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Relaxation of photoinduced optical absorption following pulsed laser excitation was meas
ured between 0.5 J.lS and 10 ms in doped and undoped a-Si:H as a function of temperature. 
The recombination was found to be bimolecular diffusion limited. The diffusion coefficient 
of the excess carriers is time dependent (~rO.3) in agreement with the drift mobility of 
photocarriers and the predictions of the continuous-time random-walk theory of disper
sive transport in disordered materials. 

PACS numbers: 72.20.Jv, 72.80.Ng 

Photoinduced midgap ir absorption (P A) was re
cently observedl

-
3 under steady illumination in 

amorphous (a-) semiconductors with tetrahedral 
bonding. We have studied the recombination of 
excess carriers by measuring relaxation of PA 
in doped and undoped a-Si:H following excitation 

by a short laser pulse. The decay is shown to be 
governed by diffusion-limited bimolecular kinet
ics with a time-dependent rate coefficient b = b (t), 
which implies that the photocarriers' diffusion 
coefficient D is also a time-dependent quantity. 
The time dependence of D is a consequence of the 
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dispersive nature of the transport in amorphous 
materials which has been theoretically4,5 and ex
perimentally6 studied in relation to time-of-flight 
mobility experiments. This is the first time that 
non-Gaussian transport has been demonstrated 
in the purely diffusive motion of injected elec
trons during their recombination. A comparison 
with time-of-flight measurements indicates that 
in dispersive transport the time-dependent diffu
sion coefficient is proportional to the drift mo
bility at all times. 

The P A decay was studied in undoped sputtered 
a-SI:H (8x 10- 4 Torr H2 ), in B- and P-doped 
films deposited by glow discharge (GD) with 103 

ppm (volume) of the dopant gas, and Gd a-Sio•l3 -

GeO• 87 :H. The PA was excited by pulses from a 
cavity-dumped rhodamine 6G dye laser with the 
following parameters: photon energy 2.1 eV, 
duration 200 ns, energy 60 nJ, and repetition 
rate 100 Hz. Each pulse produced an estimated 
average carrier density of 1016 cm- 3

• The tran
sient absorption was measured by monitoring the 
modulated transmission of a probe beam from a 
filtered tungsten lamp focused within the laser 
illuminated spot on the sample. The detection 
system consisted of a Ge photodiode (Judson J-
16LD), and boxcar integrator (PARC 162) with 
300-ns time resolution. The spectral range of 
the probe was from 0.6 to 1.4 eV which includes 
almost the full width of the PA band in a-Si:H.1,2 

In Fig. 1, the induced absorption is plotted ver
sus the delay time after the laser pulse, on loga
rithmic scales, for several temperatures from 
80 to 306 K. The ordinate is the fractional trans
mission change -AT /T which is proportional to 
the number of PA centers N. A constant gate 
aperture of 0.5 jJ.S was maintained at all delays 
so that no vertical adjustment of the data in any 
time range was required. Figure l(a) shows the 
results for a-Si:H, Fig. 1(b) for a-Si:H heavily 
doped with phosphorus. Note that the time depen
dence of P A asymptotically approaches a power 
law weaker than rl. The decay is faster at high
er temperatures but the temperature variation of 
the decay rate is weaker in the doped sample. 
Similar results were found in the B-doped a-Si:H 
and the Si -Ge alloy. 

Steady-state PA measurements indicate that re
combination of the PA centers is bimolecular. l

-
3 

If we assume that the initial carrier denSity is 
proportional to the intensity of the exciting laser 
light [NoCx)=Noexp(-Ct,x), where x is measured 
from the surface and Ct I is the absorption coeffi
cient of the laser light], the bimolecular rate 
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FIG. 1. Decay of photoinduced absorption following 
pulsed laser excitation in (a) undoped and (b) phosphorus
doped a-Si: H, as a function of temperature. Solid lines 
calculated from Eq. (5) with a=0.7 and 0.6, respectively. 
Broken lines show t- 1 decay for comparison. 

equation 

dN/dt = - bN2 (1) 

must be integrated over t and x. This gives for 
the time dependence of P A 

_ AT (t) __ a_In ( 1 + bNJ ) 
T -Ct,bt 1+bNJexp(-Ct 1d) ' 

(2) 

where a is the absorption cross section of a P A 
center and d is the sample thickness. 

