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Transient photoinduced optical absorption (PA) was used to study the transport, trap-

ping, and recombination of excess electrons and holes in hydrogenated amorphous

semiconductors with tetrahedral bonding. The materials studied were a-Si:H, a-Ge:H, a-

GaAs:H, and the binary alloy systems a-Si„Ge~ .H and a-Si~C& „.H prepared by

sputtering or glow discharge. In materials with optical energy gaps E~ ) 1.25 eV the ab-

sorption arises from transitions between carriers trapped at deep-lying defects and the

band edge. This mechanism leads to a threshold in the induced absorption spectrum

below E~, In those compounds with E~ & 1.25 eV the PA spectrum consists of a single

symmetric band whose shape can be well explained if absorption is due to photon-assisted

hopping of small polarons bound to defects with 0.32 —0.40-eV binding energy. The tran-

sition between these two spectral shapes as composition is varied appears to be discon-

tinuous. Recombination of these excitations is found to follow bimolecular diffusion-

limited kinetics that involves dispersive transport. The time-averaged mobility in a-Si:H
was on the order of 10 cm /V s at room temperature and decreased with decreasing

temperature as exp(T/T~ ). A model for this unusual temperature dependence is pro-

posed.

I. INTRODUCTION

The properties of amorphous tetrahedrally bond-

ed semiconductors under illumination have recently
been studied by various techniques including photo-
conductivity, ' photoluminescence, and optically
induced paramagnetic resonance. ' The results

showed important qualitative similarities to anoth-

er class of amorphous semiconductors, the chal-

cogenide-based glasses and amorphous arsenic.
The electronic excitations in amorphous semicon-

ductors differ from those in their crystalline coun-

terparts through the presence of a relatively high

density of localized states, which may be populated

by photoexcited carriers, and where electron-

electron and electron-phonon interactions may be
enhanced. In the tetrahedrally bonded materials

there is a poorer understanding of these states in

terms of atomic structure and chemical bonding,

particularly regarding the nature of states which

may be characterized as structural defects than in

the chalcogenide glasses. In both classes of materi-

als, the details of the dynamical processes involv-

ing optical and phonon-coupled transitions to and

from these states (electron and hole transport, ther-

malization, and recotnbination) are not well

known.
Investigation of the tetrahedral materials has re-

ceived additional impetus from the technological
potential of hydrogenated amorphous silicon (a-
Si:H). Most proposed applications for a-Si:H are
based on its optoelectric (photovoltaic and photo-
conductive) properties: a better understanding of
the photoexcited state is important for the develop-

ment of these devices.
This paper presents new results on photoinduced

optical absorption (PA) below the absorption edge
in hydrogenated amorphous tetrahedrally bonded

semiconductors which was reported previously.

The spectrum of the induced absorption is entirely

unlike that of photoexcited free carriers in crystal-
line Si.' In some of the materials studied, the in-

duced absorption mechanism appears to be associ-
ated with defect states in the gap in a similar way

as proposed for the interpretation of the PA band

and electron spin resonance (ESR) in chalcogenide
glasses'; other studied materials have PA spectra
which indicate that photoexcited carriers may form

small polarons.
The recombination kinetics of electrons and

holes has also been studied with this technique.
Indirect information about the mobility of the
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recombining nonequilibrium electrons can be ob-
tained which shows the influence of localized
states on transport in a-Si:H and related materials.

Section II presents a description of the experi-
mental procedures. In Sec. III the method of data
analysis is discussed. The experimental results ap-
pear in Sec. IV and are followed in Sec. V by a
general discussion and interpretation of the PA
mechanism and of the recombination kinetics. A
brief summary and conclusion appear in Sec. VI.

II. EXPERIMENTAL

A. Samples

The experiments were performed on films of
various compositions prepared at different labora-
tories by the sputtering and glow-discharge
methods. The composition, preparation technique,

energy gap, thickness, and substrate for all samples
are given in Table I. The main group of samples
were l —3-pm thick glom-discharge Si and Ge, and
binary alloys of Si with Ge and C whose composi-
tions were determined after deposition by mi-
croprobe. %e also used glow-discharge a-Si:H
samples doped n and p type by the addition of 1

vol% PH3 or 82H5, respectively, in the discharge
plasma. The sputtered samples included both hy-
drogenated (H2 partial preSsure was 8&10 Torr)
and nonhydrogenated a-Si and hydrogenated a-
GaAs. One a-Si:H sample (no. 11) was a 14-pm
thick film on an etched a-Si substrate; this ar-
rangement minimizes thin-film interference effects
because of the reduced infrared reflectivity of the
sample-substrate interface. All other sputtered
samples were 1-pm thick and on glass substrates.

%henever possible, samples were mounted with
the substrate side facing the laser. Since the sam-
ples are optically thick at the laser wavelength,

TABLE I. Composition, preparation technique, energy gap, thickness, and substrate for
all samples. (NA denotes not available. )

Sample Composltlon
Preparation

method'
Optical energy

gap Substrate
Film

thickness

1'
2
3
4
5
6
7
8
9
10
11'
12
13
14
15
16'
17'
18
19
20

Si:H
Slo 93Geo p7.'H

Sip SsGeo )s.H
Slo soGep 2p'. H
Sio s9Geo4, H
Slo.59Geo.41 H
»o.44Geo. s6:H
Sio 3sGep 6s.H
Slp ~7Gep 83'.H
Ge.H
Si:H
Si:H
SiH
Si
GeH
SiH
Slo 73Cp 27'.H
GaAs H
Si.P H
Si.B H

GD
GD
GD
GD
GD
GD
GD
GD
GD
GD
SP
SP

SP
SP
GD
GD
SP
GD
GD

1.65 eV
1.60
1.55
1.51
1.36
1.36
1.26
1.20
1.07
0.95
1.65
1.6S
1.65

1.6S
1.96
1.26

glass
glass
glass
glass
glass
glass
glass
glass
glass
glass
c-Sl

glass
glass
glass

A1203
AlpO3

glass
glass
glass
glass

NA
1.2 pm
NA
1.4

NA
1.8
1.1
2.6
0.9
NA
14

NA
1.09
NA
10

NA
NA
NA.

NA
NA

'GD=rf glom-discharge decomposition of Si:H4 in Ar on heated substrate; SP=sputtering in
Ar or Ar-H2 atmosphere, heated substrate.
Defined as intercept of (afgco)'» vs fico.

'Source: IBM San Jose (Guarnieri and VA'eder).
Source: Harvard University (Paul and Paesler).

'Source: IBM Yorktown Heights (Brodsky).
Source: Xerox Palo Alto (Street and Knights).



pump absorption took place near the sample-

substrate interface.

B. ExpefimeIltal RppsfgtUs fof stcRdg-ststc PA
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FIG. 1. Experimental arrangement for steady-state

induced absorption CH1, 2 choppers; FI ir suppressing

filter; F2 long-wavelength pass filters; F3 order-sorter

filter; MI —M5 mirrors; ir tungsten or Opperman ir

source; C cryostat; TC thermocouple; H beater; 8 sam-

ple; SH laser shutter; SD scanning drive; 0 detector.

An appal atus which. Was dcslgncd and construct-

ed to measure laser-induced transmission modula-

tion with spectral resolution over the range of
transparency of the samples, roughly 0.2 —1.8 eV

in probe photon energy is shown in Fig. 1. The
excitation source (pump) was a 2-W Ar+ laser.

An argon-pumped Rhodamine 66 dye laser was

also used in some experiments. The laser was

mechanically lnterIuptcd by R choppcI' whose flc-
quency was derived from a lock-in reference oscil-

lator. Residual thermal ir in the pnmp was filtered

out. Typically the laser power absorbed by the

sample was about 30 mW. The illuminated area

was 3.5&10 cm, hence the absorbed Aux was

=2.0X10' photons/cm s at hv=2. 41 eV. Cali-

brated neutral-density filters were used to vary the
incident intensity by factors from 0.7 to 0.01.

