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By fitting analytical expressions for the multiple-trapping carrier transport process to 
experimentally measured transient photocurrent traces from hydrogenated amorphous silicon 
(a-Si:H) samples, it becomes possible to deduce realistic tail state distributions from the data. 
For instance: A strong Gaussian component to the valence band distribution of tail states is 
able to account for the field-independence of the hole drift mobili ty in a-Si:H samples 
prepared under high-deposition-rate conditions in an expanding thermal plasma.  
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 1. Introduction 

 
While an exponential distribution of tail states has been widely accepted as offering a good 

description of the density of localised states (DOS) near the mobility edge of both valence and 
conduction bands in hydrogenated amorphous silicon (a-Si:H) [1], discrepancies between 
experimental  data and the theoretical model have always been observed … as well as largely 
ignored. Such discrepancies include the di fference in dispersion parameters resolved from pre- and 
post-transit currents in time-of-fl ight (TOF) transient photocurrent experiments as opposed to the 
single one predicted for the exponential DOS, or the observation in some samples of field-
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 exponential distribution g(E) = g(0) exp(−E/E0), where E is the 
energy of a localised state and E0 the characteristic width of the distribution, to yield current-time 
dependencies of I(t) ∝ t−(1-α) for t<tT and I(t) ∝ t−(1+α) for t>tT. The transit time, tT, that separates the 
two power laws signals the arrival, at the back electrode of the TOF sample, of the mean of the 
carrier packet that was generated at t = 0 at the front electrode. Experimentally, tT can be resolved 
from the change of slope in the current traces as may be obvious from the curves in Fig. 1a. The 
parameter α in the power laws is related to the width of the exponential g(E) through α = kT/E0. The 
pre-transit slope is, therefore, frequently used to estimate the exponential width E0. A further 
relationship that can be used for that purpose is the electric field dependence of the carrier drift 
mobility µd = L/tTF, with L the sample thickness and F the applied field. For an exponential DOS,  
µd ∝ (L/F)1−1/α will be observed and E0 = kT/α can be extracted. 

However, the practice outlined above does not always lead to consistent results. The 
examples shown in Fig. 1 i llustrate 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 
valence band DOS. The remaining Figs. 1c and 1d relate to different samples where the current 
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traces stil l show the decaying power law that allows the extraction of the dispersion parameter α, but 
the drift mobility turns out to be field-independent at all measured temperatures. Since only a 
constant α = 1, rather than any α = kT/E0, satisfies this latter observation, an exponential DOS 
cannot explain those data. A more fundamental approach to the problem is clearly required. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. (a) and (c) Examples of a-Si:H TOF hole current transients, showing the pre- and 
post-transit power laws; (b) and (d) The hole drift mobility calculated from transients such as 
those in (a), 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  slightly  different conditions.  In (d) lines  of  constant  mobility  are  added  as  
                                                              guide to 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/field) ratio indicates that transition from the non-equilibrium 
(dispersive) to equilibrium (Gaussian) transport regime occurs at times close to carrier-packet transit 
time. This transition is caused by thermal equilibration of most charge carriers within the DOS 
distribution. It is important to note that, at low carrier densities typical 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 analysed in terms of the exponential DOS model.  

The underlying physical mechanism is easy to understand. At low carrier density, the 
equil ibrium energy distribution of localized carriers, ρeq(E), is given by the product of the DOS and 
Boltzmann functions as 
 

.)exp()(~)( kTEEgEeqρ                                                      (1) 

 
Equation (1) carries two important messages: (i) since the total carrier density must be finite the 
integral of ρeq(E) must converge at large energies independent of the temperature, which is possible 
if the function g(E) decreases with energy steeper than an exponential, and (ii) most equil ibrated 

10-7 10-6 10-5 10-4 10-310-8

10-7

10-6

10-5

10-4 applied voltage
30 V
20 V
10 V
5 V
2.5 V

a

I 
(A

)

t(s)
10 -8 10 -710 -4

10 -3

10 -2

b

 

 

24°C

5°C

-13°C
µ

d
(c

m
2
V

-1
s-1

)

L/F(cm 2V -1)

10-7 10 -6 10 -5 10 -4

10 -7

10 -6

10 -5

10 -4

10 -3

applied field
2.7 104 V/cm
1.6 104 V/cm
0.7 104 V/cmc

Holes, T=-6°Cx2

 

 

I 
(A

)

t (s)
10 -9 10 -8 10-7

10 -3

10 -2

d

21°C

0°C

-18°C

 

-13°C

5°C

24°C

48°C

70°C

µ
d
(c

m
2
V

-1
s-1

)

L/F(cm2V -1)



Study of a-Si:H tail state distributions through analytical multiple-trapping modelling 
 
 

953

carriers must occupy states whose energies are close to the maximum 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 level Ed(t). Therefore, it is straightforward to conclude 
that most carriers are equil ibrated when the demarcation level has crossed the maximum of the 
equil ibrium carrier distribution.  

For a Gaussian DOS distribution g(E) = (2/π)1/2(Nt /σ)exp(-E2 /2σ2) of width σ, the 
equil ibrium carrier distribution reaches the maximum at the energy Em = σ2/kT. Concomitantly, the 
equil ibration time teq , calculated from the condition Ed(t) = Em , is given by 
 

       ( )[ ]221 /exp kTteq σν= −   .                                                  (2) 

 
At times close to or larger than the equil ibration time, the carrier packet mean velocity levels 

off and the carrier drift mobility calculated via the transit time tT as µd = L/FtT becomes independent 
of the field and sample thickness. However, not all carriers are yet equilibrated at teq notably those 
which occupy localized states below Em. Since these carriers are responsible for the emission-
controlled post-transit current its shape remains dispersive. The pre-transit current at times shorter 
than teq is also controlled by a non-equilibrium carrier energy distribution and, therefore, it decreases 
with time. This is how an equilibrium dri ft mobility can co-exist with a dispersive shape of current 
transients. As shown in Fig. 2(a,b), the Boltzmann equilibrium cannot be established in materials 
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 
equil ibration within a Gaussian DOS distribution is il lustrated in Fig. 3, together with its effect on 
the spatial distribution of carriers in the sample. 

 

Fig. 2. Evolution in time of trapped (a) and total (b) carrier densities in a material with exponential DOS.  

 
Fig. 3. Evolution in time of trapped (a) 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  
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we have used the detailed multiple-trapping analysis of Arkhipov and Rudenko [4]. The general 
expression for the transient current can be written as 
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where the various functions and parameters such as t* are defined by the set 
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In the above, σ0 is the photoinduced carrier density, T is the temperature, k the Boltzmann 
constant, ν the attempt-to-escape frequency, Nt the total density of localized states, τ0 the free-carrier 
lifetime, Nc the density of states at the mobility edge, µ0 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 field-dependent mobilities shown by the open symbols in Fig. 1b, we obtain a DOS 
defined by the parameters NtE = 1021 cm-3, E0 = 0.04 eV for the exponential part and                                       
NtG = 2.5 × 1020 cm-3, EG = 0.02 eV, σ = 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 fi lms that gave the field-independent mobilities seen in Fig. 1d results in the values                         
NtE = 6 × 1018 cm−3, E0 = 0.04 eV, NtG = 2.5 × 1019 cm−3, σ = 0.087 eV, and EG = 0.06 eV. In this 
case, therefore, the Gaussian component dominates, as expected on the basis of the field 
independence of the mobility. Further examples and more details concerning the procedure may be 
found in Refs. [5-7].  
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