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STUDY OF a-Si:H TAIL STATE DISTRIBUTIONS THROUGH ANALYTICAL
MULTIPLE-TRAPPING MODELLING*
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By fitting andytical expressions for the multiple-trapping carrier transport process to
experimentally measured transient photocurrent traces from hydrogenated amorphous silicon
(arSi:H) samples, it becomes possible to deduce redistic tail state distributions from the data.
For instance: A strong Gaussian component to the valence band distribution of tail statesis
able to account for the field-independence of the hole drift mobility in a-Si:H samples
prepared under high-deposition-rate conditionsin an expanding thermal plasma
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1. Introduction

While an exponential distribution of tail states has been widdy accepted as offering a good
description of the density of locdised states (DOS) near the mobility edge of both valence and
conduction bands in hydrogenated amorphous silicon (a-Si:H) [1], discrepancies between
experimenta data and the theoreticadl model have aways been observed ... as well as largey
ignored. Such discrepancies include the difference in dispersion parameters resolved from pre- and
post-transit currents in time-of-flight (TOF) transient photocurrent experiments as opposed to the
single one predicted for the exponential DOS, or the observation in some samples of fidd-
independent drift mobilities together with dispersive transport characteristics.

Traditionally [2], the multiple-trapping transport equations that are used to describe the TOF
signals are solved for the case of an exponentia distribution g(E) = g(0) exp(-E/E), where E is the
energy of alocalised state and E, the characteristic width of the distribution, to yidd current-time
dependencies of I(t) O t™9 for t<ty and I(t) O t**? for t>t;. The transit time, tr, that separates the
two power laws signals the arrival, a the back éectrode of the TOF sample, of the mean of the
carrier packet that was generated at t = 0 at the front dectrode. Experimentdly, tr can be resolved
from the change of slope in the current traces as may be obvious from the curves in Fig. 1a. The
parameter a in the power laws isrelated to the width of the exponential g(E) through a = KT/E,. The
pretransit slope is, therefore, frequently used to estimate the exponential width E,. A further
relationship that can be used for that purpose is the dectric fidd dependence of the carrier drift
mobility g = L/ttF, with L the sample thickness and F the applied fidd. For an exponentia DOS,
g O (L/IF)YY will be observed and E, = KT/a can be extracted.

However, the practice outlined above does not always lead to consistent results. The
examples shown in Fig. 1 illustrate the point. Figs. 1a and 1b show hole current transients and drift
mobility field dependences from samples that exhibits the behaviour expected for an exponential
vaence band DOS. The remaining Figs. 1c and 1d rdate to different samples where the current
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traces still show the decaying power law that allows the extraction of the dispersion parameter a, but
the drift mobility turns out to be fied-independent at all measured temperatures. Since only a
constant a = 1, rather than any a = KT/E,, saisfies this latter observation, an exponential DOS
cannot explain those data. A more fundamental approach to the problemiis clearly required.
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Fig. 1. (@) and (c) Examples of aSi:H TOF hole current transients, showing the pre- and

post-transit power laws; (b) and (d) The hole drift mobility cd culated from transients such as

those in (8), respectively (c). The two kinds of symbols correspond in (b) to two samples

deposited in identical conditions but having different thickness, and in (d) to two samples

deposited in dlightly different conditions. In (d) lines of constant mobility are added as
guideto the eye.

2. Analytical multiple-trapping expressions for TOF transients

Experimental observation of dispersive current transients together with the drift mobility
independent of the (thickness/fiedd) ratio indicates that transition from the non-equilibrium
(dispersive) to equilibrium (Gaussian) transport regime occurs at times closeto carrier-packet transit
time. This transition is caused by therma equilibration of most charge carriers within the DOS
distribution. It is important to note that, at low carrier densities typica for TOF measurements,
carrier equilibration is possible only if the DOS function decreases with energy steeper than an
exponential function [3]. Therefore, current transients, which combine characteristics of both
dispersive and equilibrium transport, cannot be anal ysed in terms of the exponential DOS modd.

