his experiments, it is deduced that the excess
carriers are in quasithermal equilibrium with these states.
It then follows that the proportionality factor between p,„,
and pz is (n, +n, )/n„herwn, eis the density of free ex-
cess carriers and n, the density of trapped excess charge.
Quasithermal equilibrium then leads to

SE
pe=pexi 1+ exp

g E, ) kT
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FIG. 2. Density-of-state models used in the simulations. The
dashed curve is an exponential tail with a characteristic tem-
perature T, =310 K. The solid curve consists of a linear tail
from E, to E,+0.12 eV, and is followed by an exponential dis-
tribution with T, =310 K. An alternative model to the solid
curve has a steeper linear part, shown as a dotted line. The rec-
tangle is a feature added by us in order to study the influence of
a peak in the tail-state distribution. All distributions have a cut-
off at 0.30 eV.

where g(E, ) is the density of states at the conduction-
band mobility edge, and g (E, ) the corresponding quantity
for the transport-controlling states. If E, E, —
=hE =0. 13 eV and g (E, ) /g (E, ) = 10 ' as suggested by
the field-effect data, one obtains p, ,„,=17 cm V 's
(Note that the energy is measured from the conduction-
band mobility edge at E, =0 toward midgap, as in Fig. 2.)

Almost the same value (p,„,=13 cm V 's ') was de-
duced by Tiedje et al. on the basis of a more detailed ar-
gumentation making use of the TA method. However,
the analysis of Tiedje et al. can be challengni on a num-
ber of points. The good agreement with Spear's value of
mobility would then be rather accidental. To be more pre-
cise, the TA has been developed for the analysis of
anomalously dispersive transient currents, whereas elec-
tron transport in glow-discharge a-Si:H is not strongly
dispersive in the temperature range of interest here.
Furthermore, the analysis of Tiedje et al. assumes that the
localized tail states exponentially decrease in density from
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the mobility edge downwards (Fig. 2, dashed line), which is

quite different from the distribution advanced by Spear.
We finally note that the TA itself is an approximation
whose limitations have not been thoroughly examined
(see, however, Refs. 17 and 18).

The situation concerning the interpretation of drift-
mobility data in a-Si:H can thus be summarized as fol-
lows. Interpreting p~ data on an exponentially decaying
density-of-states (IX)S) model and using the TA, Tiedje
et al.i obtain ju,„,=10 cmiV 's '. Silver et al. , on the
other hand, also using the TA and assuming a DOS of the
type deduced by Spear from field-effect measurements ob-
tain p,„,=500 cm2V 's '. Finally, Spear'~ finds

p,„,=10 cm V 's ' on assuming that transport is con-
trolled by states some 0.13 eV below the mobility edge.
However, this last analysis does not show convincingly
why the states at 0.13 eV predominate and cannot be ap-
plied to experimental results as Tiedjes, which show a
certain field dependence (dispersion} of the drift mobility.

It is the purpose of this article to examine the various
models that have been used in obtaining the contradictory
results summarized above and to see how well they can
account for the observed field and temperature depen-
dences. To this end, we make use of a new computational
technique which permits us to calculate the transient
current, the trap occupations, the transit time; and the
mobility for multiple-trapping transport in an arbitrary
distribution of traps. This technique does not involve the
TA. Although it is very accurate, it requires only simple
algebra in its mathematical tool box. This computational
approach is presented in Sec. II. In Sec. III, we examine
the TA and its application to an exponentially decreasing
DOS. This is the model proposed by Tiedje et al. to ex-
plain drift-mobility data in a-Si:H. It will be shown that
an exponential DOS is unable to explain the essentially
nondispersive transient photocurrent and the well-defined
activation energy hE of pq. We then use Spear's DOS for
a-Si:H and show that an interpretation of Spear's pz data
within this model would lead to an extended-state mobili-
ty of about 50 cm2V 's ', which is considerably larger
than 10 cm V ' s ', but still lower than 500
cm V ' s '. However, the agreement with experimental
data is rather poor, in that the drift-mobility activation
energy would be larger than observed, and would depend
on the temperature as well as on the electric field or the
sample thickness. In Sec. V, wc investigate the possibility
that additional features in the proposed DOS could give
better agreement with the pz data. One such feature has
been suggested by Marshall ' and consists of a sudden
drop in the capture cross sections for states below 0.13 eV.
Another possibility which we investigate is a peak in the
DOS around that energy.

The main conclusions of this paper, summarized in Sec.
VI, are the inappropriateness of either the exponential tail
of localized states as proposed by Tiedje or the DOS pro-
posed by Spear to explain the various aspects of available
drift-mobility data. Although our simulations suggest an
extended-state mobility p,„,=50 cm V 's ' which is
somewhat higher than deduced before, we see no way to
reconcile p,„,=500 cm2V 's ' with experimental data.

Finally, after having performed the calculations for

these particular models, we are able to better evaluate the
applicability of approximate methods as the TA. It was
found that the results of the TA are in good agreement
with our more precise method for the DOS models with
continuously decreasing densities as considered here.
However, serious discrepancies would result if the TA
were applied to more general DOS models, for which case
we show that a correct expression for the drift mobility is
the critical issue.

II. COMPUTATIONAL PROCEDURE

We assume that transport is in extended states above
the conduction-band mobility edge at energy E„andthat
the contribution of the holes to the current can be neglect-
ed (because of a large difference in the drift mobility, as is
the case for a-Si:H or because of the geometry of the
problem, as in a TOF experiment with negative top sur-
face). Free excess electrons at E, are stochastically
trapped into the localized states at energies E below E„
with the trapping probability dec per second into states
within the infinitesimal energy interval dE given by

dred(E) =g(E)dE o(E)U,

where g(E) is the density and cr(E) the capture cross
section of the traps, and where U is the average velocity of
electrons at the mobility edge. Trapped electrons will be
released to the conduction band with a probability per
second equal to

r (E)=v(E)exp( Elk T), —

where v(E} is an attempt-to-escape frequency for states at
an energy E. %e explicitly exclude transitions between
the trapping states (hopping), not only to obtain a tract-
able model, but also since Halpern has shown that hop-
ping makes a negligible contribution to the transport for
the temperature range of interest here.

