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Abstract

The results of transient transmission studies utilizing femtosecond laser pulses on n-type and p-type hydrogenated

amorphous silicon are presented. In these studies, both the pump and probe photon energies are tuned through the

exponential band tail region. The responses of the different materials are quite different, allowing the technique to

clearly distinguish between them. It is shown that while recombination is dominant in intrinsic a-Si:H, trapping be-

comes important in the doped material. A model of the experimental results gives additional insight into the density of

states in the band tail region.

� 2002 Elsevier Science B.V. All rights reserved.

PACS: 06.60.Jn; 61.43.Dq; 72.20.Jv; 84.60.Jt

1. Introduction

Hydrogenated amorphous silicon (a-Si:H) solar
cells [1], TFTs [2], position-sensitive detectors [3],

and other optoelectronic devices [4] are often made

in a p-i-n diode configuration. An understanding

of the carrier dynamics of each layer is critical for

efforts to increase device efficiencies. Toward that

end, the pump–probe technique using ultra-short

pulse lasers has been applied to a-Si:H thin films

by a number of groups [5–7]. Until recently [8],

however, the typical pump laser utilized in these

studies had a wavelength corresponding to a
photon energy of about 2.0 eV. This is significantly

greater than the bandgap of a-Si:H (�1.7 eV), thus
the pulses from the pump laser excited carriers into

the extended states.

In recent years, the development of new laser

systems has made it possible to pump a-Si:H with

intense laser pulses whose photon energy ranges

from 1.43 eV (870 nm) to 1.70 eV (730 nm). This
range corresponds exceptionally well to the expo-

nential bandtail region of the density of states and

makes these lasers ideal for pump–probe studies of

a-Si:H.
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In this report, results of pump–probe experi-
ments using pump energies in the bandtail region of

n-type and p-type hydrogenated amorphous silicon

are presented. It is believed that the experiments

are the first of their kind and will aid in the un-

derstanding of carrier dynamics in doped a-Si:H.

2. Experimental setup

The pump–probe experiments presented here

were performed using a Ti:sapphire femtosecond

(fs) pulse laser configured in a pump–probe setup

capable of monitoring transient thermotransmit-

tance on a picosecond time scale as shown in Fig.

1. The laser pulses are approximately 200 fs

FWHM and are emitted at a repitition rate of 76
MHz. The wavelength of the laser can be tuned

between 870 nm (1.43 eV) and 730 nm (1.70 eV).

The laser output is split into two beams (pump and

probe) with an intensity ratio of 9:1. At the sam-

ple, each pump pulse has an energy of roughly
5 nJ. This results in an average pump beam power

of 150–200 mW. The pump beam is collimated and

then focused to a spot of approximately 50 lm in
diameter at the sample surface.

The low intensity probe beam passes through a

half wave plate and a moveable dovetail prism

before being focused to a spot of approximately

5 lm in the center of the pump spot. The dovetail
prism is mounted on a computer controlled, mo-

torized stage which makes it possible to change the

path length of the probe beam so that the probe

pulses arrive before, during, or after the pump

pulses. The change in the transmission of the

probe pulses through the sample is monitored

using a silicon photodiode. The output of the

photodiode is measured with a lock-in amplifier
triggered at 1 MHz by an acousto-optic modulator

used to chop the pump beam. Control and data

acquisition is by means of a personal computer

using Labview.

Fig. 1. Femtosecond energy diffusion experiment.
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3. Experimental results

Transient transmission studies are reported for

three samples, all prepared by BP Solar, each

representing one layer of a standard single junc-

tion solar cell. Each sample is 500 nm thick and

was applied by plasma enhanced chemical vapor

deposition (PECVD) over specular tin oxide
(SnO2) on glass. The p-type sample was prepared

using a 30:30 gas ratio of silane (SiH4) to tri-

methylboride (TMB) to produce a-SiB:H. The

n-type sample was prepared using a 80:4 gas ratio

of silane (SiH4) to phosphine (PH3) to produce

a-SiP:H. The intrinsic sample was undoped a-Si:H.

