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Abstract

The results of transient transmission studies utilizing femtosecond laser pulses on hydro-
genated amorphous silicon alloys are presented. In these studies, both the pump and probe
photon energies are tuned through the exponential band tail region. The responses of the
di!erent alloys are similar, but the technique is able to clearly distinguish between them based
on their alloy composition and bandgap. It is shown that the results can be modeled as
a free-carrier absorption spike followed by a residual plateau caused by both recombination
and intraband heating. This model is adapted to work in the band tail region. � 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Hydrogenated amorphous silicon (a-Si:H) is becoming a material of choice for
terrestrial photovoltaic applications [1,2]. Amorphous silicon o!ers several advant-
ages over the more traditional crystalline silicon (c-Si). Large a-Si:H panels can be
produced by plasma-enhanced chemical vapor deposition (PECVD) at a cost well
below that of c-Si. The composition can be varied by alloying the silicon with
germanium or carbon to produce multi-junction cells to absorb light over a broader
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Fig. 1. Femtosecond energy di!usion experiment.

spectral range. Because a-Si:H has many intrinsic defects, it is less sensitive to the
presence of impurities. Those defects, however, mean that a-Si:H solar cells are less
e$cient (5}8%) than those made from c-Si (14}18%) and, thus, require larger areas to
produce the same power. In order for a-Si:H photovoltaics to become competitive
with traditional sources of grid-connected power, the cost per watt must come down
through decreases in manufacturing costs or increases in e$ciency.

In order to achieve these goals, a better understanding of the fast carrier dynamics
and of the properties of hydrogenated amorphous silicon and its alloys is needed.
Toward this end, many pump}probe transmission experiments [3,4] have been
performed. In the previous studies, a primary pump laser with a photon energy of
approximately 2.0 eV was utilized (some studies have used a secondary pump with an
energy of 1.4 eV [5}7]). A photon energy of 2.0 eV is greater than the bandgap of
a-Si:H (approximately 1.7 eV) so carriers generated by the pump are excited into the
extended states.

In the experiments described here, both the pump and probe photon energies were
varied between 1.426 eV (870 nm) and 1.700 eV (730 nm). This range includes the
exponential band tail region of the density of states for both hydrogenated amorphous
silicon (a-Si:H) and some hydrogenated amorphous silicon}germanium alloys. It is
believed that these are the "rst experiments of their kind and they help us to
understand the behavior of carriers in the band tail region.

2. Experimental setup

A schematic diagram of the experimental setup is shown in Fig. 1 [8]. The pulses
from a 76-MHz Ti:sapphire laser with a FWHM pulse width of 200 fs are separated
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into two beams (pump and probe) with an intensity ratio of 9:1 using a nonpolarizing
beam splitter. The 5 nJ/pulse pump beam is focused to a spot size of approximately
50�m and excites the sample. The low-intensity probe pulse is focused to approxim-
ately 5�m in the center of excited area. The transmission of the probe pulse is
monitored using a silicon photodiode. The time-dependent change in transmission
(�¹) of the probe pulse gives information about the decay of the excited state and
hence the material properties.

The probe beam passes through a dovetail prism mounted on a moveable stage. As
the optical path length of the probe beam is increased by moving the stage, the probe
pulse is delayed in time with respect to the pump pulse. The pump beam is polarized
parallel to the plane of incidence using a half-wave plate. To avoid detection of
scattered pump light by the photodiode, a polarizer is placed in front of the detector,
oriented so that only the s-polarized probe passes through. The pump beam also
passes through an acousto-optic modulator which `chopsa the pulse beam at a fre-
quency of 1MHz. This allows a lock-in ampli"er to monitor the detector's response to
the probe pulse at that frequency resulting in a time-dependent transmission decay
curve.