Using (2}, (3), and a model g(E), one can write down
the rate equations for trapping and release in the form of
integro-differential equations. An analysis of MT trans-
port along these lines has been given by Rudenko and Ar-
khipov but„due to its mathematical intricacy, their
procedure is difficult to apply to arbitrary DOS models.
In an earlier paper we have shown how this difficulty
can be circumvented. %e replace a continuous distribu-
tion of localized states by a series of discrete levels at
equal energy intervals 5E. In this way, the integro-
differential equations become first-order differential equa-
tions with constant coefficients, which can be solved by
simple matrix methods. The time dependence of n„the
excess free-carrier density, or n;, the excess occupation of
any of the discrete levels can be obtained. These solutions
are in the form of a sum of exponentials plus a constant.

In what follows, we will assume that the capture cross
sections and attempt-to-escape frequencies are constant
over the localized levels of interest. This is not a neces-
sary ingredient of our procedure, but too little is known of
a possible variation of these quantities in a-Si:H for its in-
corporation in the calculations to be meaningful (see,
however, Sec V). In the .discretized approach, the rate
equations are the following:
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r; =v exp( E;/—kT) =r,,tI (6)

where r„~;represents the mean release time for an elec-
tron in the ith trap species, and

LTi ~~i +U +trap, i

with

N; =g(E; )5E

being the integrated density (in cm ). In (4),

(8)

and 8' '=~„,~ represents the average trapping time.
The systein of equations (4) and (5) must be completed by
an appropriate initial condition. For a TOF experiment,
this is the following:

n, (0)=no, n;(0) '=0 (i =1,2, . . . , M), (10)

where no is the density of excited carriers.
We also note that the trapping and release probabilities

are not independent quantities. They are related through
the detailed-balance condition which expresses the equali-

ty of the number of upward and the number of downward
transitions between any two energy levels in thermal
equilibrium. For transitions between a trapping level and
the conduction band, which is represented by an effective
density-of-states N, given by

X, =g(E, )kT,

detailed-balance results in the relation

' =n, (tko; —n;(t)r, (i =1,2, . . . , ~) .
dt

Equation (4) is the rate equation for the conduction band
with n, the excess density of free carriers; the M equa-
tions (5) describe the excess occupation n, of the M
discrete levels. The other parameters are given by

t„=&o+g'M;v 'exp(E;/kT) . (13)

Here, to represents the free transit time of carriers which
do not interact with the traps

to L /p, „,F, —— (14)

with L the sample thickness and I' the electric field
strength; I; is the expected number of times a carrier is
captured in the ith kind of trap during the time to:

nique, which forms the backbone of those analytical treat-
ments, makes the study of MT transport in an arbitrary
DOS rather difficult. We therefore believe that our ma-

trix approach has considerable advantages, as it also
makes the spectroscopic analysis of experimental data
feasible. Independently, Maschke, Merk, and Czaja
have used the same discretization procedure for the inter-

pretation of photoluminescence spectra in a-Si:H.
The solution of the trapping equations gives the occu-

pations of the transport states and the traps at any time
for a sample of infinite length (no carrier loss at the back
electrode). However, for the interpretation of TOF exper-
iments and drift-mobility data, it will be necessary to con-
sider samples of finite length and to relate the transit timet„to the transport parameters, the sample thickness, and
the applied electric field. This is clearly not possible with
the rate equations (4) and (5), because the position of the
carriers does not appear in these expressions. This is a
consequence of our implicit assumption of homogeneous
material, of our neglect of trap occupation statistics on
the trapping probability (no saturation of traps}, of not
taking into account diffusion, and of the exclusion of hop-
ping between the traps. (Hopping, especially when it also
involves "R hopping" between isoenergetic states, is criti-
cally dependent on the spatial distribution of the states,
and is clearly beyond the scope of our rate-equation ap-
proach. ) Fortunately, a formula suitable to our formal-
ism, and which gives a good approximation to the transit
time t„for the case of MT transport (whether dispersive
or not) has been introduced in Ing, Neyhart, and Schmid-
lin and was used subsequently ' by several authors.
This formula is the following:

v/crV=N, . M; =&;oUto ——~; to (15)

The detailed-balance relation (12) will prove very useful in
what follows. Although one should always be aware that
strictly it defines a relation between equilibrium values of
the parameters and that the application of an electric field
could distort relation (12), we will assume its validity
under the conditions normally met in a TOP experiment.

The approach to MT transport for an arbitrary DOS
sketched above is suited for the analysis of anomalously
dispersive as well as for conventional Ciaussian transport.
In Ref. 25 we not only demonstrated the accuracy of the
discretization procedure when analyzing continuous dis-
tributions, but were able to solve the "spectroscopic*'
problem of MT transport (i.e., to find a DOS which re-
sults in a given transient photocurrent) with the same ele-
mentary matrix methods. Although an analysis of MT
transport in terms of discrete levels has been presented
earlier by other authors„ the Laplace-transform tech-

t„=to 1+ g' (N; /X, )exp(E; /kT) (16)

The self-evident relation between the free and the trap-
controlled transit times, on the one hand, and the drift

with N; the density of the ith discrete trap species. The
prime on the summation sign is used to indicate that the
summation in (13) is to be performed over only those lev-

els for which M; )2. Equation (13) is easily understood,
as v 'exp(E;/kT) is the mean time a trapped carrier is
immobilized in the ith trap species [see Eq. (6)]. It is also
very natural to include only those levels for which M, )2,
because M; &2 represents "deep trapping" on the time
scale t„.

Another aspect of Eq. (13) becomes more transparent if
the detailed-balance result (12) is applicable. Substituting
(12) and (15) into (13) gives
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pq
——p,„,1+ g'(N;/E, )exp(E;/kT) (18)

Several interesting points can be noted concerning this ex-
pression. If we compare (18) to expression (1), which was
used by Spear for the analysis of drift-mobility data, ' we
see that Spear's formula is an approximation to ours. Al-
though (1) and (18) are qualitatively similar, we see that
(1}selects only one term from the summation in (18}. The
effect will be that Spear's formula underestimates p,„,
when used to fit experimental p~ data; the second effect is
that (1) wiB necessarily result in a well-defined activation
energy of the drift mobility over most of the temperature
range, where (18) would predict an activation energy
which is temperature dependent. [Of course, if one term
dominates the summation in (18), the result will be almost
identical with Spear's formula. ] Another observation con-
cerns the status of (18). The reasoning which lead Spear
to formula (1) was based on the assumption of quasiequili-
brium and nondispersive transport. ' None of these as-
sumptions were needed to arrive at (18), the only restric-
tion being the validity of the detailed-balance result (12).
[In the opposite case, one should use the full expression
(13)]. Consequently, Spear's formula (1) has wider appli-
cation than originally intended, but should be extended in
the sense of (18).