Fig. 2 shows several typical scans of both a-Si:H

and a-SiP:H and illustrates how the data was an-
alyzed. The measured response is the normalized

change in transmission of the probe beam as a

function of delay time between the arrival of the

pump pulse and the probe pulse. There are four

scans of a-Si:H, each taken at a different photon

energy, illustrating the sensitivity of the response

to the laser wavelength. While the exact shape of

each plot depends on the sample composition and
the wavelength of the laser, some general charac-

teristics are common to each one. At t < 0, the
probe pulse arrives before the pump pulse. This

baseline value is normalized to zero [8]. As the

probe pulse is delayed in time (by changing
the position of the dovetail prism and hence the

pathlength of the probe pulse), it overlaps the

pump pulse in time and there is a sharp decrease in

the transmission. This negative spike is normalized

to one [8] and has a FWHM of about 0.5 ps. It is

essentially an autocorrelation of the probe and

pump pulses. As the probe beam is further de-

layed, there is a rapid decay of the spike to a final
residual value. The residual value at 5 ps (relative

to the normalized peak) is measured as shown in

Fig. 2. This residual transmission can be less than

the initial value (photoinduced absorption or PA)

or greater than the initial value (photoinduced

bleaching or PB) depending on the sample and the

wavelength of the laser. The residual value remains

largely unchanged for much longer (>100 ps) than
the duration of the scan (�6 ps). In these experi-
ments, the photoinduced change in transmission is

an order of magnitude greater than the change in

reflection so the residual value is a measure of the

photoinduced change in absorption.

In Fig. 3, the negative of the relative residual

value is plotted as a function of photon energy for

each sample (the negative is plotted so that in-

Fig. 2. Typical transient transmission scans for a-Si:H and

a-SiP:H and definition of residual value measurement. The four

a-Si:H curves show the influence of laser wavelength on

photoinduced absorption (increasing residual value with in-

creasing photon energy). The a-SiP:H curve shows photoin-

duced bleaching.

Fig. 3. Negative residual value as a function of light energy for

a-Si:H, a-SiP:H, and a-SiB:H on SnO2/glass. Both experimental

data and results of the model are shown. The negative residual

value for the a-Si:H sample increases (increased absorptivity)

with increasing photon energy. The residual value for the

a-SiP:H sample decreases with increasing photon energy and

the sample exhibits photoinduced bleaching between 1.575 and

1.70 eV. Error bars were determined as described in the text

and applied to all three samples, but for clarity are shown only

on the a-Si:H data.
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creases in absorptivity are positive on the graph).
For the intrinsic film (j), as the photon energy of

the pump and probe beams is increased from 1.43

to 1.70 eV, the relative magnitude of the residual

value (as compared to the spike) increases from 0.1

(10%) to 1.0 (100%). This means that there is an

increase in photoinduced absorption with in-

creasing photon energy. In stark contrast, the

magnitude of the residual value for the n-type
sample (N) decreases with increasing photon en-

ergy and changes from PA to PB at about 1.6 eV.

The p-type sample (�) maintains a relatively
constant amount of PA throughout the range of

photon energies. By performing pump–probe ex-

periments using photon energies in the range of the

exponential bandtails, it is possible to clearly dis-

tinguish different types and levels of doping in
a-Si:H, making this technique promising for use as

a sensor in the manufacturing of a-Si:H solar cells.

The error bars shown in Fig. 3 indicate the

random and systematic experimental error for the

femtosecond energy diffusion sensor as applied to

amorphous silicon samples. The error was found

by performing experiments similar to those de-

scribed above on four independent a-Si:H samples.
The covariance of the residual value at each pho-

ton energy was calculated and the maximum value

of the covariance for all photon energies was as-

sumed to be the maximum experimental error. A

value of approximately �0.13 was found. For
clarity in Fig. 3, the error bars are shown only on

the a-Si:H data, but they can be applied to the

other data as well.