Equation (1) predicts a r 1 decay at long times 
which is not observed (Fig. 1). We could explain 
the weaker time dependence by taking the coeffi
cient b as a decreasing function of time. The 
physical basis for this approach is provided by 
the continuous-time random-walk (CTRW) theory 
of dispersive carrier transport in disordered 
solids.4,5 

This theory describes the behavior of carriers 
moving among a random array of sites where the 
underlying event times, such as hopping or trap
ping times, are broadly distributed because of 
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the disorder. The usual application is for the 
case of carrier motion in a biasing electric field 
in time-of-flight drift-mobility experiments.4 In 
a wide variety of amorphous materials the results 
closely confirm the major features of the theory. 6 

The transiting carrier packet obeys non-Gaussian 
statistics and the centroid of the carrier distribu
tion has a time-dependent velocity - 11t 1

- c<. The 
dispersion parameter adepends on the micro
scopic properties of the material and may also be 
temperature dependent. 6 

We will now apply this theory to recombination 
kinetics in these materials. In particular, we 
consider the case of diffusion-limited bimolecu
lar processes. The rate coefficient b defined in 
Eq. (1) can be written as7 

(3) 

where r 0 is the radius of the recombination sphere 
and D is the diffusion coefficient of the more mo
bile of the two reacting species. 

We assumed that b has the form 

(4) 

This is the expected form for bet) since from the
oretical considerations8 D <t) - 11t 1

- C< in dispersive 
materials. We will show that the experimental 
results are in agreement with Eq. (4). Integrat
ing Eq. (1) with b from Eq. (4) gives for the PA 
decay 

_t.T (T)= aNo In( l+TC<) (5) 
T a,TC< l+TC<exp(-a ,d) ' 

where T = (BN 01 a )1/c<t is a normalized time. 
The solid curves in Fig. 1 are fitted to the 

above equation withl a = 10- 16 cm2 and a I taken 
from literature including a temperature correc
tion. 9 The dispersion parameters a were taken 
from the results of drift-mobility experiments to 
be 0.7 and 0.6, independent of temperature, in 
undopedlO and P-doped a-Si: H, II respectively. 
The agreement with the experimental data is re
markably good. Similar good fits were obtained 
in B-doped a-Si: H, which closely resembles the 
curves of Fig. l(a), and a sample of a-SiO• 17-

Geo•83 :H, where the decay was found to be almost 
two orders of magnitude faster. 

The dependence of t.T IT vs T on excitation in
tenSity predicted by Eq. (5) was directly verified 
by experiment. 

The initial value of I t.T I IT observed at 0.5 JJ.S 
in the undoped sample is about three times small
er at 306 K than at 80 K [Fig. 1 (a)]. We attribute 
this to recombination during the first 0.5 JJ.S 

which is not resolved in our experiment, rather 
than to a variation of the quantum efficiency with 
temperature. [Compare Fig. l(b) where this ef
fect is smaller-consistent with the weaker vari
ation of the decay rate with temperature.] 

To characterize the decay we define an average 
rate coefficient o=Blato

1
-c<, where to is the time 

required for I t.TI IT to decay to 10% of its value 
at 0.5 !ls. This somewhat arbitrary definition is 
necessary because the time average of bet) over 
an infinite interval vanishes. Our use of this life
time to parallels the definition of the transit time 
in dispersive drift-mobility experiments6

•
11 and 

is Similarly used as a rough measure of the dura
tion of the experiment; the following results do 
not depend on the exact definition of to' 

In Fig. 2 the logarithms of to and 0 are plotted 
versus reCiprocal temperature, along with the 
rate coefficient b of the undoped Si: H derived 
from steady-state P A measurements. Below 
about 80 K these quantities saturate; at high tem
peratures an activation energy can be defined. 