Finally, it may be useful to recapitulate clearly the
dependence of the transit time and drift mobility on the
several parameters involved. First note that t„andp~ are
controlled only by those trap levels in which an electron
falls at least twice during transit, as indicated by the
prime in (13), (16), and (18). The other traps are defined
to be deep traps. For a given IX)S with given trap param-
eters crU and a fixed p,,„„,it depends only on the sample
parameter 2 /F (and not on the temperature, as one could
intuitively assume) which traps are "deep" and which are
"shillow" [see Eqs. (14) and {15)].Note also that, accord-
ing to this definition of deep traps, a level at 0.6 eV under

E, with a high density can act as a "shallow" trap,
whereas a level with lower density at 0.3 eV can be
"deep." Deep traps will only affect the amplitude and the
shape of the transient photocurrent in a TOF experiment,
but play a neghgible role in the determination of t«and
p~. We finall notice that the way in which the capture
cross sections affect t «dapnq is through the number of
terms to be included in the primed summations. Indeed,
as long as the detailed-balance result (12) is valid, the indi-
vidual terms in these summations are not affected by an
energy dependence of the cross sections, which is exactly
balanced by the same energy dependence of v. We there-
fore conclude that an analysis of drift-mobility data is not
critically dependent on the value of the capture cross sec-
tions and the attempt-to-escape frequency, as long as the
applied electric field F is not so high as to distort serious-
ly the detailed-balance result {12). This circumstance is
quite fortunate, as not much reliable information is avail-
able on these parameters.

and extended-state mobilities on the other„

to/rtr pd/p'ext ~

gives then the following expression for the drift mobility:

We have now all the necessary formulas to analyze the
drift mobility for a given model of the DOS and for given
trap parameters. The transient photocurrent, which is
proportional to the excess density of free carriers n, (t),
can be obtained as the solution of the system of equations
(4) and (5) in the pretransit time regime, and one obtains,
in addition, the excess occupation of the traps n;(t). The
transit time t« is obtained by forming a simple summa-
tion as in (16), from which follows the drift mobility

(19)

Although the drift mobility defined by (19) is not neces-
sarily an intensive material parameter (it will depend on F
and L if transport is dispersive), it is the quantity ob-
tained experimentally, and is therefore the appropriate one
to consider in our simulations.

III. EXAMINATION OF THE TA AND ITS
APPLICATION TO AN EXPONENTIAL DOS

Since the subjects of measured and calculated mobilities
for a-Si:H and the thermalization approximation (TA)
have to a certain extent become intertwined, it serves our
purpose to start out by clearly defining what the TA con-
sists of. ' ' If at t =0, no excess carriers are injected into
the transport states of a semiconductor, they rapidly will
become trapped by the localized states, in proportion to
the density and the capture cross section of these states.
Trapped carriers are subsequently released into the trans-
port states, but here the energy depth below the transport
band at E, comes into play, The average release time for
carriers trapped in states at E~ is given by 1 ~; ln (6).
Owing to the exponential dependence of ~„i;on the ener-

gy depth, carriers trapped in states at E;=0.8 eV, for ex-
ample, will in the average never reappear in the transport
states on the time scale of an experiment (taking v=10'
s ' and kT=0.025 eV, v;,];-10 s; this value is to be
compared with a typical electron transit time of 10 s in
a-Si:H). States at E; =0.1 eV, on the other hand, will
have released their trapped electrons many times during
the same lapse of time (some 2000 times for the example
at hand). It is therefore intuitively appealing to introduce
a "demarcation energy" Eq(t) defined by

E~(t)=kT ln(vt) .

In the TA, one assumes that electrons below Eq(t) remain
frozen into the initial distribution, established roughly in
a time ~,~z ——W ' [see Eq. (9)] after the flash excitation.
Above Eq(t), the electrons are "thermalized, " which
means that their density is related to the density of free
carriers n, by the appropriate Boltzmann factor.

According to (20), the demarcation level sinks with
time into the distribution of localized states, thereby de-
populating the states above E~ and adding more trapped
charge to the states below E~ in addition to the already
present frozen-in charge, such that the total density of ex-
cess carriers remains constant. Thus E~(t) acts in the way
of a quasi-Fermi level, and the bulk of the injected
charge will be concentrated near Eq(t) in a decreasing
DOS.

~ereas the TA is a general concept which in principle
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is applicable to any DOS, practical use of it has been

made almost exclusively for the case of an exponentially
decreasing distribution of tail states (see, however, Ref. 5

and Sec. IV). This kind of analysis, introduced by Tiedje
and Rose" and Orenstein and Kastner' is often referred
to as TROK. In this work, we will indicate by TROK the
TA applied to an exponentially decreasing DOS with a
characteristic temperature T, :

g(E) =goexp( E/—kT, ) . (21)

Tiedje et al. obtain an analytical expression for the frac-
tion of free carriers (often designated as the 8 factor):

(22)

where u is the "dispersion parameter" defined by

a= 7/&, (23)

and n, and n, are the densities of free and trapped excess
charge, respectively, whereby n, +n, =no It i.s seen from
(22) that the pretransit current in a TOF experiment for
this exponential DOS will decay approximately as a power
law with power exponent —(1—a). This is in agreeqmnt
with the Scher-Montroll theory of dispersive transport
and with experimental results in, for example, a-AsiSei
(for a review, see Ref. 33).

After this brief overview of the ideas and results of the
TA (for a more complete review, see Ref. 34) it should be
pointed out that the application of these ideas to MT in
an arbitrary DOS can lead to erroneous results as dis-

cussed by Marshall and Main' and Marshall and Bar-
clay. These authors show that the TA analysis in terms
of energy-dependent release probabilities, but ignoring
variations of the DOS-determined capture probabilities,
will only be applicable in specific instances (such as ex-

ponentially decreasing DOS).
Some of the initiators of the TA have proposed a more

detailed analysis of multiple trapping. However, rather
than refining the approximations, they extend the domain
of applications to more complex cases (energy-dependent
cross sections, activated capture, etc.) while retaining the
"orthodox" thermalization-depth concept. %hereas we

certainly agree with these authors that such complicating
features should probably be incorporated into the simple
models, we feel that then there will be a need for refined
analytical methods.