3. Results

Transient transmission studies have been performed on a 500 nm thick undoped
a-Si:H "lm. The "lm was applied by PECVD over tin oxide (SnO

�
) on glass, a typical

con"guration of the front contact for an a-Si:H solar cell with a p}i}n structure [9].
Additional studies were carried out on two a-SiGe:H samples (SiH

�
:GeH

�
gas ratios

of 60:22 and 60:44) and two a-SiC:H samples (SiH
�
:CH

�
gas ratios of 60:6 and 60:12)

of similar thickness and construction.
A typical 6 ps scan (Fig. 2) has an initial baseline value (normalized to zero) followed

by a sharp negative spike in the transmission signal. The beginning of the spike is
de"ned as t"0 and occurs as the probe pulse is delayed in time, overlapping the
pump pulse. The negative transmission spike has a FWHM of approximately 0.5 ps
and decays quickly ((1ps) to a "nal `residuala value. The residual value is also
negative (below the initial normalized baseline value) and ranges in magnitude
between approximately 10% and 100% of the magnitude of the spike depending on
the wavelength of the light. This residual value remains virtually unchanged much
longer (�100 ps) than the duration of the scan. In other words, there is a large nearly
instantaneous decrease in the transmission of the probe due to the pump (the spike),
and some percentage of this decrease remains virtually unchanged long after the 200 fs
pump pulse is complete (the residual plateau).

Each data set (a scan at a given energy) is normalized by setting the initial value to
zero and the peak value to negative one. First, the initial value was subtracted from
each point in the scan. This removed the `noisea and set the initial value to zero. The
scan was then divided by the absolute value of the peak of the large negative spike.
This forces the peak value to negative one and allows measurement of the residual
step as a percentage of the spike. This normalization of the data is necessary for
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Fig. 2. Transient transmission data for a-Si:H on SnO
�
/glass at di!erent light energies. The residual value

becomes a higher percentage of the peak at higher energies (more absorption).

several reasons. The absolute magnitude of the transmission can vary depending on
the thickness of the sample, the laser intensity (which changes as the laser is tuned
through di!erent wavelengths), and the alignment of the pump and probe beams.
Also, as the wavelength is changed, thin "lm interference e!ects and the wavelength
dependence of the refractive index (n) and the extinction coe$cient (k) must be
considered. All of this is in addition to the fact that the lock-in ampli"er is measuring
changes in transmission, not absolute values.

The residual value at 5 ps is measured as shown in Fig. 3 and then plotted as
a function of photon energy in Fig. 4. As the "gures show, when the data for the a-Si:H
sample is normalized to the peak value, the relative magnitude of the residual value (as
compared to the peak) increases as the light energy is increased from 1.426 to 1.700 eV
(870}730nm) reaching its maximum value of one at approximately 1.7 eV. The
residual values for the a-SiGe:H and a-SiC:H samples follow the same trend, but have
di!erent bandgaps and are therefore shifted in energy (Fig. 5), making the materials
clearly distinguishable. If the residual value curves in Fig. 5 are non-dimensionalized
by the estimated bandgap, the curves overlap as shown in Fig. 6.

4. Discussion

A preliminary model has been developed to describe the experimental results. The
model uses the idea presented previously by Fauchet et al. that the spike is due to
free-carrier absorption and the di!erence in probe absorption before and after the
pump pulse is due to a temperature induced reduction in the bandgap [4]. In our case,
however, the calculation is modi"ed to account for the fact that we are pumping and
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Fig. 3. De"nition of residual value measurement (a-Si:H/SnO
�
/glass). Some lines removed for clarity.

Fig. 4. Residual value as a function of light energy for a-Si:H on SnO
�
/glass.

probing in the exponential band tail region of the density of states. Changes in
re#ectivity are assumed to be small compared to changes in transmissivity and are
ignored. Therefore, changes in transmissivity are considered to be due entirely to
changes in the absorptivity of the material.

In the model, both the pump and probe pulses are assumed to be Gaussians with
200 fs FWHM. The heights of the Gaussian pulses are based on the incident power
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Fig. 5. Residual value as a function of light energy for all samples.