The ir probe system consisted of a source, toroi-

dal focusing and collecting mirrors, and 0.25-m

monochromator and detector. For probe
wavelengths shorter than 2.5 pm, a 650-%
tungsten lamp was used with R room-temperature

PbS photoconductor detector. The source was fil-

tered to include only wavelengths to which the

sample is normally transparent. At longer

wavelengths we used an Opperman source and

liquid-nitrogen-cooled PbSe photoconductor. The
monochromator was equipped with a variable-rate

scanning drive, appropriate gratings (148, 295, 590,

and 1 lg0 lines/mm), and order-sorting filters were
used to cover the required wavelength range. The
probe beam power was adjusted so that the
transmitted intensity never exceeded the limits of
linear response of the detectors. Samples were
mounted on a liquid-nitrogen or liquid-helium
coldfinger in an optical transmission Dewar and
positioned at the central focus of the probe optical
system. The ir spot was adjusted to be completely
within the region of the sample illuminated by the
pump. Sample temperature could be varied from
about 10 to 315 K.

Steady-state PA experiments Iequired the mea-
surement of the fractional transmission modula-
tion. AT/T, as a function of sample composition,
temperature, laser wavelength and intensity, and
probe wavelength. Determination of the ratio
AT/T was done by first Ineasuring the transmis-
sion T with thc lascl off. Thc chopped lascl beam
was then Rllowcd to 111UIDlnatc thc sample. Thc
lock-in signal was then proportional to the syn-
chronous component of the transmission modula-
tion AT. Different probe and pump beam
choppers were used; both were run at 160 Hz and
a corrcctlon was made fol thc slight vanation of
the lock-ln response to the waveforms produced by
the different blade geometries.

Under certain conditions the laser excited photo-
luminescence (PL) from the sample which was
inevitably collected, analyzed, and detected along
with thc transmission modulation signal. Lumi-
nescence bands ln a-SI~GC& ~.H occur ln the re-

gion from 0.7 to 1.5 eV. Since this spectral region
overlaps the PA band, filters cannot be used to
prevent. unwanted PL from reaching the detector.
The PI. signal is also synchronous with the pump
but is 180' out of phase with the transmission
modulation caused by induced absorption, hence
the two effects tend to mutually cancel. To com-
pensate for this, the PL intensity was separately
measured by blocking the probe beam, while allow-

ing the laser to excite the sample and recording the
lock-in response. The true AT/T is then the
difference of the measured AT and PL signals, di-
vided by T. In the worst case the PL signal had a
magmtude comparable to kT.

Most data taking was done by repeating these
two (or three) measurements of T and hT (and PL
lntensit//) point hp point as some parameter was
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varied. However, for measuring the spectrum of
b, T/T it was necessary to use a different procedure
to allow a continuous scan of probe wavelength.
This was done by making separate chart recordings
of T, hT, and PL intensity versus probe wave-

length, digitizing the three curves, and computing
the true b T/T at closely spaced discrete points. A
sampling interval of 0.003 eV was chosen; this is
below the resolution limit of the experiment to en-

sure no loss of information. Typically data was

taken in three or four overlapping probe
wavelength ranges; hT/T was plotted and adjusted
to coincide in the overlap region. The limiting
sensitivity of the experiment was b, T/T =5)&10
determined by detector dark noise and the con-
straint of staying in the linear-response region of
the detectors.

The temporal response of PA to excitation by
0

200-ns pulses at 5700 A was also measured. This
work has been presented in a previous publication.

AT
=f&(ha/aL)+f2hn, (2)

where

T(R 2e —ad cad)

(1—R)
(3a)

(n 1)(1—R—)'

sion coefficient has the familar wavelength-depen-
dent thin-film form:

( 1 R)2 —ad
T=

+g e 2ad 2g cos

If we consider the effects of a small modulation of
cx and n within the pumped layer on the absorp-
tion, front-surface reflectivity, and phase shift of
the film to first order only, then the fractional
transmission modulation can be written"

—(1+R)cos25

III. ANALYSIS

The transmission modulation spectrum of a thin
film produced by small changes (ha, bn) in its
optical absorption coefficient and refractive index
is not a simple function of frequency because of in-

terference effects. In this section a straightforward
averaging procedure is derived which can eliminate
these effects and allow the spectrum of induced ab-
sorption to be determined from AT/T under cer-
tain conditions. In addition, we discuss ways to
distinguish refractive-index changes from induced
absorption, and the effects of temporal and spatial
variations of hn and An on the transmission
modulation. Finally, changes in the transmission
due to thermal modulation of the sample are con-
sidered.

A. Thin-film interference effects

Interference effects in modulation spectroscopy
of thin films have been treated by Subashiev' for
the case when the absorption a and refractive in-
dex n are uniformly perturbed across the film
thickness. Under our actual experimental condi-
tions the optical constants are perturbed only in a
thin layer within one laser light absorption depth
(aL ') of the film front surface. Taking the optical
properties of the transparent substrate to be equal
to those of the vacuum, the unmodulated transmis-

+2m(n —1)(1—R)
A,cLL

(3b)

In the above formulas n and a are the unmodulat-

ed refractive index and absorption coefficient of
the sample, R is its Fresnel reflectivity, A, is the
probe wavelength, and 5=2vrnd/1, is the optical
phase shift per pass. The expressions (1), (3a), and
(3b) are valid for probe light whose longitudinal
coherence length greatly exceeds the film thickness

The coefficients f&,f2 are plotted in Fig. 2 as a
function of normalized probe photon energy for
two sets of sample parameters. The optical con-
stants a, n are taken as independent of energy to
show the interference structure. Note that f &

is a
negative definite function while f2, the coefficient
of An, exhibits oscillatory sign changes. The in-
terference pattern of f~

is a sign-reversed replica of
T (same peak positions and fringe contrast) but the
oscillations in f2 increase in amplitude with in-

creased energy. These qualitative characteristics
help to distinguish whether induced absorption or
induced index changes make the dominant contri-
bution to AT/T.

In the modulation spectroscopy experiment, phy-
sically interesting information about the material is
contained in the spectrum of b,a(hv) and b,n (hv),
but as seen in Fig. 2 interference effects can easily
obscure this. To minimize the quasiperiodic fringe
pattern associated with the coefficients f&

and f2
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f2
———0.17+(4 X 10 ') cos'25 .

Hence the relative contribution to AT/T from in-

dex modulation is small and the presence or ab-
sence of sign changes in the nonaveraged AT/T
can be used to judge when it exists.

Ol

0
j

~ e z I ~ ~ ~ ~ ~
~ ~

C 4

-0.5—
l

~ 4
~ ~

FIQ. 2. Coefficients of 5T/T, f ~ (broken hne) and

f, (sohd lmes), vs probe photon energy for 8=0.3,
g=3.5, d=10-'cm, aL, =10'cm '. In (a) ~

(b} e =-0.5.

it is desirable to work with the cycle-averaged rela-

tlvc transmission modulation, dcflncd as

8. Nonuniform optical constants

In Scc. III A lt was assumed thRt pcrturbatlon of
the optical constants occurs uniformly in a thin
layer within o.I from the front surface. In the
more realistic case where Ao, and An have continu-
ously varying profiles Atr(z), An (z) through the
film, thc transmission IIlodU1Rtlon dUc to lnduccd
absorption in a film of thickness d is, neglecting
interference effects:

AT
0

=exp — Aa(z)dz

d=—I ha(z)dz .