Let us therefore examine the application of the TROK
model to the extended-state mobility of a-Si:H. We first
compare the density of free carriers as obtained from the
TROK analysis [formula (22)] with the result of our com-
putational procedure. To this end, we discretize the DOS
proposed by Tiedje et al. and shown in Fig. 2 (dashed)
into 20 levels, equally spaced in the energy interval (0.0
eV, 0.30 eV). For the attempt-to-escape frequency v, we
chose the value deduced in Ref. 3 (v=4.6X10" s '); the
trapping parameter 0.U is then determined by the detailed-
balance relation (12). The fact that this 20-level system is
representative of the continuous distribution was checked
by increasing the number of levels to 40, which did not
change the results at all. As expected, the free-carrier

density n, (t) so obtained as the sum of 20 exponentials
was indistinguishable from a power law with power ex-

ponent —(1—a), where a is the dispersion parameter de-
fined in (23). (In fact, a smaller number of discrete levels
can simulate approximate power-law behavior, as earlier
demonstrated by Noolandi. ) As far as the shape of n, (t)
is concerned, the only difference between our result and
(22) resides in the very-short-time behavior (r -v ')
where our computation yields a better description of the
initial trapping after the flash excitation, manifested in a
deviation from the power law. We can also compare the
absolute value of n, (t) with formula (22). Within a factor
of 2, depending on the choice of v, the agreement was
very good. We may conclude from this that the TA, ap-
plied to an exponential DOS, gives rehable results for the
density of free carriers, qualitatively as well as quantita-
tively. This conclusion is in agreement with the findings
of Marshall and Barclay.

We next turn to the calculation of transit times and
drift mobilities in TROK. As TROK was originally pro-
posed to explain anomalously-dispersive transport, we
first examine the TROK analysis for this transport mode;
the question of the application of formulas derived for
anomalously-dispersive transport to electron transport in
a-Si:H—which is mildly dispersive at most —will be dis-
cussed later. Although the definition of a transit time in
the case of highly dispersive transport is somewhat arbi-
trary (and is usually defined from the experimental point
of view as the break point in a log-log plot of current
versus time), one can agree to define t„asthe time where
the "center of gravity" of the free-excess charge reaches
the back electrode of the sample. In the TROK analysis,
this physical condition is identified with the formula

p,„,F n t no t=L, (24)

where F is the electric field and I. the sample thickness.
Neglecting o. in (22) and substituting into (24), one ob-

tains

1 /a ' 1/a
L

Rex~I'

This expression for the transit time can now be used to ex-

tract microscopic parameters from measured drift-
mobility data. If the "time-dependent drift mobility" is
defined as in Ref. 15 as

IJ&(t) =p, ,„,n, (t)/no,

one can use expression (22) to obtain

u(1 —a)
pa r =Rex',

~vt~ —a
As the drift mobility is determined for t =r„,substitution
of (25) into (27) will result in an expression which relates
the microscopic parameters p,„,and v to the experimental
quantities p~ and a. This two-parameter curve-fitting
procedure was used by Tiedje et a/. in order to obtain v

and p,„,for a-Si:H.
Under the assumption that an exponential distribution

of localized states is an adequate DOS model for the ma-



H. MICHIEL, G. J. ADRIAENSSENS, AND E. A. DAVIS

terial being studied, we now try to evaluate the errors in-
troduced by this kind of analysis of pd data.

While it is true that in the case of nondispersiue trans-
port (24) simply states that Epact« L——, in agreement with
the definition of drift mobility, we fail to see why this still
should hold in the case of dispersive transport. In order
to obtain an idea of the error introduced by the use of (25}
for the calculation of transit times, we computed t„ac-
cording to (16) after discretization of the exponential IX)S
(see Sec. ID and compared it to the result of (25). The
DOS is given by (21), with go

——10 ' cm eV ' (see Fig.
2, dashed line) and T, =310 K. The trap and sample pa-
rameters, which will also be used in subsequent calcula-
tions, are summarized in Table I. Note that they are al-
most identical with the ones in Ref. 3. The choice of the
sample thicknesses L; in Table I was dictated by the fact
that Tiedje et a/. 3 used a 3.9-p,m thick sample at fields of
10~ and 2X10 Vcm '. As it is L/F, rather than L/V
( V the potential difference} which determines the transit
time [see Eqs. (13) and (14)], our sample thicknesses Li
and L3 at the fixed field F=104 V cm ' are equivalent to
Tiedje's experimental conditions. As already explained
earlier, the choice of trapping parameter ou determines
the attempt-to-escape frequency v through the detailed-
balance condition (12) for each temperature used in the
simulations. A few results are summarized in Table II
and are compared to the result of (25}, evaluated for the
same system parameters. It is seen that the TROK
analysis overestimates the transit time by a factor which
depends on temperature. However, using L/2 of Ref. 15
instead of L of Refs. 3 and 34 in Eq. (25), one obtains
values for the TROK transit time which are in fair agree-
ment with the values from (16). The TROK analysis
would then also imply a p,„,value roughly twice as high
as the one obtained by Tiedje et a/.

By still using formula (16), we are able to reconstruct
/tq versus 1/T curves for any given DOS, given only OU

and p,„,. To test the interpretation of electron drift-
mobihty data in a-Si:H given by Tiedje et a/. in terms of
an exponential DOS, we performed such calculation, us-

ing the parameters in Table I. The results are shown in
Fig. 3; the solid (open) circles are experimental points ob-
tained by Tiedje et td. for a 3.9-}um sample at a field of
10 (2X10") Vcm ' and should be compared to curves
L3 and L2, respectively. It is seen that the good agree-
ment between experimental and calculated drift mobihties
of Ref. 3 is lost. Moreover, the simulations for the dif-
ferent sample thicknesses at a fixed field, which are
equivalent to varying the field over one decade for sample

TABLE II. Transit time according to Eq. (25) compared to
the result of Eq. (16) for an exponential DOS as in Fig. 2

(dashed); other parameters as in Table I and L =L
&
——1 pm.