Fig. 6. Residual values vs. light energy non-dimensionalized by the estimated bandgap.

and wavelength of the pump and probe beams, approximately 200mW (continuous)
for the pump and 20mW (continuous) for the probe over a range between 730 and
870nm. The number of absorbed photons for each pulse is calculated from [10]

N"G
�
!G

�
exp(!�x), (1)
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whereN is the number of absorbed photons,G
�
is the number of incident photons, � is

absorptivity of the material (see below), and x is the sample thickness.
The initial baseline absorption of the probe pulse (which is normalized to zero)

is due to interband absorption across the bandgap into the conduction band tail.
For this region we use Eq. (1) with a temperature dependent absorptivity �

�
equal

to [11]

�
�
"�

�
exp� [h�!(E

�
!�¹) ]/2k

�
¹�, (2)

where E
�
tracks the bandgap (about 1.8}1.9 eV), �

�
is the baseline absorptivity (about

10� cm��), h� is the energy of the light, � is the temperature dependence of the
bandgap [12], T is the temperature, and k

�
is Boltzmann's constant.

As the probe pulse is delayed in time, it overlaps the pump pulse (de"ned as t"0).
At this point, the absorption of the probe increases rapidly and there is a negative
spike in the transmission. This is due to both interband absorption across the band
tails and free-carrier absorption, where carriers generated by the pump pulse are
pushed higher in the conduction band by probe pulse photons. Therefore, the
absorptivity in Eq. (1) at the time of the spike is the sum of Eq. (2) and the free-carrier
absorption [13]:

�
��

"� �
q�

4��c�nH�
�
�

N
�

m�
�
	
�

#

N
�

m�
�
	
�
�, (3)

where � is the light wavelength, q is the charge of a carrier, c is the speed of light, n* is
the index of refraction, �

�
is the permittivity of free space, N

�
and N

�
are the

numbers of electrons and holes, m
�

and m
�

are their e!ective masses, and 	
�

and 	
�
are their mobilities. The numbers of carriers, N

�
aind N

�
, are calculated by

assuming the pump is generating carriers through interband transitions into the
conduction band tail.

Following the spike, the carriers generated by the pump recombine and give their
energy to the "lm in the form of heat. Heat is also provided by the free carriers which
have been excited by the probe falling back to the bottom of the conduction band. The
increase in temperature of the "lm slightly reduces the bandgap of the material.
Therefore, the temperature dependent absorptivity (Eq. (2)) increases (the free carriers
have recombined so the free-carrier absorptivity, Eq. (3), is again neglected). The
residual absorption of the probe pulse is slightly increased (as compared to the initial
baseline value) and the residual transmission value (after the spike) is slightly less than
the initial baseline value.

As shown in Fig. 7, the model has been applied to the results of tests on a-Si:H and
the two di!erent a-SiGe:H samples. For these studies, the value of the baseline
absorptivity (�

�
) was "xed at 2�10� cm��. The E

�
value was varied until the model

matched the experimental data. It should be noted that while the E
�
values are higher

than the expected bandgaps of the materials, they are all shifted by the same amount
(0.25 eV) above the expected value. This discrepancy is likely due to the presence of the
tin oxide (SnO

�
) which also undergoes free-carrier absorption.
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Fig. 7. Application of the recombination heating model to the data in the exponential bandtail region.

5. Conclusions and future studies

We have performed the "rst pump}probe studies on hydrogenated amorphous
silicon and its alloys where the photon energy of both the pump and the probe is
tuned through the exponential band tail region. The transient transmittance of the
materials is similar, but the technique is able to clearly distinguish between them
based on their bandgap. This allows determination of their alloy composition. It is
shown that a recombination heating model can be modi"ed to work in the band tail
region. Similar studies on phosphorous and boron doped samples are in progress.
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