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A systematic study of the dependence of picosecond photoinduced absorption (PA) and

transmission in hydrogenated amorphous silicon on sample thickness, doping concentration, and

excitation intensity has been undertaken. Investigations demonstrated that the picosecond PA de-

cays are not caused by recombination at the sample surface nor by deep trapping. The decays are
consistent ~ith thermalization within the band tails and doping-induced band-tail states.

The study of ultrafast relaxation of excited carriers is of
fundamental interest in semiconductors, particuarly in
amorphous materials such as hydrogenated amorphous sil-
icon (a-Si:H), due to the presence of disorder and distri-
butions of traps. This short-time relaxation dynamics is
important for the understanding of luminescence, recom-
bination, and transport. The carrier relaxation process has
been studied using time-resolved luminescence, transient
photoconductivity, and photoinduced absorption (PA). Of
the three techniques, PA is particularly useful due to its
subpicosecond time resolution and sensitivity to all the ex-
cited carriers.

Previous PA studies, covering the time range from pi-
coseconds to seconds, have been performed on a variety of
undoped and doped samples. ' 9 Early work interpreted
the decays in terms of holes thermalizing within the band
tails. ' Subsequently, the photoinduced absorption was in-

terpreted in terms of bimolecular recombination with mul-
tiple trapping; the intensity and time decays were con-
sistent with this interpretation. More recently, a fairly
extensive model has been developed which attributes de-
cays of photoinduced absorption to deep trapping. 's In
the case of undoped material, the trapping states are neu-
tral dangling bonds, while in the case of doped material,
the trapping centers for minority carriers become charged
dangling bonds. The most recent interpretation for the PA
decays involves thermalization in the band tails and donor
states for compensated material. s In this intrepretation,
the donor states in singly doped material, despite being
similar to those found in compensated, are presumed to be
unimportant. In addition to these interpretations, recent
transient grating experiments9 have been interpreted in
terms of carrier diffusion to the sample boundary. For
large grating spacings, the grating decay should be similar
to the decay of transient reflectivity and/or photoinduced
absorption.

The goal of this paper is to eliminate some of these
models and help understand underlying mechanisms for
PA in the picosecond and nanosecond time regime. In
light of the previous work which demonstrated that mutu-
ally exclusive models can yield equally good fits, the
present study uses samples prepared under a wide variety
of deposition and doping conditions to check consistency of
the experimental trends with those predicted by the vari-
ous models. We find evidence that all PA decays in the pi-

cosecond time range can be interpreted in terms of
thermalization within the band tails and, in the case of
doped material, into donor and acceptor levels located in
the band tails. The results do not seem to be consistent
with deep trapping or recombination at the sample bound-
ar1es.

The characteristics of the PA experimental setup con-
sisted of the following. The 614-nm laser pulses were pro-
duced by a synchronously pumped cavity dumped dye
laser system with an energy up to 8 nJ, a 12-psec pulse
width, and a 800-kHz repetition rate. The beam was
focused to a 30-pm-diam spot giving rise to carrier densi-
ties in the range of 10' -10' carriers per cm3. The pump
beam was modulated at 10 kHz, and PA absorption was
determined from the synchronous modulation of a weak
probe beam (59o of the pump intensity) passing through
the sample. Delays up to 8 nsec could be obtained using a
feedback stabilized delay line which ensured overlap of the
pump and probe spots over the entire delay. 'o The series
of samples used in this study will be described later. For
most studies, thick samples were used to minimize the dis-
tortion in the decays due to etalon effects. "

We first tested the model of carrier diffusion for ex-
plaining the PA decays. If the PA decays are caused by
carrier diffusion to the sample boundaries, one would ex-
pect slow decays for thicker samples, or if the carriers were
generated deeper within the sample. This prediction was
tested by measuring PA decays on a series of undoped low
defect samples of thicknesses ranging from 200 nm to 2.5
atm. Furthermore, the generation depth of the carriers
was changed by a factor of 3 by altering the laser wave-

length. In both cases, no change in the observed decays
was observed within experimental uncertainty. This indi-
cates that unlike the case for thin films in Ref. 9, the de-
cays are not due to carrier diffusion to, and recombination
at, the sample boundaries. This result also eliminates the
possibility of thermal diffusion and/or pressure effects ob-
served in other materials' giving rise to the decay, since
such mechanisms would also predict a slower decay for
thicker samples. Hence, we can conclude the decays are
due to some bulk electronic relaxation process.

Subsequently, the deep-trapping model was considered.
In this model, the PA decay occurs when the carriers
thermalize out of the band-tail states into dangling bond
deep traps. The deep traps are assumed to have smaller
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optical cross sections than the band-tail states. The ob-
served decay is due to thermalization of carriers from the
band tails into these deep traps. In this model, the number
of band-tail carriers, dominated by multiple trapping, is
described by the relation '

~a(r) -a I~/[I+ (r l r) ]+II,
where R is a ratio of cross sections and is negative for
doped films and positive for undoped films, a is the disper-
sion parameter, and r is the deep-trapping lifetime and has
the dependence given by r- (N, ) ', where N, is the den-
sity of dangling bonds. Since 0.3 (a & 1, the decay rate
should increase rapidly as N, increases.