Temperature
(K.)

140
166
200
250
286

t„(s)
from (25)

1.3~10-'
3.1g10-'
8.5x10-'
2.8x10-'
2.5X 10-'

t„(s)
from (16)

3.0 &&
10-'

8.8&&10 '
2.6 &&

10-'
9.8 g10-'
6.2x10-'

10

10

L)

Lp

L3 show a rather strong dependence of the activation en-

ergy ~& on temperature, sample thickness, and electric
field. Although Tiedje's measurements do show some
field dependence, the activation energy near room tem-
perature is well defined and about 0.15 eV. This is in
reasonable agreement with Spear, ' who found
bE =(0.13+0.01) eV for 150 ~ T ~ 300 K and the elec-
tric field varying over one decade. In contrast, the simu-
lation results of Fig. 3 show a strong field dependence,
and in the experimental temperature range, a strong tern-
perajure dependence of pd. Moreover, the average activa-
tion energy for 222~ T g286 K is 0.11 eV for L3 and
0.09 eV for L2 (these two cases should correspond to the
open and solid circles in Fig. 3), which is considerably
lower than otmerved experimentally. To explain the field

TABLE I. Trap and sample parameters used in the calcula-
tions of Secs. III, IV, and V.

10/T (K )

Extended-state mobility

Trapping parameters
Sample thickness

Electric field strength

Pext

LI
L2
L3
L4
p

10 cm~V 's
10-" cm'X10' cms-'
1& 10 cm
1.95)& 10 cm
3.9& 10 cm
10X 10 cm
10 V cm

FIG. 3. Calculated drift mobilit~es for an exponential tail of
localized states as considered by Tiedje et al. (Ref. 3) (dashed
line in Fig. 1). The curves marked LI, L2, etc. correspond to
the sample thicknesses given in Table I, where the other param-
eters used in the simulation are also summarized. The circles
correspond to measured values. The open circles should be com-
pared to curve L2, the solid circles to L3. The dashed curve was
obtained with the use of the incorrect formula (29a).
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and temperature dependence of hE at high temperature,

Tiedje et a/. invoke the ad hoc assumption of a "kinetic
limit to thermalization. " In our view this discrepancy

simply reflects the inadequacy of a pure exponential tail

to describe the tail states in a-Si:H.
Further support for the consistency of our method is

supplied by an alternative approach to calculate pd. To
elaborate this alternative it will be useful to briefly discuss

the drift-mobility concept, and try to elucidate some

points which are not almays clearly resolved in the litera-

ture. "Drift mobility" is not an unequivocal notion. Ex-
perimentally, it is determined according to (19) by

measuring the transit time in a TOF experiment. As al-

ready remarked earlier, this drift mobility will be a mean-

ingful (i.e., intensive) material parameter only when it is

independent of L and F, at least in a reasonable interval.

Loosely speaking, an intensive pd is equivalent to non-

dispersive Gaussian transport, whereas a drift mobility
which depends on L and F reflects anomalous dispersion.
On the other hand, in most theoretical analyses of
multiple-trapping transport, p~ is mostly defined in the
following manner. The expression is of the form

pd =pexÃc ~nx ~ (28)

where n, is the excess free-carrier density. However, n„is
define in several ways. There are essentially three ver-
sions:

pd =pextnc ~no ~

with no ——n, +n, the total injected excess charge;

Pd =Pexec ~«

with n, the trapped-excess charge; and

pd=pex«c~(% +nc} ~

(29a)

(29b)

where n,
' is the density of trapped charge, excluding ex-

cess charge in deep traps. "Deep" traps should be under-
stood in the sense explained in Sec. II. In amorphous
semiconductors and at moderate temperatures, n, is much
smaller than n„such that forms (29a) and (29b) are prac-
tically equivalent in this case. It is one of these two ver-
sions which is used in analyses based on the TA.3' '6 %e
think, however, that this is erroneous, at least in principle.
The reason is understood by considering the transit-time
formula (13) or (16). In the summation g', only those
traps are included which effectively control the transit
time, i.e., which capture an electron at least twice (on
average) during transit. In complete analogy, the expres-
sion for the drift mobility should include only the trapped
electrons which are not in deep traps, and this gives (29c).

Our computational procedure of Sec. II allows us to
calculate the drift mobility according to any of the above
expressions. As the occupation of each trap species is
known as a function of time, we simply have to add up
the trapped electron density in the "shallow" states for
(29c) (or more practically, to subtract the deep-trapped
charge from no). Expression (29c) is then found to be
only mildly time dependent and is practicaHy a constant
for t comparable to or larger than the transit time t„
given by (16) (see also the next section). Performing such

calculations, we found that drift mobilities obtained from
(18} (the curves shown in Fig. 3) are exactly the same as
the results of the alternative approach (29c}. This demon-
strates the consistency of our method and the accuracy of
the computations. Qn the other hand, a similar calcula-
tion, this time using (29a} (dashed curve in Fig. 3), gives
agreement with curve Li only for the highest tempera-
tures but comes closer to fitting the data than L& T.he
conclusion is as follows. In conjunction with expression
(29a) and the DOS used by Tiedje et al. , our computation-
al procedure gives results comparable to the ones from
Tiedje s analysis. In other words, in this instance, the use
of the TA gives only minor differences with our presum-
ably more accurate analysis. However, (29a) is incorrect
and should be replaced by (29c) as argued above. When
this is done, a more substantial discrepancy is seen be-
tween our simulations and Tiedje's analysis. Although the
TA could, in principle, give reliable results for DOS
models analogous to the exponential tail considered here,
it is not clear how (29c) could be incorporated into it.

We close this section with a short discussion of the evi-
dence advanced by Tiedje in the case of a-Si:H in support
of an exponential DOS, right up to the mobility edge, or
at least for 0.08& E &0.30 eV. The TROK model im-
plies a dispersion parameter a which is linear in tempera-
ture [see Eq. (23)]. However, the data in Ref. 3 deviate
considerably from this behavior. Moreover, DOS models
which differ considerably from the simple exponential tail
have been shown to give dispersion parameters which
are difficult to distinguish from (23). Tiedje also men-
tions the electron-spin resonance work of Dersch et al. is

on doped a-Si:H as nontransport related evidence for the
exponential DOS. Apart from the fact that the relation
between spin density in doped material and the density of
states in intrinsic material is not necessarily straightfor-
ward, we also observe that the approximate exponential
increase in spin density found by Dersch et al. extends
only up to -0.3 eV below the conduction™band mobility
edge. As the electron drift mobility is almost exclusively
determined by states above this energy, this is hardly an
argument in favor of the TROK interpretation. In our
opinion, drift-mobility data rather point to the opposite
conclusion: Our simulations show the simple exponential
tail to be in contradiction with the almost field-
independent drift-mobility activation energy observed ex-
perimentally.