4. Discussion

While a number of groups have conducted ul-

tra-fast spectroscopy on a-Si:H, the interpretation

of the results continues to be the subject of some

controversy [7,9]. It is hoped that these new ex-
periments, performed with pump photon energies

in the bandtail energy region of a-Si:H, will help to

resolve some of the controversy. Heat induced

bandgap reduction has been shown to provide a

good fit for pump–probe experiments on intrinsic

a-Si:H [5] and its alloys with germanium and car-

bon (a-SiGe:H and a-SiC:H) [8]. In the thermal

model, the pump pulse heats the sample leading to
a decrease in the bandgap. This causes an increase

in the absorptivity because the probe pulse, at a

given wavelength, is able to excite more carriers

across the reduced bandgap. Unfortunately, the

results for the phosphorus doped a-Si:H are the

opposite of those for the intrinsic material (Fig. 3)

and cannot be explained by a simple thermal

model. The results for the p-type sample are also
not fit by the purely thermal model.

A new model has been developed which pro-

vides a good fit to the experimental results for not

only intrinsic amorphous silicon, but for n-type

and p-type a-Si:H as well. As before [8], the spike

is attributed to absorption of the probe pulse by

free-carriers generated by the pump pulse. The

difference in absorptivity before and after the
pump pulse is calculated by a model which now

includes two components. One component gives

an increase in absorptivity due to the temperature

dependent reduction in the bandgap. The second

component causes a decrease in the absorptivity

due to trapping of the free-carriers generated by

the pump pulse.

Both the pump and probe pulses are assumed to
be Gaussian in shape with 200 fs FWHM. The

heights of the pulses are based on the incident

power and wavelength of the pump and probe

beams, approximately 200 mW (continuous) for

the pump and 20 mW (continuous) for the probe

over a range between 1.43 and 1.7 eV. The number

of absorbed photons, N , for each pulse is calcu-
lated from [10]

N ¼ G0 � G0 expð�axÞ; ð1Þ
where G0 is the number of incident photons, a is
the absorptivity of the material (see below), and x
is the sample thickness.

Calculation of the initial absorption of the

probe pulse (before the spike) is first based on in-
terband absorption across the bandgap into the

conduction band tail (CBT). Fig. 4 shows how the

CBT and valence band tail (VBT) states are

modeled as exponentials using the following

equations:

CBT ¼ a0c expf½E � ðE0c � bðT0 þ DT ÞÞ�=sckB
� ðT0 þ DT Þg; ð2Þ
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VBT ¼ a0v expf�½E þ E0v � hm�=svkBT0g; ð3Þ

where E is the energy (an integrating variable de-
scribed below), E0c is the bandgap (about 1.75 eV
[11]), E0v is the limit of the VBT (¼zero), a0c and
a0v are baseline absorptivities (about 104 cm�1

[12]), b is the temperature dependence of the

bandgap (3:5� 104 eV/K [13]), T0 is the initial
temperature (300 K), DT is the change in temper-
ature induced by the pump beam, sc and sv (about
2 [12]) are the slopes of the CBT and the VBT

respectively, and kB is Boltzmann�s constant. The
hm term in the VBT equation is the photon energy
of the laser light. In the model, the VBT shifts
upward by hm so that it overlaps the conduction
band. This shift represents excitation of carriers

across the bandgap and into the CBT.

For energies greater than the donor energy (Ed),
a Gaussian term is added to the conduction band

to account for additional states due to the do-

pants:

DS ¼ adh expf�½E � Ed

þ bðDT Þ�2=½adwkBðT0 þ DT Þ�2g; ð4Þ

where adh and adw are proportional to the height
and width of the donor state Gaussian. For the
doped material, the values of adh (3100 cm�1) and

adw (12.5) were initially chosen so that the total
absorptivity calculated by the model agreed with

the literature [14]. Ed is the donor state energy
(0.30 eV below the conduction band for phos-

phorus and 0.26 eV above the valence band for

boron [15]). For n-type and p-type materials, DS

represents states created by the donors or accep-
tors, respectively. For the intrinsic material, this

term is used to represent a small number of defect

states within the gap.

Fig. 4. Schematics of the density of states for a-SiP:H used to calculate absorptivity in the model. (a) The density of states before

excitation by the laser pulse. Electrons fill the VBT and the lower half of the Gaussian donor states. Empty states are available in the

top half of the Gaussian and above the conduction band tail edge. (b) The density of states immediately following excitation by the

laser pulse. Electrons from the VBT are excited into available states in the CBT and the Gaussian donor states (the top hatched area).