When a and n vary slowly on the scale of the
fringe period F =bc/2nd then this quantity is

given by

Stncc thc cocfftctcnt f t ts strtcfly pcrlodlc, tt aver-

ages to a constant. But f2 contains a term propro-
tional to (sin25)/A, ; this gives rise to a small resi-

dual oscillation in f2. It can be shown" analyti-

cally that

f2
——g 8" — cos" 25+K„, (6b)

A " „(—1)"
2 „0 n+1

where in (6b)

(1—R) e 2Re9=
l+P 2 —ad '

1 +g 2 —ad

n+1
I II odd

( +n1)2" ' +—,(n+1) '

K =
0, n even.

If the film has refractive index n and An g~ rt

everywhere, then it can also be shown" that to
lowest order in Av the transmission modulation be-

AT —4n j An (z)dz .
d(n +1)

Hence, for the bulk samples AT/T depends to first
order on the integrated (or total) induced absorp-
tion or index change and is insensitive to their pro-
files. The results of Sec. III A for the steady-state
cycle-avcI'aged transmlsslon IDodulatlon can thcrc-
fore be taken over to the case of nonuniform per-
turbation if the quantities Aa/at. and hn are re-
placed by suitable average values over the region of
strong laser absorption.

For the time-resolved induced absorption AT/T
is given by

d—(t)=— Aa(z, t)dz .
0

When the space and time dependence of the in-

duced absorption are coupled, then the time decay
of hT/T cannot be easily interpreted unless the
form of Aa(z, t) is already known.

C. IIwolometric effects

For typical sample parameters (8 =0.3, trd =0) fz
can be approximated by

The photons of the periodically interrupted
pump beaIn are strongly absorbed by the sample,
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(13a)

(13b)

Using a simplified formula for AT/T which
neglects interference effects and taking the sensi-
tivity of the experiment to be AT/T & 10,we
can determine limiting values of the coefficients
which will produce observable transmission modu-
lation for a b8 of 0.3 K:

1 dcx
3X 10-' K-',de- (14a)

&2.8&10 Kd6- (14b)

The coefficient ln (14a) can be estimated from
published data' by assuming a rigid shift of the
absorption edge with temperature. %e find
da/d8=(6. 4&10 K ')a in hydrogenated a-Si,
and roughly half that value in a-Si without hydro-
gen. The limiting value given in (14a) is reached
in a-Si:H when the probe energy exceeds
1.65—1.75 eV, hence thermal modulation of the
absorption coefficient of the sample is expected to

creating electron-hole pairs. Since the quantum ef-

ficiency for radiative recombination is low in most

samples, the energy deposited by the laser is even-

tually dissipated as heat to the lattice. The heat
generated raises the sample temperature from T to
T+e. The magnitude of the maximum tempera-
ture modulation (ac component of 8) and of the
steady-state heating caused by the laser (dc com-
ponent) can be estimated by using an electrical
analog to the thermal circuit consisting of film,
substrate, and mount with input heat generation
from laser absorption. ' We find in the worst case
a thermal modulation of 0.3 K superimposed on an
8-K steady heating.

There are four ways in which sample heating
can effect the optical properties of the sample in
the infrared. The number of carriers thermally
generated by a temperature rise of 0.3 K is negligi-
ble in comparison to the optically generated carrier
density. The film thickness change from thermal
expansion is also much too small to produce an ob-
servable phase shift of the interference pattern.

Significant thermal effects can result from the
temperature dependence of the fundamental ab-
sorption edge and its associated refractive-index
dispersion. For small temperature modulation 56,
the optical constants will be modified by the
amounts

be insignificant in the wavelength range of our
measurements. However, in nonhydrogenated
sputtered a-Si, the absorption edge has a long tail
extending into the ir. The thermal shift of this
edge is estimated to produce an observable AT'/T
at photon energies equal to or exceeding 0.8 eV,
well within the experimental range probed here.
Evidence of a thermal effect of this type was, in
fact, seen in sample no. 14 (see Sec. IV).

The temperature dependence of the refractive in-
dex of glom-discharge deposited a-Si:H has also
been reported in the literature. '" dn/d8 reaches
the limiting value (14b) at the photon energy of 1.2
eV and increases strongly at higher energies. The
refractive-index change also contributes an addi-
tional phase shift which results in positive- and
negative-going oscillations (of roughly equal ampli-
tude) in hT/'r when interference effects are con-
sidered (see Sec. III A). The presence of such oscil-
lations is a necessary signature of refractive-index
modulation.

IV. RESULTS

A. Spectra

In Figs. 3(a) —3(d) are shown the normalized
steady-state induced absorption (PA) spectra for
four representative glow-discharge Si-Ge alloys at
80 K. Figure 4 shows the PA spectra of hydro-
genated and nonhydrogenated sputtered a-Si, hy-
drogenated sputtered a-GaAs, and glow discharge
a-Sio 73Co 27.'H. For those samples which exhibit
interference effects, the numerically averaged quan-
tity AT/T discussed in Sec. III is also shown
(smooth lines). In Fig. 3(a) there is a sharp in-
crease in

~

b, T/T
~

above 1.7 eV; this is due to a
thermally induced downward shift of the funda-
mental absorption edge as discussed in Sec. III C.
It is also likely that the induced absorption in
nonhydrogenated amorphous Si [Fig. 4(b)] is due
solely to a thermal effect for the reasons discussed
in Sec. III C.

It will be generally assumed in the rest of this
section that with the exceptions noted above, the
cycle-averaged quantity AT/T is proportional to
the spectrum of the induced absorption coefficient
ha(fun) for all samples; any weak structure in the
spectra on the scale of interference fringe spacing
is considered unresolvable.

In order to more clearly exhibit the shapes of the
induced absorption bands, the spectra of Pigs. 3
and 4 have been plotted on normalized vertical
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FIG. 3. Normalized induced absorption spectra for
four glom-discharge a-Si Ge~ „.H samples at 80 K.
Numerically averaged spectra for those samples exhibit-

ing interference fringes are also shown {smooth lines).

scales. However, the magnitude of
~

b, T/T
~

at
the peak is not strongly composition dependent. In
addition, care was not taken to make precise mea-

surement of the absolute
~

AT/T
~

because of the

difficulty of achieving accurately reproducible opti-

cal alignment and because of the observed varia-

tions in the strength of the effect from spot to spot
on the sample. The magmtude of the peak

~

hT/T
~

at 80 K in the samples of Figs. 3 and 4
is between 8)&10 and 7)&10

Figure 5 shows the normalized and averaged in-

duced absorption spectra of several samples in the

a-Si„Gel „.H binary system on the photon

energy-alloy composition plane (samples nos. l, 3,

6, 8, and 9). Also shown (dashed line) is the opti-

cal energy gap Eg, defined as the intercept of the

FIG. 5. Induced absorption in the binary alloy sys-
tern a-Si Ge) „.H as a function of probe photon energy
and alloy composition x. Broken line: optical energy
gap Eg as a function of composition.

straight port1on of the (cxftN) vs ~ plot, where
o; is the absorption coefficient. For amorphous
Ge, a single symmetric peak at around 0.75 CV is
seen as the fraction of slllcon ln the alloy ln
clcascs, the band broadens Rnd shifts to higher en-
ergies, losing the roughly Gaussian shape, and
becoming asymmetric in Si-rich samples. Outside
the Si-Ge binary alloys, we find a rough correla-
tion of the half-width of the PA spectrum with
band gap. This ls shown ln Flg. 6, where the
abscissa is the optical gap Eg defined above. The

& a-Ge:H(~15)
& a-GaAs H (wIS)
o a- S~: H(4 ~j

l, 2 ~~ i I [ I ~ I f

-(o)
I 0 I I I

/ I I
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0.0 0.5 0.0 0.5 l,o l.5 2.0
htu (eV)

GG '=—
G.G G5 I G I 5

ENERGY Gap (eV)

2.G

FIG. 4. Normalized 80 K induced absorption spectra
of {a) sputtered a-Si:H, (b) nonhydrogenated sputtered
a-Si, (c) sputtered a-GaAs:H, and (d) glow-discharge
a-S10 73CO p7.H.