IV. EXAMINATION OF THE DRIFT MOBILITY
FOR SPEAR'S DOS

In this section we apply our computational procedure to
the DOS model deduced by Spear' from field-effect mea-
surements in a-Si:H. On the one hand, this will permit us
to check the consistency of interpreting drift-mobility
data obtained by Spear' with this DOS; on the other
hand, me mill confront our results with Silver's who es-
timated p,„,to be about 500 crn V 's ' on the basis of
the TA and (29a) referring to the same experimental data

To simplify the calculations, me have represented
Spear's DOS by a linear tail, followed by an exponential
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go(b, E—)/6, 0=E—, &E&0.12 eV
(30a)

g, exp ', 0. 12&E&0.30 eV, (30b)
0. 12—E

kT,

g() =5 X 10 cm eV

g, =4X10'9 cm 3 eV

5=0.13 eV, T, =310 K .

This model has an exponential tail with the same slope as
in Tiedje's model, but is preceded by a linear part (see
Fig. 2, solid line). It can be mentioned that the linear tail
was not really a result of Spear's field-effect measure-
ments, which gave the roughly exponential part onIy;
rather, the linear tail was added to extend the DOS up to
the conduction band, and the value of go was a reasonable
estimate. We are not concerned here with the reliability
of field-effect measurements in relation to the bulk DOS;
we simply check the consistency of the model with drift-
mobility data. Needless to say that the analytical repre-
sentation (30) of Spear's field-effect results is somewhat
schematical; however, our simulations show that the cal-
culated drift mobilities are not sensitive to small changes
in the parameters of the DOS.

With the DOS given by (30) and parameters as in Table
I, we performed calculations similar to the ones presented
in Sec. III for the exponential DOS. The results are
shown in Fig. 4 and can be compared to the experimental
curve (dashed in Fig. 4). Several points should be noted.
Whereas Spear's measurements did not show any field
dependence of the drift mobility' when the field was
varied by a factor of 10, our simulations predict a rather
large influence, as demonstrated by the distinct curves for
the various sample thicknesses at a constant field
(equivalent to a field variation by a factor of 10 for fixed
sample thickness, as explained in Sec. III). We also find a
drift-mobility activation energy hE which depends on the
temperature and the field. For sample L&, &E is 0.148 eV
for the higher temperature range (222 & T &286 K) and
increases to 0.168 eV for the lower temperatures
(1S4& T & 222 K). There is also a misfit between the cal-
culated and experimental curves with respect to the abso-
lute values. For 1.&, e.g. , the factor ranges from 5 to 10.
To a good approximation, the calculated curves can be
shifted vertically by multiplying p,„,by such factor [see
Eq. (18); note, however, that p& depends on p,„,not only
by a factor, but also through the number of terms to be
included in the summation, see Eq. (15)]. As the value

p,„,=10 cm V 's ' was chosen in our simulations (see
Table I), this means that the experimental data would im-

ply an extended-state mobility of about 50 cm V 's ' if
the DOS were correct. This conclusion is not altered
when we take a capture cross section which is 10 times
larger than in Table I, resulting in au=10 cm s
The result of such calculation is shown in Fig. 5. The
curves have a better resemblance to the experimental data

10
2

L2

L3

7 8

10 IT (K j

FIG. 4. Calculated drift mobilities for the distribution of tail
states proposed by Spear (Ref. 1) on the basis of field-effect
measurements (solid line in Fig. 1). The curves marked L &, L2„
etc. correspond to the sample thicknesses given in Table I, where
the other parameters used in the simulation are also summa-
rized. The dashed curve represents Spear's experimental results.
The dashed-dotted line is based on formula (1), which was used
by Spear for analysis of these data.

in that the drift-mobility activation energy is less field
dependent, but a fit to the experimental data would now

imply an even
lardier

value for the extended-state mobility
(-70cm V 's ).

The reason for the discrepancy between our analysis
and Spear's can be traced back to the use of (1), which is
an approximation to formula (18) used in our calculations.
In Fig. 4, we have also plotted the result of formula (1)
with the same parameters substituted as in our simula-
tions (dashed-dotted line). It is clear that only slight
changes in the parameters are needed to obtain a perfect
fit with the experimental data; however, we think that a
good fit is not sufficient to obtain reliable results. If
Spear's DOS could be properly represented by one dom-
inant level, as implicitly assumed in formula (1), the in-
clusion of other levels representing Spear's DOS should
not affect the results. In this case, (1) and (18) should be
equivalent. However, our simulations show that this is
not the case, and the reduction of Spear's DOS to a single
level is unwarranted.

The second issue to be discussed in this section is the
result of Silver, Snow, and Adler, who deduced p,„,=500
cm V 's ' referring also to Spear's experimental data.
VAen we apply our procedure to the DOS models con-
sidered in Ref. S, we find p,„,values which are in good
agreement with that of Silver et a/. , including values of
several thousand cm V ' s ' for some particular models.
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(16), and this allows us to make a thorough comparison
between Inodel predictions and experimental data.

Another feature which could be checked by our simula-
tion procedure is the shape of the pretransit current. Fig-
ure 6 shows calculated pretransit current traces for
Spear's DOS. It is seen that approximate power-law
behavior for r -r„is not restricted to the pure exponential
tail. For this nonexponential DOS, one can define quite
easily the "dispersion parameter" a (1 plus the slope of
the current in a log-log plot) which is shown in the inset
of Fig. 6. The a curve agrees rather well with expression
(23) which was derived for a pure exponential tail.

V. INVESTIGATION OF OTHER DOS MODELS

10
2

I

7 8
10 /T(K )

FIG. 5. Calculated drift mobilities for the distribution of tail
states proposed by Spear; the parameters used and the meaning
of the symbols are the same as in Fig. 4, except that the capture
cross sections here are 10 times larger than for Fig. 4. The
dashed curve represents Spear's experimental results.