The lifetime to in a-Si: H and the photoconduc
tivity (PC) transient lifetime reported by Fuhs, 
Milleville, and StukelO have the same high-tem
perature activation energy (- 80 MeV) and their 
magnitudes agree within a factor of 2. The aver-
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FIG. 2. Temperature dependence of the average re
combination rate coefficient b derived from the decay 
measurements for boron-doped, phosphorus-doped, and 
undoped a-Si: H (left scale). Triangles are values of b 
from steady-state measurements on the undoped sample. 
The PA lifetime to for undoped a-Si:H is also shown 
(right scale). 
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age rate coefficient 0 in a -Si: H is seen to agree 
well with the values obtained for b from steady
state measurements, both in magnitude and acti
vation energy (120 meV). Also evident from Fig. 
2 are the weaker temperature dependences of 0 
in B- and P-doped samples, again in good agree
ment with steady-state PA measurements (not 
shown in this figure). With our assumptions the 
time-averaged mean mobility jJ. is proportional 
to ofT and therefore their activation energies 
should have comparable values, as is indeed the 
case. In a-Si: H for electrons the activation en
ergies of Il determined from time-of-flighe2 and 
transient PC measurementsiO are in the range 
130 to 160 meV; they are smaller in doped sam
pies. 11 

If we assume the strict validity of the Einstein 
relation, a magnitude of the electron mobility 
can be calculated from our data by use of Eq. (3) 
and jJ. = e 0/ 41Tr 0 kT . As suming that r 0 is in the 
range of 5-40 A we obtain room-temperature mo
bilities of (0.5-4)x 10- 3 , (0.5-4)X 10- 3

, (1-8) 
x 10- 4 cm2/V· sin undoped and B- and P-doped 
samples, respectively. These values are in the 
range of reported drift mobilities. 10- 12 . 

The insensitivity of the PA lifetime to to doping 
(to"" 60, 60, and 200 jJ.S for Si, Si: Band Si: P, 
respectively) supports the conclusion from the 
photoconductivity workI3 that when the kinetics 
are bimolecular (high illumination levels) the re
combination does not depend on Fermi-level po
sition as with monomolecular kinetics (low illu
mination). 

The temperature-independent a in all samples 
indicates hopping transport6

,l0 which is consis
tent with the earlier identification of PA transi
tions involving localized states. 1 Therefore the 
activation energy of the mobility is the barrier 
for direct hopping and not an energy for thermal 
detrapping. It is, however, surprising that the 
same value of a also fits the data in the low-tem
perature regime where the mobility saturates. 

We propose that the dispersive mobility found 
to influence the P A decay in this work should be 
considered also in other types of transient exper
iments which have diffusion-limited kinetics, bi
molecular as well as monomolecular. An impor
tant example is the photoluminescence (PL) de
cay in amorphous silicon which was foundI4 to be 
dominated by nonradiative recombination up to 
50 ns. If we assume a diffusion-limited monomo
lecular process with a time-dependent diffusion 
coefficient D ~ l/t I

- '" this yields a PL intensity 
which decays as exp( - t/ T)'" and improves the fit 
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to the published short-time PL decay data in a
Si:H. 

The decay of the photoinduced midgap absorp
tion band in a-As2Se3 in the range from 10- 8 to 
10- 2 s was recently reported. 15, 16. When the ini
tial photoinduced carrier density exceeded"" 1018 

cm- 3 , an asymptotic power-law decay weaker 
than t- I was observed/5 indicating non-Gaussian 
diffusion-controlled recombination. However, a 
change to r 1 behavior at low densities (N ~ 1016 

cm- 3
) was also seen/6 the origin of which was 

not discussed. 
In conclusion, the decay of photoinduced ab

sorption has shown that bimolecular in a -Si: H is 
governed by a dispersive diffusion mechanism de
scribed by the CTRW theory. The agreement be
tween the transport parameters found by this 
method with those observed by time-of-flight 
measurements indicates that the assumption of 
the validity of the Einstein relation for dispersive 
transport is plausible. We propose that disper
sive transport may playa role in recombination 
processes seen in other experiments as well. 
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