The total residual absorptivity is a function of this top hatched area minus a factor based on the number of electrons which become

trapped in the available donor states. The total absorptivity also includes donor state electrons which are excited into the conduction

band extended states.

258 J.T. McLeskey Jr., P.M. Norris / Journal of Non-Crystalline Solids 318 (2003) 254–261



The initial absorptivity is calculated by numer-
ically integrating the area under the overlapped

conduction and VBT curves. The integration is

performed over an energy range from E ¼ 0:5–2.5
eV using a simple trapezoidal rule algorithm [16].

The range is chosen to capture all of the significant

area beneath the exponentials and the Gaussian.

For energies below the donor energy (the center of

the Gaussian), the donor states are considered to
be full. It is assumed that carriers in these full

states are excited into the conduction band ex-

tended states and contribute to the absorptivity.

For E < Ed, the CBT (comprised of empty states)
is assumed to be a simple exponential. For energies

greater than the donor energy, the donor states are

assumed to be initially empty. For E > Ed, the
CBT is the sum of the simple exponential and the
Gaussian from the donor states, DS.

As the probe pulse is delayed in time, it overlaps

the pump pulse (defined as t ¼ 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 the initial absorption (cal-

culated as described in the previous paragraph)

and the free carrier absorption [17]:

afc ¼ k2
q3

4p2c3n�e0

Nn
m2nln

 
þ Np
m2plp

!
; ð5Þ

where k is the light wavelength, q is the charge of a
carrier, c is the speed of light, n� is the index of
refraction, �0 is the permittivity of free space, Nn
and Np are the numbers of electrons and holes, mn
and mp are their effective masses, and ln and lp are
their mobilities. The numbers of carriers, Nn and
Np, are calculated by assuming the pump is gen-
erating carriers through interband transitions into

the CBT.

Following the spike, the temperature of the film

increases as carriers thermalize to the bottom of
the conduction band extended states and, in some

cases, recombine. This increase in temperature

tends to reduce the bandgap (by lowering the

states modeled by Eqs. (2) and (4)) and causes an
increase in the absorptivity. This is the dominant

effect in the intrinsic material (Fig. 3).

For n-type material, there is often a decrease in

the absorptivity following the pump pulse

(photoinduced bleaching, PB). This cannot be due

to thermal effects. Based on the experiments re-

ported here, the authors have found that the de-

crease in absorptivity is a linear function of the
number of carriers generated by the pump pulse.

For doped material, it appears that a percentage of

these carriers become trapped in the donor states

following excitation by the pump pulse. In the

computer model of the results, the following term

is subtracted from the total absorptivity to account

for these trapped carriers:

atrap ¼ CtrapNpumpNDS; ð6Þ

where Npump is the number of carriers generated by
the pump pulse, NDS is the number of trapping
states due to the dopants (the area under the

Gaussian), and Ctrap matches the units of density
of states with absorptivity and indicates the im-

portance of trapping in the material.

In order to illustrate that the model is concep-
tually correct, it has been applied to the results of

tests on a-Si:H, a-SiP:H, and a-SiB:H, as shown in

Fig. 3. The initial values for the parameters used in

the model have been referenced above and are

included as the first line in Table 1. Slight adjust-

ments to the values were made until an acceptable

fit to the experimental data was achieved. Once the

appropriate values were determined, the uncer-
tainties in each value were found. While all the

other values were held constant in the model, one

parameter at a time was adjusted until the curve

provided by the model was just outside of the ex-

perimental error bars. Methods of further opti-

mization are being researched. Table 1 shows that

the model is particularly sensitive to bandgap (E0)
and dopant energy level (Ed). For the model of the
intrinsic film, there are no dopant states, but rel-

atively small values of adh and adw represent ab-
sorption by carriers in deep defect states within the

gap (Ed ¼ 1:0 eV). Trapping is negligible (Ctrap is
very small ¼ 1:0� 10�20 cm�1).