As we have seen in the two preceding sections, neither
of the two DOS models investigated —the exponential
DOS proposed by Tiedje et al. or the "hybrid" linear-
exponential distribution based on the field-effect measure-
ments by Spear' —gives good agreement with the drift-
mobility data. However, it seems likely that there is no
universal DOS for a-Si:H, irrespective of the origin and
preparation conditions of the material. Whereas Tiedje's
drift-mobility data exhibit a certain field dependence
when the field is altered by only a factor of 2, Spear's data
show no such dependence even for a field variation over
one decade. (Incidental as it may be, Spear's DOS seems
to give a better fit to Tiedje s data, at least qualitatively. )

One feature we further investigated is the discrepancy be-
tween Spear's p~ data and the DOS deduced from his

Conversely, applying the analysis outlined in Ref. 5 to the
DOS considered previously in this section [Eq. (30)], we
again find only minor differences with our results. This
shows once again that the TA can be successfully applied
to a certain class of DOS models. However, our simula-
tions show that none of the models considered by Silver
et a!. in Ref. 5 are compatible with the experimental data.
We considered, e.g., case 8 of Ref. 5 with Ett 0 14 eV——;.
this consists of an exponential tail with T, =812 K for
F., gE ~ED and a steeper exponential with T,'=313 K
for E ~Eo. The other parameters were taken from Ref.
5: p,z ——480 cm V s ', tTit=4. 6)&10 cm s ', the
latter value resulting from the detailed-balance relation
(12), and v=10' s ' as in Ref. 5. We performed the
simulations for a 5-p, m thick sample and for electric field
ranging from 10 Vcm ' to 5X10 Vcm '. We then
find that the drift inobility at room temperature is about
4, rather than 1 cm V 's ' as in Ref. 5. Also, there is a
considerable field dependence (dispersion) of tttq, and the
drift-mobility activation energy varies from 0.23 eV for
the lowest field to 0.17 eV for the highest, in sharp con-
trast with experiment.

One reason why this deficiency in the DOS models con-
sidered by Silver et al. was not observed lies in their use
of experimentally determined values for the transit time
t„,for which values

pext=p'd(&tr)nt(rtr)~ne(rtt )

are evaluated. In our approach, on the other hand, t« i.s
calculated according to the model parameters with Eq.

~l

286 K

I 1 l

0 100 200 300
T(K)

7
10 10

I

10 10
t(s)

FIG. 6. Occupation of the conduction band by excess carriers
at several temperatures, calculated for Spear's DOS. The curves
have the same shape as the pretransit-time photocurrent would
have for this distribution. The arrows indicate the transit time
for sample I.3 under a field F= lo Vcm '. The inset shows
the dispersion parameter a for the three curves, and is compared
to the curve a( T)=T/T, with T, =310 K (dashed}.
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field-effect measurements. As shown in Sec. IV, the main

problem is the degree of dispersion, which is absent in the
experimental data, but rather high according to our simu-

lations, as reflected by the distinct curves obtained for dif-
ferent sample thicknesses at a constant field (see Figs. 4
and 5). There are several possibilities to remedy this
discrepancy. If, for instance, there were a pronounced
peak in the DOS at a depth of about 0.14 eV below the
conduction band, this would pin the drift-mobility activa-
tion energy at about this energy and make it independent
of the applied field, the more so the higher the peak.
With such a peak, Spear's analysis based on formula (1)
would be well suited and we anticipate that our analysis
based on (18) would come in closer agreement with (1).
%e have examined such peaked distribution by adding a
pronounced trapping level with a width of 0.015 eV at
E =0.135 eV in the DOS model (30). Even when this lev-
el protrudes by only a factor of 3 above the normal back-
ground (this corresponds to the rectangle in Fig. 2), the
activation energy b,E changes by less than 0.01 eV for
moderate temperatures on changing the field by a factor
of 10. This is shown in Fig. 7. We find hE =0.14 eV, in
agreement with Spear's data. [Note, however, that one
would deduce p,„,=100 cm V 's ' on the basis of Fig. 7
and in agreement with formula (I).] We also found that
the transient photocurrent in this case differs very little
from the case without the added feature, at least on an ex-
perimental time scale. Higher peaks make b,E virtually
independent of the field even at the lowest temperatures,
but are betrayed by the shape of the current. In agree-
ment with other work, ' we find that the peak should
protrude by about a factor of 5 above the local back-

ground in order to be observable in a TOF experiment.
Another possibility which we investigated is that the

DOS used in Sec. V and analytically represented by (30) is
only one of the several models which are compatible with
Spear's field-effect measurements. In a recent publica-
tion, Hourd and Spear found that the drift-mobility data
are better fitted when the ratio go/g, [see Eq. (30)j is
about 30, rather than 12 as in Sec. IV. We therefore re-

placed the linear tail (30a) by a steeper one, with go ——10 '

cm eV ', all other parameters being kept as before (dot-
ted line in Fig. 2). This gives a ratio go/g, =25. The re-

sults are shown in Fig. 8. Shifting the curves vertically so
as to make pd = 1 cm V ' s ' at room temperature
would now result in an extended-state mobility of about
30 cm V 's '. However, the curves exhibit the same
dispersion as before and we conclude that this version of
Spear's DOS gives no better agreement with the experi-
mental drift-mobility data.

A third possibility has been suggested by Marshall''9
and consists in a change in the nature of the localized
states as one passes beyond E=0.13 eV from the tail
states into the gap states. If states below this energy pos-
sessed an appreciably smaller cross section for electrons
than those above, they would have little effect on the
propagation of the excess carriers in a TOF experiment.
Our simulations corroborate this hypothesis. For the
DOS, we took (30) with the same parameters as for Fig. 4,
i.e., U=10 cms ', a=10 ' cm; however, for the states
below 0.135 eV the capture cross section was set equal to
10 ' cm . The result is shown in Fig. 9. The four
curves now coalesce into one, reflecting the nondispersive

=1
E

10 =

10 =
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10
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Lp

L3

7 8
10/T (K )
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7 8
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FIG. 7. Calculated drift mobilities for the distribution of tail
states proposed by Spear (Ref. 1) but with a peak added at
E =0.135 eV below the conduction band (shown as the dashed
line in Fig. 2). The system parameters used and the meaning of
the syfnbols are the same as used in Fig. 4.