FIG. 6. Induced absorption band FTHM vs optical
energy gap for glow-discharge a-Ge:H, a-GaAs-H, a-
Si:H, and a-si0. ~3CO.~7 H
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values of Es were taken from the literature for a-

Ge:H, a-Si:H, ' and a-GaAs:H, ' and Eg ——1.96 eV
was found for the Sio 73Co 27 alloy from transmis-
sion measurements.

The temperature dependence of the spectra of
several samples from 80 to 300 K is shown in Fig.
7. The shape of the single symmetric peak in a
Ge-rich alloy is seen to be nearly independent of
temperature, while the broad spectrum of a-Si:H at
80 K narrows appreciably with increasing tempera-
ture. The numbers in parentheses are the normali-
zation factors for each curve; note that in both
these samples (a) and (b) the PA decreases strongly
with increasing temperature. In Figs. 7(c) and 7(d)
the spectra of the two doped samples are shown;
the temperature dependence of the spectral shapes
is relatively weak. In particular, there is no strong
narrowing seen as in a-Si:H.

B. Intensity dependence and excitation spectra

When illuminated with laser (pump) light of
2.41-eV photon energy, most samples showed a
power-law variation of PA with pump intensity Iq
(AT/T ~I~), with 0.50&s &0.65. This behavior
was found at all temperatures and probe wave-

lengths, with the exception of a Ge-rich alloy
which had 0.31 &s &0.37. However, the intensity
dependence in this sample could also be fit to
b, T/T" logI&, which is the form expected if the

density of absorbing centers saturates.
Similar square-root dependence (I'T/T-IL )

was generally observed when the samples were il-

luminated with a tunable dye laser with photon
energies in the range 2.0—2.20 eV. However, in
the sample with the highest energy band gap
(a-Sio 73co 27.'H, no. 17) the pump wavelength and
intensity dependence were interrelated. This is
shown in Fig. 8 where we plot the log of b T/T (at
0.8-eV probe) vs I~ for various wavelengths of the

dye laser pump. At these wavelengths the absorp-
tion coefficient of the sample is between 2)& 10
and 1.5)& 10 cm '. For low and moderate inten-
sities, induced absorption is a linear function of IL,
except at the highest pump photon energy
(fico~ ——1.275 eV) where s decreases to 0.86. With
argon laser excitation (2.4& Acoz &2.75 eV), how-

ever, we observed s =0.5 —0.6 in this sample. The
absorption coefficient exceeds 5)& 10 cm ' at
these wavelengths. Thus a continuous change
from linear to square-root dependence of hT/T on

pump intensity occurs as AmL sweeps through the
absorption edge.
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FIG. 7. Normalized induced absorption spectra at
various temperatures for (a) glow-discharge
a-Sio ~7 Geo 83.H, (b) sputtered a-Si:H, (c) glow-discharge
a-Si:B,H, and (d) glow-discharge a-Si:P:H.
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FIG. 8. Pump intensity dependence of PA in
a-Sip 72CQ 27 H at several excitation wavelengths.
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%C can define an efficiency g as

(5T/T)%col
'9=

IL [1—T/(1 —8) ]

which represents the induced steady-state transmis-
sion modulation per absorbed photon per second.
This quantity for the a-Sio 73CO 27 H alloy is rough-

ly constant in the absorption-edge region, but an
anomalously high value occurs at the lowest excita-
tion photon energy (fauL, ——2.00 eV); this measure-
ment was reproduced several times and seems to be
outside the bounds of experimental error.

Figure 9 is a plot of the PA quantum efficiency
il at 80 K as a function of photon energy in the
high-absorption region (ficoL, & 2.4 eV) for three
binary alloys of group IV elements. The laser light
absorption coefficient ar, exceeds 5&(10 cm ' for
all samples in this region and is an increasing
function of energy. All samples show a weak
downward trend in ii(%col ) above 2.41 eV, indica-
tive of a stronger decrease of the true quantum ef-
ficiency per absorbed photon. Interface effects,
which become more pronounced as the laser ab-

sorption depth decreases, may account for the ob-
served falloff of i) at high energies.

C. Temperature dependence

Steady-state induced absorption was strongly
quenched with increasing temperature in all sam-

ples, and in many cases the quenching exhibited a
well-defined thermal activation energy at high tem-

peratures, i.e.,

bT/T—~ exp(b E/kT),

with AE in the range 0.07—0.12 CV. Below about
200 K the induced absorption gradually saturates.
The same behavior was obtained for these samples
at various pump levels; this implies that the level-

ing off of PA at low temperatures is not due to sa-

turating a fixed number of absorbing centers.
It is more meaningful to discuss the temperature

dependence of the steady-state PA in terms of the
bimolecular recombination coefficient b which con-

trols the density of absorbing centers. Neglecting
the effects of a refractive-index modulation (justi-

fied from the absence of alternating-sign oscllla-
tions in b, T/T vs hv), the spectrally integrated
transmission modulation can be written as the in-

tegral over the inhomogeneous spatial carrier pro-
file n(z):

d d=I ha„,(z)dz =o I n(z)dz,

X

where z is the distance from the sample front sur-

face, d is the sample thickness, 0. is the induced
absorption cross section, and n refers to the density
of induced absorbing centers. From the square-
root dependence of PA on laser intensity we as-

surne that the PA excitation recombines by a bulk
bimolecular mechanism. Then the density n (z) is
the steady-state solution of the nonlinear diffusion
equation

BEE 8 n
+G(z) bn =-0, —

Bt Qg2
(17)

0-St:H (4 Il)
Q D

Q

a-SiQ
( f 68Q 8$ H (+9)

I

2.6
0 &uL(e V )

FIG. 9. Efficiency of PA per absorbed photon vs

pump photon energy AeL for a-Si:H, a-Sio 'j76e083.H,
and a-Si073C027.H excited by argon laser.

where D ls thc dlffuslon cocfflclcnt, b ls thc bl-

molccular late cocfflclcnt, and thc optical gcncla-
tion rate G (z) is given by

G (z)=al F( 1 —8}exp( —ul z },
where I' is the incident photon Aux, and o.l and R
3I'c thc absorption cocfflclcnt and rcAcctivity of
the sample at the pump-wavelength. If the diffu-

sion coefficient of the PA centers is sufficiently
small, then the first term on the right of Eq. (17)
can be neglected, giving
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n (z) =
i
G (z) /b

i

'

Equations (18) and (19) are substituted into Eq.
(16) to give

(19)

since aL d » 1. Solving (20) for the bimolecular

coefficient, we obtain finally

b= 4o F(1—R)
( b, T/T—) ac

(21)

Figure 10 shows Ii (T) calculated from (21) for
three representative samples. To apply formula

(21), we use cr =10 ' cm and ai for a-Si:H at
2.41 eV was taken from the literature' and

corrected for its temperature dependence. In Fig.
10 the results for the two sputtered a-Si samples

show good agreement for the activation energy of
the recombination rate coefficient at high tempera-
tures (EEs-0.12 eV) and the temperature at
which saturation sets in (T,=160 K). In the Ge-

rich alloy sample the thermal activation was

stfongcf Rnd satu1at1on sct 1n Rt a highcf tcIIlpcla-
ture.

