Hot-Carrier Thermalization in Amorphous Silicon
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Thermalization of photoinduced carriers in a-Si and ¢~Si:H was studied with use of sub-
picosecond-pump and probe techniques with parallel and perpendicular polarizations. The
underlying process was identified as hot-carrier absorption whose cross section increases
with the carrier excess energy. The energy dissipation rate in a-Si is =~ 0.5 eV/ps
(= ﬁvzphonon) and is less than 0.1 eV/ps in a-Si:H; Frohlich interaction with polar phonons
can explain this smaller rate. A photoinduced dichroism associated with polarization

memory was observed.

PACS numbers: 72.80.Ng, 72.20.Dp

We report the first observation of hot-carrier
thermalization in amorphous semiconductors ob-
tained from time-resolved studies of photoin-
duced absorption (PA) in the subpicosecond time
domain. We could identify the underlying process
as phonon-assisted hot-carrier absorption whose
strength increases with increasing carrier ex-
cess energy AE. We found that the energy dissi-
pation rate in a-Si is significantly higher than in
a-Si:H and show that the difference can be under-

stood if the energy dissipation in a-Si:H occurs
via polar phonons while in a-Si all phonons are
involved.

We used the pump and probe technique with a
cavity-dumped passively mode-locked dye laser!:?
producing linearly polarized light pulses at kw,
=2 eV with a single-side exponential shape and
t,=0.6-0.8 ps duration, 1-2 nJ energy, and repe-
tition rate of 10° s™'. The probe beam passed
through a polarization rotator and its polarization
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was either parallel (|| ) or perpendicular (L) to
that of the pump beam. We studied thin films of
sputtered g-Si (thickness 4 ~ 0.3 um) and reac-
tively sputtered a-Si:H and a-Si:H:F (d =~ 1 um);
hydrogen and fluorine concentration (C, and Cy)
varied from 4 to 22 and from 10 to 18 at. %, re-
spectively. The photogenerated carrier densities
per pulse were estimated to be 10'° cm™? in g-Si
and (2-4)x 10'® cm ™2 in g-Si:H.

The PA responses for || and L polarizations
are shown in Figs. 1 and 2 (Aa = AT/Td). All
samples show an initial nonsymmetric response
around =0 that decays fast to a lower-value Aag
persisting at 80 K for over 50 ps; the peak is
larger in a-Si than in ¢-Si:H. This component is
partially reduced in the L case relative to the |i
case. The ratio Aa,/Aq, at £>¢, is seen to be
0.75 in the ¢-Si and 0.7 in the a-Si:H samples.

In the linear response theory,' Aa(f) is the sum
of two terms: y(t¢), given by the convolution of
the impulse response function A(#) with the pump
and probe intensities, and B(¢) (“coherent arti-
fact”), given by the convolution involving pump
and probe electric fields; B(¢) is a sharply de-
creasing symmetric function around £=0, If A(f)
is given by a step function then for || polarizations
B(0)=y(0)=5y(t> t,); therefore, the observed
peaks around =0 shown in Figs. 1(a) and 2(a)
cannot be explained by coherent artifact, with
A(t) a step function.

An evaluation of the coherent artifact contribu-
tion is essential for the determination of A(Z)
close to £=0. This can be done by measuring both
Aoy and Aa,. A(t) is related to the imaginary
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FIG. 1. Time dependence of the photoinduced absorp-
tion in a-S8i for || and + polarizations. Solid curves,
experimental; dotted curves, calculated.
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part of the third-order nonlinear susceptibility
tensor x;,,,. For isotropic media only two ele-
ments are independent and the relation X,... = Xz
+2X,yxy Dolds.® It can be shown® that in the || case
both # and y are determined by y,.,., While in the
L case y is associated with x,,,, and 8 with x,,...
Defining the depolarization factor® p= X,..o/Xxux
=y./7y, one obtains B./By= Xuyxy/ Xsanx = 2(1 = P)-
For t>¢, the contribution of () is negligible,
and Aa ,/Aa,=y,/y,, which in our case = 3
(Figs. 1 and 2). Using the same p for ¢<f,, we
obtain B,/B, = %; this explains the observed re-
duction of Aa, relative to Aa for £<?¢,. Curves
{¢), shown in Figs. 1 and 2, are Aa¢ -p laa,,
which is equal to (3p~1) 8,/2p and therefore di-
rectly related to the coherent artifact. Curves
(¢) were found to be similar to the pulse autocor-
relation functions measured by background-free
second-harmonic generation in potassium dihy-
drogen phosphate, as expected for transform-
limited pulses used in our experiments.

The depolarization factor p<1 shows that a po-
larization memory associated with photoinduced
dichroism can exist in the studied amorphous
materials for surprisingly long times. We ob-
served that p increases with increasing initial ex-
cess energy.

We can exclude some other possible origins of
the fastest PA component, such as the polariza-
tion grating effect® (which would give Aa <0) and
two-photon absorption. (Two-photon absorption
would give a symmetric response around =0,
should not depend on Cy, and should give two or-
ders smaller Ax with our intensity of 0.3 GW/cm?
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FIG. 2. Same as Fig. 1, but for a-Si:H with hydrogen
concentration Cy=10%.
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if we use the cross section®” for ¢-Si.) We can
explain the fast component as hot-carrier absorp-
tion and Aa  as absorption by thermalized carri-
ers whose transport is probably influenced by in-
teraction with shallow traps. The generation of
such carriers in these materials was demonstrat-
ed by the picosecond photoconductivity studies of
Johnson etal.® From Ac«g in Figs. 1 and 2 we es-
timate the absorption cross section ;=3 x 102
cm?, which is close to free carrier o in ¢-Si (2

X 107'*® ¢m? at 2 eV and 80 K).® We attribute the
enhancement of Aa close to £=0 to the larger o
of carriers with higher excess energy. A theory
of this effect has been derived before® and gives
reasonable agreement with the data in ¢-Si:H and
with some modifications, discussed below, for
a-Si as well.

