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Initial Stages of Trapping in a-Si:H Observed by Femtosecond Spectroscopy
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We report the first femtosecond spectroscopic investigation of ultrafast electronic processes in a-Si:H.
By tuning the probe wavelength in a wide range around the optical gap, we are able to follow the time
evolution of carrier trapping in band-tail states. At moderate injected carrier density, the band-tail
states are populated by multiple trapping. As more carriers are injected, the shallow band-tail states sat-
urate and deeper band-tail states capture carriers by direct trapping, which is a faster process (1-2 ps)

than multiple trapping (10 ps).
PACS numbers: 72.20.Jv, 72.80.Ng, 78.50.Ge

The electronic states of disordered solids can be divid-
ed into extended, band-tail, and deep-trap states.! An ex-
ample of technological importance is a-Si:H. This ma-
terial is now being grown very pure in a controlled
manner and is of increasing use in devices.? Transport?
and optical*® measurements have revealed that thermali-
zation within the band-tail states and trapping in the
deep states occur on a time scale of 100 ps or more. So
far, no experiment has had the time resolution and state
specificity to observe the initial stage of thermalization
and especially the transition from extended to band-tail
states. The characterization and understanding of this
transition are of fundamental interest because it rep-
resents the onset of localization. Furthermore, this char-
acterization could test critically various theories (e.g.,
multiple trapping) and hypotheses (e.g., the possible high
mobility in extended states).

In this Letter, we report the first spectroscopic mea-
surement of the transition from extended states to band-
tail states, hereafter called trapping. Our time resolution
is 100 fs and our wavelength tunability from the infrared
to the ultraviolet is such that we have access to extended
states or localized states. Both features will prove critical
for a clear determination of the trapping time and its
dependence on carrier density. Additionally, we measure
the cross section for intraband optical absorption as a
function of wavelength and of the energy of the initial
state. We then relate our measurements to previous stud-
ies and discuss our results in terms of a simple model
which we compare to others.

The sample is a film of a-Si:H,F prepared from SiF4
and H, by rf glow discharge.® The thickness of the film
is 450 nm and its optical properties are shown in Fig. 1.
The optical gap E, determined from a Tauc plot is 1.82
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eV, below which clear Fabry-Perot fringes are observed.
The conduction band and tail parameters of the sample
are identical to those of good quality ¢-Si:H.”
Time-resolved reflectivity and transmission measure-
ments are performed simultaneously in the pump-and-
probe configuration near normal incidence. The output
of a colliding-pulse mode-locked dye laser is amplified in
four stages by a frequency-doubled neodymium-doped
yttrium aluminum garnet laser.®® Each pulse is 100 fs
long and carries 1 mJ of energy. The pulse repetition
rate is 10 Hz. A fraction of the pulse at 620 nm (hv=2
eV) is used to inject carriers above the mobility edge.
The rest of the pulse is focused into a cell containing wa-
ter to form a white-light continuum,® which is then spec-
trally filtered with interference filters to produce one of
the five probe wavelengths indicated in Fig. 1. The re-
flectivity and transmission of the probe are monitored as
a function of time delay between pump and probe pulses,
up to 80 ps after excitation. The sample is held at room
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FIG. 1. Transmission spectrum of the a-Si:H,F film. The
pump and five probe wavelengths are indicated.
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FIG. 2. Transmission of a probe beam above (550 nm) and
below (670 nm) the mobility gap as a function of time follow-
ing injection of 5% 10" carriers/cm>. Above the gap, T is a step
function, and below the gap, T recovers in a few picoseconds.

temperature. The intensity of the pump is varied over a
factor of 40. In order to minimize cumulative heating or
damage, the sample is continuously translated, resulting
in a decrease of the exposure rate by a factor of 10. We
have observed no laser-induced Staebler-Wronski effect
during the entire experiment.'°