The temperature dependence in the whole temp-
erature range of the PA in a-Si:H is well described

by the functional form ( b,T/T) -exp( ——T/T2),
whcI'c T2 1s R coIlstant, . Th18 bchav1of 1s 1llustI'atcd

)
0-l0

0-Si:H (+II)
0 0-Si:H (Ig)

)0 l5 I l I I l

0 2 4 6 8 IO

)o'/T (K-')

FIG. 10 Temperature dependence of the bimolecular
recombination coefficient to two sputtered a-Si:H sarn-
ples. Spectrally integrated PA band was measured.

l
O- l2

50

FIG. 11 Temperature dependence of the bimolecular
recombination coefficient in doped and undoped a-Si:H.
Coefficient b is porportional to electron mobility.

in Fig. 11, where inb is plotted as a function of T
(hnear scale). It is found that b -exp(T/Ti ).
Since ( hT/T)-b —'~ from Eq. (19) above, the
slope T2 ——2TI. This unusual temperature depen-
dence will be discussed further in Sec. V.

It should be noted that the value of b calculated
from (21) is strongly dependent on the absorption
cross section per carrier cr ( =—lpga/N) which is not
accurately known for the PA transition. We ob-
tained an estimate of cr from the measured ha and
an estimate of N.

An attempt was made to bleach the induced ab-
sorption in sputtered a-Si:H sample no. 12 by using
intense light at fico =1.1 eV from a 2-W YAG (yt-
trium aluminum garnet) laser. From Fig. 3(a), it
can be seen that this light lies in the upper portion
of the PA band. No observable bleaching above
the limit of experimental error (-5%) was seen.
However, this may have been due to the relatively
low absorption in the PA band ( &20 cm '). If
the rate of optical quenching is proportional to the
volume rate of photon absorption in the PA band,
then the relative decrease of PA should be propor-
tional to the ratio of the quenching rate Q to the
gcncratlon fate 6:



P. O' CONNOR AND J. TAUC

g(gT/T) g IvAoha(1. 1 eV)

b, T/T 6 IA, a(2.41 eV)

2Q cm

QQ3 ~ 105 cm
—1

which mas unobservable.

V. DISCUSSION

A. Nature of the PA centers in amorphous
hydrogenated silicon, silicon-carbon,

and Si„Ge~ „arith x g 0.6

In these materials, characterized by band gaps
& 1.4 eV, the PA spectra are usually asymmetric
bands having a relatively steep rise at lom energies
and a gradual decline above the peak, which can
occur from 0.7 to 1.4 eV. It was shown in a previ-

ous publication' that this shape is consistent with

optical transitions from deep, discrete traps to a
band of extended states. To be observed in pho-
toinduced absorption the initial (trap) states for
this "photoionization"' transition must be between

quasi-Fermi-levels E,„and E@ for electrons and

holes in gap states. If the matrix element is in-

dependent of energy and the continuum has a den-

sity of states which increases like (E E, )'~ [or—
(E„E)'~ for ho—le transitions], then the induced

absorption coefficient Aa has the form'

ba(co) = ~ NrN, [Ace (E, ET)]- —
2nm co

(22)

where N, is the density of states at the band edge

E,. The trap is taken to be a discrete level at ET
described by a density of states

g(E) =NT5(E ET) . —

To illustrate the fit of Eq. (22) to the data, Fig. 12

shows the smoothed PA spectra of several samples

in this group plotted as (baRco) vs probe photon

energy Ace. The fit is satisfactory over a large en-

ergy range, with threshold energies of 0.38 and

0.55 eV for sputtered and glom-discharge a-Si:H,
respectively. Figure 13 shows the measured tern™

perature dependence of Er.
If the d1stf1but1on of states 1n the gap 1s broad

rather than discrete, then the induced absorption

spectrum due to photoionization of trapped centers

is no longer given by (22). Instead, the convolution

of the trap-state density in the gap gT(E) with the

0.2 0.4 0.6 0.8 I.O l, 2
%~&ev)

FIG. 12. Induced absorption coefficient plotted as
(AaAco} vs fm) at 80 K.
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FIG. 13. Temperature dependence of induced absorp-
tion threshold fnuT in a-Si:H (sample no. 11}.

band density of states, multiplied by the appropri-
ate combination of occupancy factors, must be
used. In general, such a spectrum should have a
threshold at PENT E, E«(fo——r e—lectron transi-
tions) or E,p E„(for h—oles), where E, and E„are
the conduction- and valence-band edges, respective-
ly. Above this threshold, the broadening of the
trap level should cause the PA to increase with en-
ergy more rapidly than in Eq. (22}. Since the gap
states in a-Si:H are undoubtedly broadly distribut-
ed, the absence of upward curvature in the data of
Fig. 12 indicates that only states near the trap
quasi-Fermi-levels are effective as initial states for
photoionization.

The reason for this behavior becomes clear when
examined in conjunction with the temperature
dependence of the total (spectrally integrated) PA
[b,T/T from Eq. (21) and Fig. 11]. The total PA
is proportional to the total density of trapped car-
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riers, which in quasiequilibrium fully occupy the
states between EF and the quasi-Fermi-levels:

p, =I g(E)dE, (23a)

n, = g EdE. (23b)

E«and E,& are functions of temperature because
of the temperature dependence of the recombina-

tion rate (see Sec. V C below). The inward motion

of the quasi-Fermi-levels with increasing tempera-

ture is manifested in two ways: by an increase in

the PA threshold energy %co& and by a decrease in

the total PA proportional to the change in p, or n, .
For reasons given below, we restrict discussion here

to hole transitions. Differentiating (23a) gives

g(E)=— dp,

dip E~ =E

dT dT jr' ——E —E
(24)

d %coz.

dT

—dlnp,

dT

=(1.3X10 eV/K) (62 K)=0.085 eV .

The magnitude of the density of states can also be
deduced by relating the integrated induced absorp-
tion coefficient Aa to the trapped carrier density,
using a reasonable value (10 '6 cm ) for the ab-
sorption cross section per trapped hole. This gives
a density of states g (E„+0.37 eV) =7 X 10'
cm eV ', falling to 3&10' cm eV ' at
E, +0.63 eV. Note that these conclusions are
based on an energy-independent matrix element for
absorption and that the exponential behavior of
g (E) does not necessarily extrapolate to regions of

The right-hand side of (24) can be evaluated
from the data of Figs. 11 and 13 for a sputtered
a-Si:H sample no. 11. From the exponential de-

crease of total PA with equal increments of E,z,
we find that the gap density of states in the region
from 0.37 to 0.63 eV above the valence-band edge
is of the form

—E/El
g (E)=const Xe

with the characteristic width E& of the distribution
given by

the gap other than the range through which E,&
moves in our experiments.

The exponential falloff of the trap-state density
towards midgap gives a simple physical explana-
tion for the PA line shape near threshold, which is
close to the form expected for discrete, delta-
function trap energy. The density of occupied
states is the product of g (E) with the nonequilibri-
um occupancy function which falls off sharply
below E,&. Thus the trapped holes have a distribu-

tion which is sharply spiked at E,z. This effect
was also mentioned in a recent treatment of trap-
limited mobility in amorphous semiconductors.

The assumption that PA in these materials is
due to photoionization of trapped holes rather than
electrons, is supported by several other recent ex-
periments which give evidence for hole-trapping
states in a-Si:H in semiquantitative agreement with
our results. In particular, the drift mobility of
holes is found to be thermally activated with an
activation energy of 0.3 —0.4 eV. ' This represents
the thermal energy needed to excite a trapped hole
to the valence band. In a study of thermally
stimulated currents in a-Si:H Schottky solar cell
structures, Vieux-Rochaz et al. found evidence of
10' -cm hole traps at E, +0.13 eV and no ob-
servable electron traps.

Recently infrared quenching of photoconductivi-
ty (PC) in high purity a-Si:H has been observed.
The PC quenching spectrum is strikingly similar to
the induced absorption band reported in this work.
The authors of Ref. 23 suggest that the effect is
brought about by transition of holes out of trap
states into the valence band where they can then be
transported to recombination centers. This in-

terpretation is analogous to the classical explana-
tion of optical quenching of PC in crystalline pho-
toconductors.