For the model of the n-type sample, the addi-

tion of phosphorus changes the slopes of the

J.T. McLeskey Jr., P.M. Norris / Journal of Non-Crystalline Solids 318 (2003) 254–261 259



bandtails (sc and sv) from those calculated for the
intrinsic material. A large number of states

(adh ¼ 3100 cm�1 and adw ¼ 12:5) are introduced
around the donor energy. The calculated donor

energy (Ed) is 1.47 eV which is 0.2825 eV below the
calculated conduction band energy. The trapping

of carriers generated by the pump pulse becomes

much more important (Ctrap ¼ 1:5625� 10�13
cm�1) in the n-type material than in the intrinsic

material.

The density of states for the p-type material is

considered to be symmetric to that of the n-type

material. In the p-type material, boron adds ac-
ceptor states (holes) 0.2–0.3 eV above the valence

band while in n-type material, phosphorus adds

donor states (electrons) 0.2–0.3 eV below the con-

duction band. By assuming that the low energy

holes in the p-type material behave like the high

energy electrons in the n-type material, the model

gives remarkably good results. As seen in Table 1,

the only significant difference in the model of the p-
type and the n-type materials is the value of the

donor energy (Ed ¼ 1:495 eV for the p-type mate-
rial). This would correspond to acceptor states

0.255 eV (¼ 1.75–1.495 eV) above the valence band.
Fig. 5 is a visual representation of the density of

states for the three samples as determined by the

model. Eqs. (2)–(4) are plotted using the values

from Table 1. For the a-SiB:H sample, the as-
sumptions outlined in the previous paragraph have

been applied. The vertical axes represent the rela-

tive energies of the states and the horizontal axes

represent the magnitude of the density of states in

terms of absorptivity (cm�1). In the regions where

the donor states overlap the band tail states, the

states are considered to be additive as illustrated in

Fig. 4.

5. Conclusions

The first pump–probe studies of intrinsic

(a-Si:H), n-type (a-SiP:H) and p-type (a-SiB:H)

hydrogenated amorphous silicon using pump

photon energies corresponding to the exponential
band tail region of these materials are reported.

The tests on these materials give vastly different

results. A model based on thermal band gap re-

duction and carrier trapping provides a good

fit. While recombination is dominant in intrinsic

Table 1

Values of variables used in the computer model to fit the data

Sample E0 (eV) a0c (cm�1) a0v (cm�1) adh (cm�1) adw Ed (eV) Ctrap (cm�1) sc sv

Initial value 1.75

[11]

10 000

[12]

10 000

[12]

3100

[14]a
12.5

[14]a
1.50

[15]

1:5625� 10�13 2

[12]

2

[12]

a-Si:H 1.7700 15 000 15 000 700 2.8 1.000 1:0� 10�20 0.80 0.30

� 0.0080 � 4000 þ 20 000 � 500 � 2.0 � 0.480 N/A � 0.20 � 0.25
)7000 (no trapping)

a-SiP:H 1.7525 15 000 15 000 3100� 60 12:5� 2 1.470 1:5625� 10�13 2.20 2.2

� 0.0025 � 500 þ 10 000 � 0.003 � 0:0360� 10�13 � 0.15 � 0.80
)5000

a-SiB:H 1.7500 15 000 15 000 3100� 110 12:5� 0:5 1.495 1:5625� 10�13 2.1 2.1

� 0.0050 � 1000 þ 15 000 þ 0.010 � 0:0770� 10�13 � 0.3 � 1.8
)8000 )0.005

a ––indicates that the numbers were derived from information found in the reference. Uncertainties are found using experimental

error bars as described in the text.

Fig. 5. Densities of states for each sample as determined by the

model. The data in Table 1 are applied to Eqs. (2)–(4).
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a-Si:H, trapping becomes increasingly important
in doped material. Doping changes the slopes of

the band tails so this technique also provides in-

formation about the density of states. Work in

progress is focused on the effect of hydrogen on the

bandgap and the shape of the band tails and on the

effectiveness of the technique for use as a sensor in

the manufacture of a-Si:H based devices.
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