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Abstract
The energy profile of the density of states (DOS) over the mobility gap is
determined jointly by the defect pool model (DPM) calculation and the Fourier
transform of the transient photoconductivity (TPC), for intrinsic and phosphorus
(P)-doped a-Si:H. From the Fourier transform of the TPC, we measure, as a
doping effect, an increase of the DOS around the donor energy level, at about
0.16 eV below the conduction mobility edge, and a decrease of the tail width
below this level from 21 to 15 meV. This disorder effect on the conduction band
tail caused by the P dopant is consistent with the induced doping changes in the
dangling bond defect distribution calculated by the DPM. TPC decays are then
generated by numerical simulation using this DOS distribution and compared
to experimental TPC data. All observed features in the transient photoresponse
are reproduced by the simulation, namely the short time rapid decrease followed
by the long power law decay in the intrinsic a-Si:H, and the long non-dispersive
flat region in the P-doped a-Si:H.

1. Introduction

The defect pool model (DPM) was developed following many attempts to explain the defect
formation and calculate the associated energy distribution in a-Si:H. The mechanism was
identified as a conversion of weak bonds to dangling bonds [1, 2] and hydrogen diffusion
through defects was included as part of such a mechanism [3]. The defect density of states
(DOS) distribution was determined [4, 5] using a simple chemical equilibrium description
between weak bond energy levels in the valence band tail and energy levels in the gap where
the defect is expected to be formed. This DPM was later extended to include the hydrogen
energy contribution, either through the related entropy [6] or, otherwise, using the effective
mobile hydrogen energy [7]. It is, in fact, this last version of the DPM that we shall adopt
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for the defect density calculation. On the other hand, whereas the valence band tail states are
assumed to have an exponential distribution for the defect DOS calculation, the conduction
band tail states are ignored in the DPM description. We must, therefore, seek other methods
for the determination of the conduction band tail states distribution to cover the whole gap
DOS. An exponential distribution of tail states is frequently assumed to occur as a result of
structural disorder.

In this paper, we use the transient photoconductivity (TPC) Fourier transform technique [8]
to probe the energy distribution of localized state density in the conduction band tail of intrinsic
and phosphorus (P)-doped a-Si:H specimens from their TPC responses. We then invoke the
DPM and assume an exponential valence band tail to calculate the dangling bond defect DOS
using the version in which the capture and release of hydrogen atoms by weak Si–Si bonds
are responsible for the defect creation [7]. The resulting DOS with three components of
different state types (the valence band donor-like tail states, the conduction band acceptor-like
tail states and the dangling bond equivalent one-electron states) is used for modelling the TPC
response. It is shown, through comparison with the experimental TPC curves at different
temperatures, that the doping-induced changes in the distribution of the conduction band tail
states, as determined by the TPC Fourier transform technique, are consistent with the DOS of
the dangling bond states calculated by the DPM.

2. Experimental methods

The doped sample was prepared by RF glow discharge decomposition of SiH4 with 3 vppm
PH3. Coplanar Al electrodes of 0.5 mm gap and 5 mm width were deposited on top of the film
of 1 µm thickness, and the voltage applied across the gap was 400 V (i.e. an electric field of
8000 V cm−1). For the intrinsic sample, 0.7 µm thick, the Al electrodes were interdigitated
giving an effective conduction cross section of 1.4 × 10−5 cm2, and the applied electric field
was 1.7 × 104 V cm−1. The light source employed was a Laser Science VSL337 N2-pumped
5 ns pulse dye laser, 640 nm, producing pulsed carrier densities of up to 1020 cm−3, varied
by means of neutral density filters. Single shots or low frequency (<1 Hz) laser pulses were
used to allow complete carrier relaxation. The TPC signal was amplified where necessary,
and measured using a PC-controlled Tektronix TDS380 oscilloscope as a transient recorder.
A temperature range from 120–400 K was covered using a cryostat operating at a chamber
pressure of typically 10−4 Torr. The dark Fermi level was estimated from the dark conductivity
measurement to be 0.75 and 0.50 eV below the conduction band mobility edge for the intrinsic
sample and the doped sample, respectively.