The equilibrium absorption below the band gap
in a-Si:H has been measured by sensitive photo-
conductivity threshold techniques. The absorp-
tion shoulder in region 1.1 —1.3 eV of magnitude
a-5 —50 cm ' found by Crandall and others '

was interpreted as being due to transitions of elec-
trons from states in the gap around 0.4 eV above
the valence band to E, . If this interpretation is
correct, it supports the hypothesis that the PA is
due to transitions of trapped holes in the same gap
states to the valence-band edge, because the absorp-
tion has the same magnitude, and the sum of the
equilibrium (1.2 eV) and PA (0.65 eV). threshold
energies roughly equals the band gap.

Although photoionization of trapped holes is the
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likely mechanism of PA in a-Si:H, the results of
this work do not rule out other interpretations. In
particular, phononless optical charge transfer of
electrons was recently observed to give appreciable
ir absorption by Hauser et a/. in sputtered semi-

conducting Si-Au alloys without hydrogen. This
absorption also had an asymmetric spectrum whose

shape and peak position strongly resemble the PA
bands of Fig. 3. The authors attributed the ab-

sorption to hopping of electrons among states near
the Fermi level localized at the Au atoms. How-

ever, the magnitude of the absorption (a
—

~ g (EF)
~

) did not extrapolate to zero at zero
Au concentration. In a-Si:H, in the dark g(EI, ) is
too small for these transitions to give any appreci-
able equilibrium absorption in the ir. In photoex-
cited a-Si:H the occupation of similar states in the

gap (near quasi-Fermi levels) by trapped carriers
might be expected to lead to observable absorption

by the same mechanism. The magnitude of An is
proportional to

~
g(E,„)

~

or
~
g(E,~) ~; compar-

ing our data with that of Ref. 26 we find that a
density of -4&10 cm at the electron or hole

trap quasi-fermi level would be required for the ob-

served peak Ao. of -20 cm
In their recent observation of room-temperature

PA in a-Si:H, Olivier et ah. found a spectrum
similar to that of Fig. 3 over the restricted spectral
range 0.8 —1.2 eV with a magnitude and intensity
dependence in rough agreement with our results.
They also attributed the observed PA to photoioni-
zation of trapped holes, but gave no arguments rul-

ing out optical transitions of trapped electrons.
The nature of the states which trap holes and

lead to PA in a-Si:H is not known. The two sim-

plest point defects in a tetrahedral random net-

work, the dangling bond and vacancy (or vacancy

cluster) are each expected to have donorlike and

acceptorlike states in the gap. In fact, states hav-

ing the appropriate spin and change properties are

seen in ESR. ' In addition, a third ESR signal at
g=2.011 is seen under illumination or when the

Fermi level is shifted to the lower half of the gap

by p-type doping. This is apparently due to a
more complex defect structure such as a dangling

bond dimer, double dangling bond, or a state asso-

ciated with hydrogen. This donorlike defect,
which makes the major contribution to the state
density in the lower half of the gap, is the most

likely initial state for the proposed PA transition.
Another possibility, namely, that the defect re-

sponsible for PA is created by the strongly ab-

sorbed pump light, was not investigated. The ap-

parent agreement of the defect energy levels with
those found by optical, electrical, and ESR experi-
ments in the dark and the rapid (-60 @sec) decay
of PA following pulsed excitation at 300 K make
it implausible to ascribe the PA effect to photos-
tructural changes. However, evidence has been

presented which distinguishes both "native" and
photoinduced defects with similar properties in the
chalcogenide glasses; this possibility cannot be
entirely ruled out in a-Si;H.

8. PA centers in germanium, Si„Ge&
with x g1.6 and GaAs

The group-IV materials in this category have PA
spectra which show a symmetric peak at 0.7—0.8
eV with a full width at half maximum (FWHM) of
0.5 —0.7 eV. The position and shape of the peak
cannot be described as due to photoionization of
trapped carriers; rather, a resonant transition seems
to be involved. A transition between two bound
levels of a localized state is improbable because in
order for such a resonance to be observed in in-

duced absorption, both initial and final levels must
lie in the same half of the pseudogap. Thus the
maximum transition energy is Eg/2-0. 5 —0.65 eV,
which is lower than the peaks found in the PA
spectI'a.

Another resonant optical excitation is possible in

systems where the electronic states are localized
and strongly coupled to the lattice. In a photon-
assisted hopping or optical charge transfer (OCT)
transition, absorption of a photon is associated
with motion of an electron in real space between

two neighboring localized states. The photon ener-

gy appears as static distortion energy immediately
after the transition, before the lattice has time to
readjust to the new electron coordinates. This
strain energy is partially or completely dissipated
to the lattice vibrations during subsequent relaxa-
tion to a new equilibrium configuration. Using the
Franck-Condon prlnclple lt ls simple to show
that the thermal activation energy 8'lq for hopping
between the two sites, the binding energy 8'& of an
electron at ihe site, and the OCT energy Ace are re-

lated by

with equality on the right-hand side when there is
no overlap between electronic wave functions on
adjacent sites. The shape of the optical absorp-
tion band is roughly Gaussian with a width of
8(8'~ficoo)' at low tempertaures, where Sicko &s the
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energy of the lattice vibration to which the state is
coupled.

The position and shape of the PA band in a-
Ge:H can be well described by such a photon-
assisted hopping transition if the binding energy of
the localized state which captures the photocarriers
is 0.35—0.40 eV. In Ref. 7, the normalized
theoretical and experimental PA spectra were
shown to be in close agreement when a value of
0.035 eV was used for the phonon energy fmo,
based on the observed TO peak seen in vibrational

spectroscopy. ' This model also accounts for the
observed independence of the PA linewidth on
temperature [Fig. 7(a)] in our experimental range
(kT « fuoo)

When all the electronic states of a solid are lo-
calized by lattice distortion (small polaron forma-
tion), then the dc transport of carriers is also by

hopping between localized states and the dc drift
mobility should be correlated with the OCT ab-

sorption band. ' However, such a comparison is

meaningful only when it is known that dc charge
transport and optical absorption are due to the

same set of carriers. Results of recent dark dc
transport measurements in a-Ge:H were interpreted

as an indication that electrons in a-Ge:H form
small polarons with 8'& in the range 0.15—0.20
eV, hence, a binding energy 8p )0.3 —0.4 eV.
While this is consistent with the OCT energy de-

duced from the PA peak, there is not sufficient
data to conclude that the same carriers are respon-

sible for dark dc transport and PA in this material.
A study of the correlation between photoconduc-
tivity and PA may help to answer this question.

If small polarons are not formed in a-Ge:H, opt-
ical charge transfer can still occur at defect-related
states. In fact, most experimental observations of
the OCT absorption band correspond to the hop-

ping of "bound polarons" between nearly equiv-

alent sites associated with a lattice structural de-

fect. ' " In this case the absorption will have no
necessary relation to dc transport. In systems
where only defect-bound small polarons are
formed, an optical absorption band is observed but
the dc transport properties do not show the charac-
teristics of polaron hopping motion.

States in the gap of a-Ge:H have not been stud-

ied in as much detail as those in a-Si:H. Hence, if
the PA in a-Ge:H is due to bound polarons it is
difficult to make any definite statement about the
nature of the defect state responsible for OCT. In
order to exhibit this absorption band, the carrier
must be able to occupy several ( & 2) positions of

nearly equivalent energy, and must be coupled to a
similar lattice mode at each such site. For exam-

ple, hopping may occur between the equivalent
states of a vacancy complex or internal microvoid
surface coupled to a distortion of the shape of the
void. Alternatively, charge transfer between adja-
cent dangling bonds (dimer) might occur with an

associated asymmetric stretch of the bonds between

the Ge atoms in the dimer and those attached to
the surrounding lattice.