Figure 2 shows the transmission of a probe beam above
E; and below E, after excitation with a 100-fs-long
pump pulse at 620 nm. In each case, the initial transmis-
sion dip is as abrupt as the convolution of the pump and
probe pulses. However, for hv < E,, the transmission re-
covers in a few picoseconds, whereas for hv> E,, there is
little or no recovery even after 80 ps. The longest three
probe wavelengths display a similar recovery while the
shortest two probe wavelengths display a similar step
function. Below E,, strong Fabry-Perot fringes are ob-
served (see Fig. 1). After pumping, the reflectivity actu-
ally increases at 771 nm and decreases at 670 and 850
nm: This indicates an increase in the real part of the re-
fractive index n of the film. However, the change in re-
flectivity is much smaller than the change in transmis-
sion, and it is an excellent approximation to interpret the
decrease in transmission as induced absorption.!! If we
do so, the fact that the initial transmission dip at all five
wavelengths is approximately constant for a fixed pump
intensity (the dip tends to be smaller for Av> E,) can be
interpreted as a wavelength-independent induced absorp-
tion. We have also varied the pump intensity I, over
nearly 2 orders of magnitude. As shown in Fig. 3, the
magnitude of the transmission dip is found to be propor-
tional to Ip. At the highest I,’s, which corresponds to in-
jection of about 102 carriers/cm?, the transmission re-
covery is faster and a net bleaching is even observed after
10-20 ps. Figure 4 shows normalized transmission
curves that clearly illustrate that observation.

In the interpretation of our data, one must remember
that both electrons and holes are injected. The optical
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FIG. 3. The magnitude of the transmission dip at =07 is
proportional to the pump intensity, that is, to the injected car-
rier density, as one would expect if it is produced by intraband
absorption with a constant absorption cross section.

probe is sensitive to the joint density of states and there is
no straightforward way to separate the dynamics of the
electrons from that of the holes. We will then for simpli-
city consider only one kind of carrier throughout the
analysis (namely the electrons). This assumption is justi-
fied because the trapping of holes is thought to occur in-
stantaneously.® The total absorption is the sum of band-
to-band absorption and of intraband absorption which
can be written as

a=avc(feafh)+aintra(N)9 (1)

where f, (f3) is the Fermi occupation probability of the
final (initial) state. Just after pumping (z =0%), the car-
riers have less than 100 meV excess energy compared to
the mobility edge'? and for each probe wavelength, the
absorption coefficient for transitions from the valence
band to the conduction band a,. remains essentially un-
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FIG. 4. Transmission at 850 nm following various carrier in-
jections. Net bleaching and faster recovery are observed at
high intensities. The curves have been normalized to give the
same transmission dip at t =0%.
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changed because the occupation of the initial and final
states of the transition is unchanged. However, intra-
band absorption ajn;, becomes possible because “free”
carriers have been produced. The opacity of the sample
increases and the transmission decreases. After a few
picoseconds, the carriers have lost energy, as discussed
below, and they populate states relatively deep in the
band tail. For a probe such that hv> E,, a, remains
unchanged and intraband absorption is still possible. For
a probe such that hv < E,, a,. is bleached because the fi-
nal (initial) state is occupied, while intraband absorption
is still possible. If ajpra does not change much as carriers
get trapped deeper in the band tail, we predict a step
function of time for transmission above E, and at least a
partial recovery below E,, in agreement with Fig. 2. We
thus deduce that the intraband absorption cross section o
is a constant.

At this point, it is necessary to compare our results to
those obtained by Vardeny, Strait, and Tauc!?® in un-
doped a-Si:H. Their experiments were also performed in
the pump-and-probe configuration, but with both pulses
at 620 nm. Their injected carrier density was below 10'®
cm ™3, Their time resolution of 1 ps was nearly 2 orders
of magnitude better than in time-resolved photolumines-
cence experiments®> but nearly 1 order of magnitude
worse than in our case. They found a photoinduced ab-
sorption starting at 10 cm ™! for 5x10'" carriers/cm?,
which decays on a 1-ns time scale. Their results indicate
that o is equal to 2x 107" ¢cm? and decreases slowly as
the carriers are trapped in deeper and deeper states. At
the five probe wavelengths, we find o to be in the range
of (4-6)x 107" cm? for a carrier concentration ranging
from 5x10'8 to 2x10%° cm ™3, For hv> E,, little or no
recovery is observed up to 80 ps after excitation, also in
agreement with Vardeny, Strait, and Tauc’s results.
Despite our better time resolution, we do not observe any
short-lived transient that can be identified with hot-
carrier thermalization above the mobility edge. This neg-
ative result agrees with the reflectivity and transmission
of a-Si:H measured with 100-fs pulses at 620 nm by
Kuhl et al.'*