3. Simulation methods

The energy profile of the conduction band tail was determined by means of the Fourier
transform technique [8, 9]. In essence, this makes use of the fact that the frequency domain
photoconductive response of a multiple-trapping system can be related directly to the DOS, in
contrast to the time domain or transient response, which in general is a complex function of
capture, emission and recombination dynamics. The frequency domain analysis results, after
some approximations, in the expression

g (Eω) = 2

πkBT Cn

(
qµN sin (ϕ(ω))∣∣σ̂ph(ω)∣∣ − ω

)
(1)

where q, µ, N and Cn are the electron charge, mobility, pulse density and capture coefficient,
respectively. T is the measurement temperature and kB is the Boltzmann constant. ω is the
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effective excitation frequency. The probed energy scale Eω is determined by the relation
Eω = Ec − kBT ln (ν/ω), with ν the attempt to escape frequency.

∣∣σ̂ph (ω)∣∣ and ϕ(ω) are the
frequency domain amplitude and phase given by the TPC Fourier transform.

As for the remaining DOS in the gap (the valence band tail and the dangling bond band
states), we use the improved DPM described by Powell and Deane [7]. In this approach, the
occupancy by hydrogen was defined so that a weak SiSi bond can capture or release one or
two hydrogen atoms according to the chemical reactions (2) and (3) below. The bonds SiHD
and SiHHSi are, respectively, the dangling bond defect formed at a certain gap energy level
and a doubly occupied typical bond created in the valence band:

SiHD ⇔ SiSi + H (2)

SiHHSi ⇔ SiSi + 2H. (3)

The law of mass action applied to both reactions within the framework of the DPM [6] leads
to the following defect states density expression:

D(E) = γ

(
2

f o(E)

)kBT/2Evo

P

(
E +

σ 2

2Evo

)
(4)

with

γ =
(

GV 2E2
vo

(2Evo − kBT )

)(
H

NSiSi

)kBT/4Evo

exp

( −1

2Evo

(
EP − Ev − σ 2

4Evo

))
.

In equation (4), P(E) is the defect pool of a Gaussian form with σ and Ep its width and peak
position in the gap, respectively. Gv and Evo are, respectively, the states density at Ev and the
width of the exponential valence band tail. H is the total hydrogen concentration present in
pairs in the SiHHSi species, and NSiSi is the total electron concentration in the material. f 0(E)
is the occupation function of the neutral dangling bond states.

These DOS components form the electronic structure model for the TPC simulation. The
latter is performed according to a finite difference technique [10], where the conduction band
tail and valence band tail states are treated as acceptor- and donor-like states, respectively, and
the equivalent one-electron DOS is used for the divalent dangling bond states [11]:

gd(E) ≈ D(E + kBT ln 2) + D(E − U − kBT ln 2). (5)

This is divided into electron traps above the dark Fermi level EF with the electron capture
coefficient C−

nd much greater than the hole capture coefficient C+
nd , and hole traps below EF

with the hole capture coefficient C+
pd much greater than the electron capture coefficient C−

pd .
TheEF position in the gap is determined prior to the TPC simulation by considering the charge
neutrality, involving all free and trapped charges. The charge neutrality condition is maintained
at each instant throughout the simulation.