The underlying physical mechanism is easy to understand. At low carrier density, the

equilibrium energy distribution of localized carriers, p(E), is given by the product of the DOS and
Boltzmann functions as

Pe (E) ~ 9(E) exp(E/KT) . @
Equation (1) carries two important messages: (i) since the totd carrier density must be finite the

integral of a4(E) must converge at large energies independent of the temperature, which is possible
if the function g(E) decreases with energy steeper than an exponentid, and (ii) most equilibrated
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carriers must occupy states whose energies are d ose to the maxi mum of the product. g(E)exp(E/KT).
Note that, under the dispersive transport conditions, most carriers are temporarily localized in the
states with energies around the demarcation levd Eq4(t). Therefore, it is straightforward to conclude
that most carriers are equilibrated when the demarcation level has crossed the maximum of the
equilibrium carrier distribution.

For a Gaussian DOS distribution g(E) = (2/)Y*(N; /0)exp(-E? /2¢%) of width o, the
equilibrium carrier distribution reaches the maximum at the energy E,, = ¢?/kT. Concomitantly, the
equilibration timete, , calculated from the condition E4(t) = En, is given by

ty =V explo2 /(kT)ZJ . )

At times closeto or larger than the equilibration time, the carrier packet mean ve ocity levels
off and the carrier drift mobility caculated via the transit time tr as 14 = L/Ftr becomes independent
of the fidld and sample thickness. However, not all carriers are yet equilibrated at teq notably those
which occupy localized states blow En. Since these carriers are responsible for the emission-
controlled post-transit current its shape remains dispersive. The pre-transit current at times shorter
than te, is aso controlled by a non-equilibrium carrier energy distribution and, therefore, it decreases
with time Thisis how an equilibrium drift mobility can co-exist with a dispersive shape of current
transients. As shown in Fig. 2(ab), the Boltzmann equilibrium cannot be established in materias
with an exponential DOS function which leads to permanently dispersive shape of the carrier packet
in sample fabricated from such materials. The process of carrier thermalisation that leads to an
equilibration within a Gaussian DOS distribution is illustrated in Fig. 3, together with its effect on
the spatial distribution of carriersin the sample.
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Fig. 2. Evolution in time of trapped (8) and total (b) carrier densitiesin a material with exponential DOS.
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Fig. 3. Evolution in time of trapped (8) and total (b) carrier densities in the material with Gaussian DOS.
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In order to examine TOF transients as shown in Fig. 1 with a combined DOS

g(E) :kexp[__E]+(£] NtG exp[_(E_IZEG) ] 1 3)

E, E, T g 20

we have used the detailed multiple-trapping analysis of Arkhipov and Rudenko [4]. The genera
expression for the transient current can be written as

i(t) =eu(t)(o, / L)F —elo, ILA®(X)(M),  t<t,
i) = eu(t)(o, / LIF{L-exp(= A@) + Alt, )]} - elo, / L)A() (@)
{00 -exp(-At) + At )L OF,  t>t,

where the various functions and parameters such ast™ are defined by the set

X0 -%tLO]=L;  xt)=L;
AW = [ ) A =60+ 0] 7 )];
1/6(t) = IOEd “dE[g(E)/ N, |exp(E/KT); 1/7(t) = (UU1,) j:m dEg(E)/N,; (5

Ey =KT In(ut); p(t) = 6L+ OM)]™ 1y
%M = [ dueE; ()0 = [ due)Eepl-[A0-A@)D

In the above, gy is the photoinduced carrier density, T is the temperature, k the Boltzmann
constant, vthe attempt-to-escape frequency, N; thetotal density of localized states, rthe free-carrier
lifetime, N, the density of states at the mobility edge, 14 the free-carrier mobility. The equations are
able to describe both dispersive and equilibrium transport regimes as well as transition from the
former to the latter.

Using the above set of equations (3)-(5) to fit the TOF transient currents of the sample that
resulted in the fid d-dependent mobilities shown by the open symbols in Fig. 1b, we obtain a DOS
defined by the parameters N = 10* cm®, E, = 0.04 eV for the exponentia part and
N = 2.5 x 10®° cm?®, Eg = 0.02 eV, o= 0.09 eV for the Gaussian function. In other words, the
exponential component dominates the tail states of this sample. The same exercise for one of the a-
Si:H films that gave the fidd-independent mobilities seen in Fig. 1d results in the values
Nge = 6 x 10% em™, E; = 0.04 eV, Nig = 2.5 x 10*° cm ™3, 0 = 0.087 eV, and Eg = 0.06 €V. In this
case therefore, the Gaussian component dominates, as expected on the basis of the fidd
independence of the mobility. Further examples and more details concerning the procedure may be
found in Refs. [5-7].
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