This dependence of the decay time on deep-trap density
was tested in a number of ways. First, the defect density
was altered by changing the substrate temperature during
deposition. The defect density changed from 3&10'5 to
3 x 10'~ dangling bonds per cm3. '3 The decays were longer
for the higher defect films —the opposite of the results ex-
pected from deep trapping. The defect density was also al-
tered by doping. When the phosphorus gas phase doping
density is increased from 0 to 1 x 10 5, the defect density
increases two orders of magnitude to -5x 10'7 defects per
cm. 3 The corrresponding decays, however, did not
change IFig. 1(a)]. Upon increasing the doping density
further, the photoinduced absorption made an abrupt tran-
sition to photoinduced transparency (PT) for 10 3 P-
doped films. The defect density, however, changed only by
a factor of 10. The expected dependence of the decay on
doping, including the dependence of the defect density on
doping, is indicated in Fig. 1(b). It is evident that the
deep-trapping model predicts that the largest changes
occur for the lower doping range, while the experiment in-
dicates that the changes are largest for the higher doping
levels. The independence of the decays with power dis-
cussed below demonstrates that trap saturation cannot ex-
plain these results.

Even more striking are the decays observed in Fig. 1(c)
for films with various levels of compensated doping (equal
concentrations of 8 and P doping). The curves are nearly
identical to comparable concentrations of P doping except
that the transition to PT occurs more rapidly in the 10
compensated sample than in the 10 ' P-doped sample.
The compensated samples, however, have up to three or-
ders of magnitude fewer defects than the corresponding
P-doped films, indicating, again, that the density of traps
does not influence the observed decays as predicted by the
deep-trapping model. These results also indicate that the
position of the Fermi level is not important. Finally, it
should be pointed out that for low defect and compensated
films, the number of carriers excited by the laser is several
orders of magnitude larger than the density of deep traps.
Consequently, the decays cannot be due to thermalization
of band-tail carriers into deep traps with smaller cross sec-
tions.

The above results leave three possibilities remaining to
explain the decay: bimolecular band-to-band recombina-
tion, cross-section changes due to carrier thermalization
within the band tails, or monomolecular luminescence.
Evidence against the first possibility is shown in Fig. 2,
where the carrier density has been changed by a factor of 4

with no discernible changes in the decay rate. Further-
more, the ratio of the PA signal to the long-time thermal
signal, caused by band-gap changes, is independent of
power (Fig. 2). If significant bimolecular recombination
occurred on a time scale faster than the experiments, the
PA signal amplitude would decrease relative to the
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FIG. l. (a) Photoinduced absorption vs delay for various P-
doped samples. (b) Calculated decays using the parameters
from Refs. 5 and 6 and the defect densities from photothermal
deflection spectroscopy (Ref. 13). (c) Photoinduced absorption
for various levels of compensated doping.
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FIG. 2. The ratio of the PA signal to the thermal signal vs de-

lay for various carrier densities.

thermally induced signal which depends linearly on power.
Some smaller changes with intensity have been observed in
Ref. 11, changes for lower carrier densities and longer
times. In addition, bimolecular decays cannot explain the
transition from PA to PT, although bimolecular decays
probably play a role in determining the precise form of the
decays. Finally, the fraction of carriers recombining by
luminescence on a picosecond time scale at room tempera-
ture has previously been shown to be insignificant. ' This
leaves cross-section changes as the most likely cause of ob-
served decays at short times.

The cross section, in turn, depends on the matrix ele-
ment and the density of final states. Since the carriers are
thermalizing within the band tails as kit T lnvt over an en-

ergy range of only -0.2-0.4 eV, and the density of final
states is roughly linear in energy, '5 the changes due to the
final-state density would have the form 2 —8 lnvt, The
observed form is somewhat different, suggesting the possi-
bility that the observed decay is due to changes in the opti-
cal matrix element as carriers thermalize within the band
tails. The less localized states near the mobility edges have
a somewhat larger cross section than deep states.

The model which best explains the observed dependence
of the PA decays on material properties is the following.
The decays at short times are caused by changes in the op-
tical cross section as the carriers thermalize within the
band tails (inset, Fig. 3) and explain why the decays be-
come slower at lower temperatures and in high defect sam-
ples with more disorder. The transition to transparency
for singly doped and compensated samples occurs when
the phosphorus donor band occupation becomes compar-
able or exceeds the band-tail states. Hyperfine measure-
ments are consistent in indicating that the donor level
exceeds the band-tail densities for doping levels near the
10 range. ' The induced transparency is due to the

FIG. 3. Long-time PA decay vs delay for 10 P-doped sam-

ple. Inset shows the possible origin of the negative PA signal due
to a donor level with a cross section which is less than the unex-
cited material.

smaller optical cross section for the donor level compared
to band-to-band transitions. Because the compensated and
P-doped films both contain donor levels, the observed de-
cays are similar. At sufficiently long times, which depend
on the distribution of donor level and band-tail states, the
carriers thermalize out of the donor level into deep traps
and/or deeper band tails, and the PA magnitude decreases
as shown in Fig. 3 for a 10 3 P-doped sample. The donor
level is deeper and distributed wider in energy for the com-
pensated samples explaining the slow return to equilibrium
and the lack of temperature dependence of the decay. The
observation of metastable changes in 10 ' P-doped ma-
terial indicates an increase in the P donor level upon light
illumination, rather than metastable changes in deep-trap
densities. This metastable increase of donor levels is ob-
served in hyperfine measurements of P-doped samples as
well. '

The explanation proposed above that the short PA mea-
sures the thermalization of the carriers within the band
tails is similar to the model proposed in Ref. 8 for compen-
sated material, except that rather than having a different
decay mechanism for undoped, singly doped, and compen-
sated, the present model attributes all short-time decays to
thermaiization within the band tails, with perhaps some
modification due to bimolecular recombination depending
on the excitation intensity —the effects of deep traps must
appear at longer times.
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