A better understanding of the trapping mechanisms
may be gained from our data. If the band-tail density of
states has the usual exponential form gpr=N.exp(—E/
E), where we have defined the zero of energy at the mo-
bility edge, N, =4x10?! cm ™3 eV,!5 and E¢=30 meV,?
the total density of states in the band tail is 1.2x10%
cm ~3, which is comparable to the maximum injected car-
rier density. A multiple trapping model has been pro-
posed to explain thermalization within the band tail.>!6
With the assumption of a constant capture cross section
Ocapt, the states below the mobility edge become uniform-
ly populated by the trapped carriers. As the carriers are
preferentially released from the shallow states by the
thermal activation, the average carrier energy (E)
changes with time as kT Invyt, where the escape frequen-
cy vo=10"3 s711® States 100 meV below the mobility
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FIG. 5. Recovery time of the transmission curves vs injected
carrier density at 670 nm. The recovery time is the time it
takes T to recover to within 1/e of its initial value. At high
density, direct trapping dominates and at moderate density,
multiple trapping becomes predominant. At the lowest density
(5x10"® cm ~3), the recovery exceeds 10 ps. The dashed line is
a guide to the eye.

edge would be populated after 5 ps. Experimentally, we
observe that these relatively deep states are occupied in
5-10 ps under moderate injection and in 1-2 ps under
high injection. We propose that this is evidence for
direct trapping (DT) under high injection, not multiple
trapping (MT) (or hopping, which is even slower at room
temperature). Our model requires that Ocapt decreases
with increasing localization, a physically sound assump-
tion'? that is usually not made in a multiple trapping
model for computational simplicity and for a lack of
knowledge of the functional dependence of ocapt.

Consider an electron at or just above the mobility edge.
If most localized states are empty, the electron will most
likely be captured by a shallow state. If, however, all
shallow states are occupied by already captured electrons,
but most deep states remain empty because their ocap is
smaller, then the electron will stay in the extended states
until it is captured by a deep state. With the assumption
of a mobility of 10 cm? V™ !s™!3 the electron will travel
60 A in 1 ps. Since the average distance between states
100 meV or deeper in the band tail is ~60 A, it is rea-
sonable that the electron be captured in 1 ps by DT,
much faster than by MT. Assuming a constant ocapt, We
had computed it takes 5 ps to populate those states by
MT. Since ocap decreases with increasing localization,
and since the assumed v of 10'3 s™! is quite high, that
time may be much longer. In Fig. 5, we plot the recovery
time of the transmission as a function of injected carrier
density. This plot clearly supports the transition between
DT and MT.

We also wish to mention that the net bleaching ob-
served at high carrier density is explained by the com-
bined effect of DT and MT which makes the decrease in
a,. larger than .. Our results are also inconsistent
with recombination on a picosecond time scale.
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In conclusion, we have performed the first femtosecond
spectroscopic measurement of the optical properties of
a-Si:H,F after carrier injection above E;. The time evo-
lution of the photoinduced absorption depends dramati-
cally on whether extended or localized states are probed.
States 100 meV or more below the mobility edge are pop-
ulated in 10 ps by multiple trapping but in only 1-2 ps
by direct trapping. This implies a capture time from ex-
tended states to shallow band-tail states much shorter
than 1 ps, in agreement with our failure to observe
thermalization within the extended states. The optical
intraband absorption cross section is also found to be
(4-6)x107'7 cm?, nearly independent of wavelength and
state energy.
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