FIG. 8. Calculated drift mobilities for a variation of Spear s
DOS, proposed by Hourd and Spear (Ref. 2). This distribution
has the same exponential tail as used for Figs. 4 and 5, but the
linear part starts from g(E)=10 ' cm eV ' instead of 5&10
cm eV '. The other system parameters used and the meaning
of the symbols are the same as in Fig. 4.
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FIG. 9. Calculated drift mobilities for a variation of Spear's
DOS, proposed by Marshall (Ref. 19). This distribution is iden-

tical to the one used for Figs. 4 and 5 (solid line in Fig. 1) but

the capture cross sections drop abruptly from the value 10
cm' to 10 ' cm when passing the energy 0.135 eV. The other

system parameters used and the meaning of the symbols are the
same as in Fig. 4. Curves L ~

—L4 now coalesce into one.

FIG. 10. Occupation of the conduction band by excess car-
riers at several temperatures, calculated for the variation of
Spear's DOS proposed by Marshall (Ref. 19) and which exhibits

a sharp drop in the capture cross sections for states below 0.13S
eV (solid lines). The transient photocurrent would show the

same shape for times comparable to the transit time (indicated

by arrows and corresponding to sample L3). If the states with

the smaller capture cross sections are eliminated from the distri-

bution, featureless current traces result, shown as dashed lines in

the figure.

nature of the transport over the entire temperature range

that is considered. The drift-mobility activation energy is

about 0.12 eV. It is clear that one could obtain almost

perfect agreement with Spear's experimental mobility data

by slight changes in the parameters. The deduced
extended-state mobility ~ould be about 30 cm V 's
The "good fit" obtained above should not be considered as
direct evidence for the localized state distribution and the
parameters used in the simulation. A closer look at the
computations reveals that the introduction of a sharp
drop in the capture cross sections for the gap states sim-

ply eliminates any role played by the exponential part of
the DOS with respect to the calculation of the transit time
and the drift mobility. The reason why the four curves
coalesce in Fig. 9 is that exactly the same traps (those in
the linear part of the distribution) are included in the
primed summations (13), (16), and (18), irrespective of the
sample thickness. Speaking in more physical terms, the
same set of traps is visited at least twice (on the average)
and thus controls the transit time. Exactly the same re-
sult would be obtained if we considered a DOS with a
linear distribution of tail states and a sharp cutoff below,
because it is always the density multiplied by OU which
determines the trapping kinetics. This does not imply
that both models would be equivalent in all respects. The
presence of deep traps, which are inert as far as the deter-
mination of t„andpd is concerned, betray themselves in
the shape of the transient excess current. This is illustrat-

ed in Fig. 10. The solid curves give the occupation of the
conduction band at several temperatures for the DOS con-
sidered in Fig. 9, i.e., the distribution (30) with a sharp
drop in the capture cross sections for states deeper than
0.135 eV under the conduction band. One sees that the
transient photocurrent would exhibit structure for times
comparable to the transit time (indicated by arrows in Fig.
10). On the other hand, if we simply cut off the states
below 0.135 eV, almost featureless current traces would
result (dashed in Fig. 10) even at the lowest temperatures.
As the experimental TOF currents in a-Si:H do show a
power-law behavior at low temperatures for t (t,„rather
than a plateau, one could speculate that a drop in the cap-
ture cross sections as proposed by Marshall is a real
feature. However, a linear tail of shallow states and some
distribution of deep gap states would have an analogous
effect. We cannot decide on the basis of the present ex-
perirnental evidence which model is best suited to explain
the whole realm of phenomena in a-Si:H.

VI. CONCLUSIONS

In this study, we have introduced a novel method of
analyzing transient photocurrents and drift-mobility data
in amorphous semiconductors, and as a first application
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we have examined the controversy surrounding the inter-

pretation of experimental electron drift mobilities in a-
Si:H. Our general method is based on the discretization
of a continuous distribution of locilized states, and results
in a simple and accurate computational procedure which
allows the study of trap-controlled band transport ("mul-

tiple trapping") in an arbitrary DOS. Although drift-
mobility data alone are not sufficient to deduce unequivo-

cally the distribution of the tail states, it has been demon-
strated that a simulation-assisted analysis of such data can
eliminate one class of models and favor another one. In
this respect, drift-mobility measurements over a large
temperature interval give an almost unique opportunity to
obtain information on the distribution of the tail states in
the vicinity of the mobility edge, since other experimental
methods such as field effect, space-charge-limited
currents, or transient photocurrent spectroscopy are very
insensitive to these states.

With respect to the interpretation of electron drift-
mobility data in a-Si:H, we have reached several con-
clusions. In the first place, the tail-state distribution (at
least for the conduction band) seems to be different for
material obtained in different laboratories, as reflected by
the different degree of dispersion in Tiedje's data as com-
pared to Spear's. ' A second conclusion is that additional
features are needed in order to reconcile the DOS model
proposed by Spear on the basis of field-effect measure-
ments with the nondispersive drift mobility. Such
features could be a sharp drop in the DOS or the capture
cross sections for states below E=0.14 eV, or a peak

around that energy. It is interesting to note that the unal-
tered Spear model is qualitatively in better agreement with
Tiedje's data, which do exhibit a certain degree of disper-
sion at the lower temperatures.

We also found that the best fit to Spear's experimental
data was obtained with a somewhat higher extended-state
mobility (p,,„,=50 cm V 's ') than presumed before.
However, we also find that no realistic choice of the pa-
rameters used in the simulations would result in the quasi-
crystalline value p,„,=500 cm V 's ' deduced by Silver
to flt the same experimental data that are the object of our
simulation.

Finally, apart from the conclusions reached for the case
of a-Si:H, we have also discussed soine features which ap-
ply to the analysis of TOF experiments in the general case
of an amorphous semiconductor with a structured DOS in
the gap. Whereas we found only minor differences be-
tween the results of our analysis and the TA when applied
to a monotonously decreasing DOS, more substantial
differences would arise in the general case (see, e.g., Ref.
41). It then becomes important to distinguish properly be-
tween shallow and deep trapping, as discussed with
respect to formula (29).
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