4. Results and discussion

Figure 1 shows a set of six TPC decays for the intrinsic sample at 155, 190, 225, 260, 293 and
330 K measured with an excitation density of 2 × 1014 cm−3. Figure 2 shows a contrasting
set of five TPC decays for the doped sample at 150, 200, 250, 290 and 310 K measured with
an excitation density of 1016 cm−3. Although data in both figures are shown from 10−10 s
onwards it should be borne in mind that, since the laser pulse is some 5 ns in width, the
decay does not accurately reflect multiple trapping processes for times less than about 10−8 s.
The differences between the two sets of curves are clear. While the intrinsic curves drop at
short times (1–10 ns for 330 K) to reflect the deep trapping process [12], the doped sample
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Figure 1. Measured TPC decays for the intrinsic sample at six different temperatures (155, 190,
225, 260, 293 and 330 K) with an excitation density of N = 2 × 1014 cm−3. The curves are offset
vertically for clarity.
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Figure 2. Measured TPC decays for the P-doped sample at five different temperatures (150, 200,
250, 290 and 310 K) with an excitation density of N = 1016 cm−3.

curves continue decreasing with very small slopes, indicating non-dispersive transport around
a certain shallow energy level [13]. The intrinsic curves present a long approximately power
law region between the deep trapping and the recombination regions, but the doped curves
show no intermediate transport between the non-dispersive and recombination regions. In
both sets of curves, the thermalization processes become slower with decreasing temperature,
and the corresponding TPC features shift towards longer times as a result.

The DOS distributions in the conduction band tail as determined by the Fourier transform
technique for the intrinsic sample (symbol ◦) and the doped sample (symbol ∗) are shown in
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Figure 3. Computed DOS by the Fourier transform of the intrinsic (155 K) TPC (o) and the P-doped
(150 K) TPC (∗) signals. The full curves are the conduction band tail DOS models obtained by
fitting with an exponential tail for the intrinsic case and with equation (6) for the doped case. Ed

denotes the donor band position.

Table 1. Parameters used for the DOS determination by the TPC Fourier transform technique.

µ (cm2 s−1 V
−1

) 10
Cn (cm3 s−1) 2 × 10−8

ν (s−1) 1012

figure 3. Here, the lowest temperature TPC curves (155 K for intrinsic and 150 K for doped) are
chosen to avoid overestimation of the actual DOS by the approximate DOS expression (1) [14].
The parameters used to perform the DOS analysis are given in table 1.

An exponential tail of width approximately 21 meV is obtained for the intrinsic case. For
the purposes of comparison the tail is extrapolated to a value Gc = 1021 cm−3 eV−1 at the
mobility edge Ec. This tail bends towards deeper energies at the bottom to show a minimum
situated around the level 0.4 eV below Ec with a DOS of about 1015 cm−3 eV−1. The doping
effect on the tail shape is remarkable; the DOS with energies around the donor band peak at a
certain level Ed between 0.1–0.2 eV below Ec [15] is found to increase with doping. The net
result is then, a broad distribution above Ed and a narrow tail below it, so that the conduction
band tail profile can be fitted with the DOS model:

gc(E) = Gc exp

(
E

kBTc1

)/(
1 + exp

(
Ed − E

kBTc2

))
(6)

suggesting a tail form with two different slopes, one above Ed with high characteristic
temperature Tc1 and the other belowEd with low characteristic temperature Tc = Tc1Tc2/(Tc1 +
Tc2). Least squares fitting gives Ed = 0.16 eV below Ec, Tc1 = 2143 K and Tc2 = 194 K,
resulting in Tc ≈ 178 K.

In a previous paper [16], we stated that this tail width (∼15 meV) is extremely low and is
due to a doping disorder effect on the tail form occurring around the donor level. We further
predicted that this doping effect is in qualitative agreement with the DPM since the latter
predicts a low DOS at the tail minimum. Figure 4 shows the complete DOS distributions for
the intrinsic and doped cases, including the conduction band tail profiles determined by TPC.
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Figure 4. Complete gap DOS and its components (the conduction and valence band tail states
distribution and the defect one-electron states distribution) for the intrinsic and doped cases. The
conduction band tail sections determined by the TPC Fourier transform method are included. EFi

and EFd denote the positions of the Fermi level in the intrinsic and doped samples, respectively.
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Figure 5. Simulated TPC decays (full curves) using the complete DOS models of figure 4, at
155 K for the intrinsic a-Si:H and at 150 K for the doped a-Si:H, showing good reconstruction of
the experimental TPC. The broken curve is the simulated TPC for the doped case, ignoring the
changes in the conduction band tail DOS due to the dopant.