In a defect OCT model, the broadening of the
PA band in amorphous Si Ge~ in going from
x=0 to x=0.6 can be partially accounted for by
an increasing average TO phonon energy Aco0,

which enters the expression for the FWHM of .the
polaron band as (%coo)' . Broadening is also ex-

pected due to the increasing compositional disorder
as Si is alloyed with Ge, as the site energies of de-

fects associated with Si and Ge are expected to
differ; in the more mixed alloys a larger proportion
of defects involving nearby Si and Ge atoms is ex-

pected to occur.
When the alloy composition in a-Si Ge& „be-

comes silicon-rich (x )0.6), the PA spectra change
from bound polaronlike symmetric bands to the
asymmetric shape characteristic of trapped-hole
photionization as discussed in Sec. VA. There are
several reasons why this may occur. First, the
electron-lattice interaction may be weaker in a-Si
than in a-Ge. This is plausible since in these non-

polar materials the deformation potential interac-
tion is correlated with the core polarizability which
is greater in Ge. Also, the bulk modulus in Ge is
about 30%%uo lower than in Si, so distortions may not
cost as much elastic energy. The special defect
structure required for OCT (with two or more
equivalent sites) may be more readily formed in a-
Ge than in a-Si. It is well established that the
overall density of states in the gap in glow-

discharge deposited a-Ge:H is around ten times
higher than in a-Si:H, hence, structures like the
dangling bond dimer may have a higher probability
of occuring in Ge.

Another consequence of the higher density of
gap states in a-Ge is that the trap quasi-Fermi-lev-
els will lie closer to mid-gap in this material at a
given excitation level. Since the occupied traps are
farther from the band edges, the matrix elements
for photoionization transitions will be smaller than
they are for holes trapped at E,p in a-Si. This may
provide an explanation for the absence of trapped-
hole photoionization in a-Ge and Ge-rich alloys.

Van Dong et al. reported the composition
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dependence of photoconductivity in sputtered a-
Si„Ge& „.H. They also find a critical composition
near x=0.7 where recombination kinetics change
abruptly. The occurrence of a high density of lo-

calized states with enhanced electron-phonon cou-

pling, which we have proposed to explain PA spec-
tra in Ge-rich alloys, could also cause a discontinu-
ous change in the recombination mechanisms con-
trolling photoconductivity.

The PA spectrum of a-GaAs:H [Fig. 4(c)] shows
a relatively sharp peak at 1.1 eV and well-resolved
shoulder at 0.8 eV which may represent a superpo-
sition of two symmetric bands like those in a-Ge.
If so, it is suggestive of two OCT absorption bands
due to either (1) bound polarons at two types of de-

fects with different Wz, (2) a defect-bound polaron
and a free small polaron, or (3) free polarons
formed by photogenerated carriers of both signs.
The formation of free polarons in a-GaAs is

perhaps made more likely by the electron-phonon
interaction with the polar modes of the lattice.
However, comparatively little information on elec-
tronic states in amorphous III-V materials is
currently available and speculation about the origin
of PA is premature.

Whatever the nature of the localized states re-

ponsible for PA, they must be occupied when the

sample is illuminated and empty in the dark. Thus
the free carriers generated by light must either ra-

pidly form small polarons or become trapped at
defect-related gap states. As noted previously, ad-

ditional evidence for the occupation of localized

states in tetrahedral amorphous semiconductors

under illumination comes from observations of
photoinduced electron spin resonance (ESR) or

photospin (PS) in a-Si:H and a-Ge:H.4 5 A logical

direction for future work is to correlate the PA

spectrum and kinetics with those of PS, which can

give additional information on the spin, charge,

and local structural environment of the defects.

Such an approach has been fruitful in elucidating

the nature of defect states in crystalline semicon-

ductors and insulators. Ii has also been suggest-

ed that the same states responsible for PS in a-

Si:H may take part in photoluminescence transi-

tions, providing a third experimental probe of these

states.

C. Steady-state recombination kinetics

The PA intensity, integrated over the entire

band, is proportional to the density E of induced

absorbing centers. In the steady state this density
is governed by the rates of generation and recombi-
nation of these excitations and the experimental re-

sults can be explained by a simple model for these
processes. Optical excitation generates a density

Ef of free electrons and holes at a rate 6; the car-
riers responsible for PA (presumably holes) are
then rapidly trapped in the absorbing states in a
time ~, . The traps are deep so that thermal re-

emission into the valence band is neglected. Since
the PA signal increases approximately as the
square root of the pump intensity, recombination is
bimolecular. Hence the appropriate rate equations
for the density of free carriers and absorbing
centers are

deaf-- =6——
dt

where b is the bimolecular rate coefficient. The
steady-state solutions are simply Ef G~, and

X =(Gyl )'".
The rate of a bimolecular reaction can be either

diffusion limited or reaction limited, where, in this
case, ihe relevant rates are that of diffusion of elec-

trons towards trapped holes and exciton recombi-
nation, respectively. By exciton is meant the state
which results after the fully thermalized electron
and hole have diffused closely enough to one
another that their (localized) wave functions over-

lap and recombination is more probable than furth-

er diffusion together. The slower of the two pro-
cesses determines the rate. For a-Si:H and related
amorphous semiconductors the diffusion coeffi-
cients of carriers are comparable to those of ions in

liquid solution, so the diffusion times are very

long. The diffusion-limited lifetime is (bX) ' and

its value at low temperature can be calculated us-

ing the data of Fig. 10 and estimating the carrier
density (using an absorption cross secton of 10
cm ) to be %=10' cm . We find roughly
(bX) '=4&& 10 sec. Exciton recombination is

presumably nonradiative and governed by multi-

phonon emission. The lifetime should be much
shorter than 4g 10 sec unless there is a large en-

ergy barrier to multiphonon emission. We as-

sume that this is not the case and consider the
recombination to be diffusion limited under our ex-

perimental conditions.
In low-mobility materials diffusion-limited

recombinaton of oppositely charged species has
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been treated by Langevin. ' In this theory, the rate
coefficient is

(27)

where p„and p~ are the drift mobilities of elec
trons and holes in their mutual Coulomb field. In
a-Si:H pz «p„and can be neglected in Eq. (27).
Thus the bimolecular coefficient is directly propor-
tional to the electron drift mobility; using (27) the
data of Fig. 10 can be converted to give p„as a
function of temperature. At room temperature p„
is in the range 7 X 10 —4X 10 cm /V sec, and at
80 K 4X 10 to 10 cm /V sec. Literature
values ' of the electron drift mobility in a-Si:H de-
rived from measurements of carrier drift in an ap-
plied field over macroscopic distances are not
directly comparable due to the effects of anom-
alous dispersion. ' Results of time of flight
measurements are usually one or more orders of
magnitude larger than our data; however, at this
point no PA and drift mobility data on the same
material are available.

In Fig. 11 the data are plotted as lnb vs tem-
perature for undoped and doped a-Si:H samples.
The straight lines which result indicate that the
drift mobility figuring in Eq. (27) has the unusual
temperature dependence p„~exp(T/Ti) with

T~ ——31, 67, and 106 K in undoped, 8™,and P-
doped a-Si:H, respectively.

The interpretation of the steady state time-
averaged drift mobility p„ is complicated by the
fact that the nonequilibrium electrons are distribut-
ed in an unknown way over a continuous density
of (localized and extended) states:

p„(T)=I f'(E, T)g (+)p(E, T)&E,

where f is the occupation probability under
steady-state photoexcitation, g (E}is the density of
states, and p(E, T) is a suitably defined differential
mobility characteristic of states at energy E. For
E &E, (where E, is the conduction-band mobility

edge), p(E, T) is expected to have a weak, scat-
tering-limited dependence on T. Below E, the dif-
ferential mobility is much smaller but increases
strongly with increasing temperature.