A further support for the proposed explanantion
is provided by the observed dependence of the
relative height of PA at =0, A=[ Aa(0) — Aa ]/
Aa g, on the average initial excess energy AE(0)
=3(kw,—-E,). We varied this energy by changing
E, in a series of a-8i:H and g-Si:H:F samples of
different composition since it is known that E, in-
creases with increasing Cy and Cy. Figure 3
shows that A decreases with increasing Cy until
Cy =16% and further with adding F, in agreement
with the decrease of AE(0).

The enhancement of hot-carrier o is related® to
the carrier effective temperature 7,. 7, can be
defined if the energy dissipation rate due to pho-
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FIG. 3. Dependence of the relative height of the in-

duced absorption peak at £ =0 on hydrogen concentration.

Crosses, a-Si:H; circles, a-Si:H:F. (Cg=~14 at.%) 7'
=300 K.

nons (d?A—E_/dt)Ph is smaller than the carrier-dis-
sipation rate which depends on carrier density
and excess energy.'® A typical value for this rate
in our case is (dAE/dt) 4, ~0.3 eV/ps. In a-Si:H
(Cy =10%), BAE(0)=~0.1 eV and the thermalization
time £, is over 1 ps (Fig. 2); consequently (dAE/
dt)ph is smaller than 0.1 eV /ps and therefore
smaller than (dAE/dt) ... Inthis case 7, can be
defined and the standard theory® can be used. On
the other hand, in ¢-Si we obtain from data analy-
sis (dAE/dt)y, ~ 0.5 eV/ps which is larger than
(dAE/dt) .y ; therefore T, cannot be defined and
the theory® has to be modified.

It is generally assumed®! that the thermaliza-
tion rate in amorphous solids is the highest pos-
sible rate associated with phonon emission Zv?2,
Our results show that this is the case for g-Si
since kv? averaged over the phonon spectrum??
gives 0.5 eV /ps. However, (dAE/dt),, is consid-
erably slower in a-Si:H. A slower dissipation
rate is provided by Fréhlich coupling to polar
phonons'%; the existence of Frohlich electron-
phonon interaction in noncrystalline semiconduc-
tors was suggested'3 before. The total phonon
oscillator strength S= ¢, - €, was determined
from the ir absorption spectrum to be 0.5 (as
compared with S= 2 in ¢-GaAs). For g-Si:H, we
calculated the average [dAE( Te)/dt]Pol using a
Boltzmann distribution'®exp(— AE /T, ) integrated
over the ir active phonon spectrum' with dS(v)
=no(v)dv/m%v? [n is the refraction index and a(v)
the ir absorption coefficient]. The rate increases
sharply with T, and around 2000 K reaches a
broad maximum of 0.1 eV /ps. This value can be
compared with the measured'® (dAE/dt) p,; ~0.4
eV /ps for very hot carriers in c-GaAs.

t {ps)

FIG. 4. Time dependence of the normalized hot-
carrier absorption cross section Ag=¢ -0 in a a-8i
and a-Si:H at 80 K.
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The time dependence of 7, for a-Si:H (Cy =10%)
was obtained by numerically solving the equation
kAT, /dt=~[dAE( Te)/dt]pol with T,(0)=800 K
and is shown in Fig. 4 [ Ao(Z)/A0(0) plotted in
this figure is equal to T,(¢)/7,(0)]. For fitting
the PA data, we disregarded the long tail and ap-
proximated T,(f) with a linear decay over 7,=1.2
ps. We could simultaneously fit curves (a) and
(b) in Fig. 2 with the impulse response A(f)~o(t)
=0+ A0(2) =0 [1+aT,(0)(1~-1¢/1.2)] for ¢<1.2 ps,
and 0=0, for £>1.2 ps, with one adjustable pa-
rameter a (enhancement). In calculating the con-
volution for 3 (#) the intensity autocorrelation
function was taken from curve (¢); the magnitude
of B in the L case was reduced by a factor of 8
compared to the || case for reasons discussed
above. The value of g ~1.7X 1073 K™ is close to
the value of 1.3 x 1073 K ™! calculated for hot-car-
rier absorption at 2 eV assisted by optical defor-
mation potential scattering in crystals.’

In a-Si where T, cannot be defined we assumed
that Ao(?) is proportional to the average carrier
excess energy AFE(¢) (A0=bAE). In calculating
this average, we assumed a nonequilibrium dis-
tribution function f(AE) ~( AE)I/Z(h“wp - Eg - AE)V?
in which AFE changes with time according to dAE/
dt=0.5 eV /ps. The reason for assuming this dis-
tribution is that at £=0, f(AE) is proportional to
the product of the initial and final densities of
states during the photogeneration. The result is
shown in Fig. 4. Again we disregarded the tail
and fit the curves in Fig. 1 using A(¢)~0o {1
+[6AE(0)/R}(1 -1/0.7} for £<0.7 ps and o, for
t>0.7 ps. From the fit we obtained 5=1.2x10"2
K-,

In conclusion, our results show that ultrafast
photoinduced absorption measurements can be
used to study the hot-carrier thermalization
process in amorphous semiconductors. We found
that the excess energy dissipation rate in a-Si is
considerably larger than in a-Si:H. We show that
the slower rate can be explained by Frdéhlich in-
teraction with polar phonons; in this model the
initial sharp increase of the dissipation rate with
excess energy suggests that the thermalization
time and thermalization radius depend rather
weakly on the excitation energy in the range 1.85
<hw,<2.3 eV. We observed a polarization mem-
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ory which persists beyond the thermalization
process,
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