The position of EF at 0.5 eV below Ec is obtained by adding a positive dopant charge of
2 × 1016 cm−3 in the charge neutrality equation and taking into account the new conduction
band tail distribution. The parameters used in the DPM for the valence band tail and the
dangling bond DOS components are given in table 2. These reasonable parameter values
give a good match between the DOS determined by the TPC Fourier transform and the DOS
calculated by the DPM. Using the complete gap DOS of figure 4, they also provide a good
consistent reconstruction of the original intrinsic (155 K) and doped (150 K) TPC data used
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Table 2. Parameters used for the DOS calculation by the DPM.

σ (eV) 0.178
Ep (eV) 1.27

Gv (cm−3 eV
−1

) 1021

Eov (meV) 43
NSiSi (cm−3) 2 × 1023

H (cm−3) 5 × 1021

C−
nd (cm3 s−1) 3 × 10−8

C+
nd (cm3 s−1) C−

nd/10
C+
pd (cm3 s−1) 3 × 10−8

C−
pd (cm3 s−1) C+

pd/10

to determine the conduction band tail profiles (figure 5). To highlight the necessity of taking
into account the doping effect on the conduction band tail profile in the TPC simulation,
rather than simply adding the dopant concentration in the charge neutrality equation [10], we
include, in figure 5, the simulated TPC for the doped case ignoring the doping effect on the tail
shape (broken curve). The latter is clearly very different from the corresponding experimental
TPC.

It is worth showing, for comparison and validation, the simulated TPC curves for
all temperature values and excitation densities of the experimental TPC decays given in
figures 1 and 2. These are presented in figures 6 and 7 for the intrinsic and doped cases,
respectively. It can be seen that all the experimental TPC features described above are
reproduced, namely the short time decrease followed by the long power-law decay before
recombination for the intrinsic curves and the very small slope decay before recombination
for the doped curves. The shift towards longer times of the different features with decreasing
temperature, and the saturation at high temperature of the initial flat region, are also verified.
However, there is a temperature dependence of the parameters, especially the defect capture
coefficients [17], which is not taken into account here and would prevent full reconstruction of
the TPC over the full temperature range. Although this is an interesting and potentially useful
observation, it is not the purpose of this paper to study this in detail, and we simply adjust
the values within a reasonable range to obtain curves comparable with the experimental data.
The consistency between the different DOS components, reconfirmed by the TPC simulation,
should prove the occurrence of simultaneous changes in the dangling bond defect DOS and
the conduction band tail DOS upon doping. Simultaneous changes in the dangling bond and
the conduction band tail DOS have also been measured by Longeaud et al [18] in a-Si:H as
the effects of light soaking and annealing.

5. Conclusions

The DOS distribution calculated by the DPM is matched to the conduction band tail DOS
distribution determined by the Fourier transform of the TPC to give a complete DOS model
for the TPC simulation. The TPC is simulated for intrinsic and lightly P-doped a-Si:H at
different temperatures and compared to experimental TPC data. Two main points are made in
this paper. Firstly, P-doping-induced changes in the conduction band tail DOS revealed by the
TPC Fourier transform method are consistent with changes in the defect distribution calculated
by the DPM. Secondly, the doping disorder effect on the conduction band tail profile, which
gives an increased density around the donor band peak, has to be taken into account in the TPC
simulation.
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Figure 6. Simulated TPC decays for the intrinsic sample at six different temperatures (155, 190,
225, 260, 293 and 330 K) with an excitation density N = 2 × 1014 cm−3. The curves are offset
vertically for clarity.
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Figure 7. Simulated TPC decays for the P-doped sample at five different temperatures (150, 200,
250, 290 and 310 K) with an excitation density of N = 1016 cm−3.
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