The strong increase of p„(T) with T cannot be
explained by transport in extended states only. We
will discuss a simple model which gives the ob-
served temperature dependence of p on T. We as-
sume that p(E, T)=0 for E &E, and p(E, T)=@I
for E ~ E,. This is equivalent to the model of
"trap limited" mobility used in the theory of pho-

toconductivity in crystalline semiconductors and
insulators where the temperature dependence is
due to the rate of thermal emission of trapped elec-

t;rons from the localized states into states above E, .
Since this model depends only on the mobility py,
a trapping rate ~„, and the energy distribution of
traps below the band edge, the results can be taken
over with only minor modifications to the case of
amorphous semiconductors when the above as-

sumption about p(E, T) is made.
The localized-state distribution below the con-

duction-band mobility edge E, is modeled by the
function

gr(E) =A exp[ (E—,—E)/kTO), (29)

i.e., the states are exponentially distributed below

E, with a characteristic width kTO &kT. From
the assumption about p(E, T}and Eq. (28) we ob-
tain for the drift mobility

p„=pI(n//n), (30)

where ny is the density of electrons in states above

E, and n is the total excess electron density under
steady-state photoexcitation. The equilibrium dark
carrier density no is negligible in undoped a-Si:H.
From Eq. (27) the bimolecular rate coefficient b is
related to p„by

e e
b =—p„= pI(nI/n) —. (31)

Since excess electrons disappear by recombining
with trapped holes, the total steady-state electron
density is n =(6/b)'~, where 6 and b are the
same parameters governing hole generation and
recombination in Eqs. (25) and (26) above. Substi-
tuting into Eq. (31) yields

'2

b = —p,I n//6 . (32)

where the trapping rate ~„ is given by the product
of the electron thermal velocity U, trapping cross
section err, and the density of traps near the
quasi-Fermi-level I'„:

r, '=Urrr IkTQ exp[ —(E, E,)/kTO]I—

The free-carrier density ny is determined by trap-
ping into states near the free-electron quasi-Fermi-
level I'„:

(33)
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The quasi-Fermi-level for electrons is determined

by the definition

nf =N, exp[ —(E, I'„—)/kT],

where X, is the effective density of extended states
in the conduction band. Combining Eqs. (33)—(35),
we obtain

6
'

&pl(, T+Tp)

Uo. &k TpAW,
(36)

which when substituted back into (32) gives

b =Pexp[ —2Tol nC/(T +oT)] ~

where

P=(elf/e), C=vo, kTQE, /G p& 1 .

(37)

For T«To, Eq. (37) reduces to

T/TIb-e (39)

where

VI. SUMMARY AND CONCLUSIONS

A photoinduced optical absorption below the
band gap has been observed by modulation spec-
troscopy in amorphous semiconducting thin films
of various compositions, all belonging to the class
of hydrogenated tetrahedrally bonded materials.
Under continuous illumination the samples have
PA spectra which fall into two groups. In a-Si:H
and Si-C alloys with optical energy gaps from 1.4
to 2.0 eV, the absorption line shape has the form
expected for transitions between a discrete level in

the gap and a bandlike continuum. We tentatively

identify the gap state as a donorlike defect lying

from 0.3 to 0.6 eV above the top of the valence

band and ascribe the PA to transitions of excess

TI ——Tp/21nC .

A good fit with the data in Fig. 11 is obtained by
choosing T, =31, 67, and 106 K for a-Si:H, a-
Si:(8, H) and a-Si:(P, H), respectively. Assuming a
reasonable value of C=10, the widths of the trap
distribution kTp are found to be 0.09, 0.18, and
0.33 eV for the three samples. Note that the width
of the electron-trap distribution near the quasi-
Fermi level in undoped a-Si:H is nearly equal to
that of the hole traps near E,& as found in Sec.
VA.

holes trapped there. In a-Ge:H and Si-Ge alloys
with EG g 1.4 eV, the PA spectra consist of single,
symmetric bands characteristic of a resonant tran-
sition. The mechanism here is optical charge
transfer (OCT) or photon-assisted hopping of ex-
cess carriers between neighboring sites of a defect
with strong electron-lattice interaction. The bind-

ing energy associated with lattice distortion at an
occupied site is 0.35 —0.4 eV.

In the a-Si Ge] „.H alloy system the change of
the PA line shape from the asymmetric (photoioni-
zation) to the symmetric (OCT) form occurs
discontinuously at a composition around x=0.6.
This can be attributed either to an increasing
electron-lattice coupling as x decreases or to the
presence of special defect structures at which OCT
can occur in the Ge-rich alloys.

Photoinduced absorption below the band gap
also exists in another class of amorphous semicon-
ductors, the chalcogenide glasses and amorphous
arsenic. The main phenomenological differences
are that the inducing and decay rates in these
glasses are much slower (at a given temperature)
and their PA spectra always show the asymmetric
form with a low-energy threshold at about half the
band gap. A commonly accepted interpretation
proposes' ' that PA in these materials is a man-
ifestation of native defects, such as valence alterna-
tion pairs, which (by virtue of strong electron-
lattice coupling) have the special property of nega-
tive effective electron-electron correlation energy.
Induced absorption is caused by photoionization of
excess carriers trapped by these defects. We have
made no attempt at a detailed comparison of PA
in the tetrahedral and chalcogenide semiconductors
or at comparing our data with various recent
models for defects in a-Si:H because the PA spec-
tra do not contain information on the relationship
between defect occupancy, spin and charge. The
charged-defect model for chalcogenides results
from a simultaneous interpretation of transport,
ESR, and luminescence data. Since these properties
are very sensitive to preparation conditions in the
tetrahedral materials, comparative measurements
must be made on the same samples. Indeed, even

in the chalcogenides recent evidence suggests that
the totality of experimental data cannot be ex-

plained if it is assumed that only one class of de-

fect is important.
From the time decay of PA (Ref. 9) and the

steady-state response to pump intensity and tem-

perature, information about the recombination
dynamics was also obtained. These measurements
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were performed mainly in doped and undoped a
Si:H samples and the spectrally integrated PA in-

tensity was taken as a measure of the total density
of absorbing centers. This amounts to an assump-
tion that essentially all the oscillator strength of
photoexcited carriers is included with the PA band
extending from about 0.3 to 1.6 eV. Under our ex-
perimental conditions the recombination process
was found to be bimolecular and diffusion limited;
that is, holes and electrons recombine directly with
the slow diffusion of an dectron into the capture
sphere of a trapped hole being the rate-determining
step. Two interesting properties of electron mobili-

ty p„are exhibited in these measuremens. First, in
a time range from 5)&10 to 10 sec following
pulsed excitation, the recombination rate indicates
that p„ is a decreasing function of time. This is
the expected result of the anomalous dispersion of
the drift velocities of nonequilibrium carriers com-
monly observed in amorphous materials and treat-
ed theoretically by Scher and Montroll. ' Ngai
ahd Liu show that the formulas proposed for
describing our experimental results follow from
their approach to the dispersive transport.

Using the PA „technique the time-averaged elec-
tron drift mobility was measured over a larger
temperature range than that accessible to electrical
measurements. The unusual temperature depen-
dence p„-exp(T jT&) was found, with T~ ——31, 67,
and 106 K in B-doped, P-doped, and undoped a-
Si:H samples, respectively. A drift mobility having

this form was explained by assuming that electrons
are repeatedly trapped and released from an ex-

ponential distribution of localized states below the
conduction-band mobility edge.

Induced absorption spectroscopy has been shown
to be a useful probe of the tetrahedral amorphous
semiconductors in a state of high photoexcitation,
providing new information about the poorly under-

stood fundamental process of carrier trapping, dif-
fusion, and recombination. Further work correlat-
ing this and related photoeffects is necessary to
achieve a more complete knowledge of the struc-
ture and electronic characteristics of the defects
which influence these processes in real samples.
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