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Origin of the spectral dependence of the nonradiative efficiency in hydrogenated amorphous silicon
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Measurements of the excitation kinetics and model calculations of the wavelength dependence of the
room-temperature nonradiative efficiency in hydrogenated amorphous silicon (a-Si:H) are described.
The nonradiative efficiency, defined as the ratio of the heat released per absorbed photon, is measured
using photopyroelectric spectroscopy and displays a fairly sharp minimum when the a-Si:H is illuminat-
ed with near-band-gap photons. The results reported here indicate that this minimum arises from the
variation in the amount of heat generated by free-carrier thermalization with incident photon energy.

A powerful method for measuring the sub-band-gap
absorption coefficient a of thin-film amorphous semicon-
ductors involves detecting the temperature rise of the ma-
terial resulting from the nonradiative recombination of
the photoexcited charge carriers. Bolometric techniques
such as photothermal defiection spectroscopy' (PDS) and
photopyroelectric spectroscopy (PPES) have much
greater sensitivity than conventional transmission spec-
troscopy, and enable determinations of small absorp-
tances down to ad ) 10 and ad & 10, respectively,
for films of thickness d. An implicit assumption in the
analysis of PDS and PPES data is that the nonradiative
efficiency g, defined as the ratio of the thermal energy
released per absorbed photon, is independent of the wave-
length of the incident light at room temperature. Sup-
port for this assumption is provided by the very small
eKciency for radiative recombination, as indicated by the
weak room-temperature photoluminescence signal in
amorphous semiconductors.

The recent observation of a fairly sharp minimum in
plots of g against incident photon energy, obtained from
absorptance data using PPES when a hydrogenated
amorphous silicon (a-Si:H) film is illuminated with pho-
tons of near-band-gap energy is therefore quite surpris-
ing. ' Extensive investigations indicate that this
minimum in q is not an experimental artifact of the PPES
technique and rather reflects the bulk properties of the a-
Si:H. ' There is no increase in the radiative eKciency
for band-gap illumination in a-Si:H, presenting a chal-
lenge to account for this "missing heat. " In this paper we
describe measurements of the excitation kinetics of g in
a-Si:H and model calculations which indicate that the
spectral dependence of g reflects the variation in the
amount of heat released by free-carrier thermalization as
the incident photon energy is varied.

The procedure for measuring the spectral dependence
of g using photopyroelectric spectroscopy is briefly re-
viewed below; detailed descriptions of the experimental
setup and data analysis have been published previously.
Monochromatic light is mechanically chopped (typical
chopper frequency co —13 Hz), and then focused onto the
a-Si:H film, which is physically clamped next to a com-
mercially available pyroelectric polymer polyvinylidene
difiuoride (PVDF). The temperature rise in the a-Si:H

leads to thermal diffusion toward the PVDF detector, in-
ducing a voltage V, across the polymer which is amplified
and then detected using a lock-in, with the chopper fre-
quency serving as the reference signal. The transmitted
light also induces a voltage in the polymer and conse-
quently a signal is generated even when the sample is not
in thermal contact. The detected signal in this
configuration, termed the nonthermal contact voltage V„,
is directly proportional to the transmission coefficient Ts;
of the a-Si:H film. By combining measurements when the
a-Si:H film is in thermal and nonthermal contact
configurations, one obtains

~f —~at =CIO ~ sins

where C is an instrumental and geometric factor, Io is the
incident light intensity, the nonthermal contact voltage is
givenby V„,=CIOTs;A q (A„g theproductofthepo-
lymer absorbance and signal eSciency), As; is the silicon
absorptance, and g represents the thermal coupling be-
tween the a-Si:H and the PVDF polymer. In the strong
absorption regime, that is, for photon energies greater
than 1.6 eV, the absorption coefficient can be obtained
from conventional transmission spectroscopy measure-
ments and consequently As;=1 —exp[ —ad] is a known
quantity. Equation (1) can therefore be used to measure
the product of the nonradiative efFiciency g and the
thermal coupling factor g in the strong absorption re-
gime, assuming that g is independent of photon energy.

The samples studied here are 1 pm thick and were
grown in rf glow discharge deposition reactor, at a sub-
strate temperature of 250'C and an incident rf power of 2
%'. The data reported here are for an n-type doped a-
Si:H film (gas phase doping level of 10 ppm PH3); identi-
cal results are found for p-type and undoped a-Si:H. The
absorption spectra measured with the PPES technique
are very similar to those obtained using PDS (Refs. 7 and
10) and yield an optical gap E, of1.75 eV. As shown in
Fig. 1, g is nearly constant for photon energies much
greater than Fg, , but has a sharp minimum near 1.75
eV, and then increases with sub-band-gap illumination.
Lacking a precise knowledge of the thermal coupling fac-
tor g in Eq. (1), the values q obtained are relative, and
have consequently been arbitrarily normalized to unity at
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FIG. 1 . Spectral dependence of the room-temperature nonra-
diative efticiency of n -type a-Si:H . The fil led squares curve is
the result of model calculations described in the text.
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h v = 1 .9 eV. While a minimum in g is always observed
over a wide range of doping levels for n-type, p-type, and
undoped a-Si:H, as wel 1 as for a-Si:H films deposited by rf
sputtering, the minimum is not always as sharp nor as
deep as that in Fig . 1 .

The heat generated following photoexcitation of
electron-hole pairs is due to (i) free-carrier thermalization
as charge carriers excited into extended states move to-
ward localized band tail states and (ii) nonradiative
recombination. The amount of energy released in the
first process is wavelength dependent, in that it depends
on how far into the extended states the charge carriers
are promoted, while the energy released by recombina-
tion is set by the energy separation of the localized band-
tail states in which the charge carriers reside, which to
first order is independent of the excitation energy. As in-
dicated in the sketch of the electronic density of states in
Fig. 2, absorption of photons with h v & Es,~ ( =E, E, ), —
represented by the arrow labeled A in Fig. 2 yields elec-
trons and holes in extended states which then thermalize

to localized band-tail states. Similarly lower-energy pho-
tons (arrow C in Fig. 2) produce either a free electron or a
free hole, which then thermalizes to the band tail. In
contrast photons with energy such that the maximum ab-
sorption occurs near the band edges (arrow B) create
charge carriers at or very near the band-tail states, and
the free-carrier thermalization energy is very small in this
case. These three absorption regions are also labeled on
Fig. 1 .

Preliminary model calculations of the thermalization
energy as a function of incident photon energy are indi-
cated by the solid squares in Fig. 1 . The calculation as-
sumes an energy-independent matrix element connecting
final and initial states and sums over al 1 possible transi-
tions for a given photon energy. For a given incident
photon, charge carriers ar excited to and from energy
states for which the absorption is largest, and then release
thermalization energy determined by their location from
the mobility edges. The heat detected is then this
thermalization energy. These calculations reproduce the
observed minimum but with a broader line shape. The
qualitative agreement between calculation and experi-
ment supports the proposal that photons with h v-E

g p
are absorbed primarily near the band edges and do not
contribute significant thermalization energy. The sensi-
tivity of the model calculations to variations in the densi-
ty of states is described elsewhere. "

The heat released following light absorption is due to
both recombination and thermalization processes and
must always equal the energy of the absorbed photon, if
no radiative or Auger processes occur. However the heat
detected per absorbed photon by the PVDF polymer is

')=(E,h„-+fE„„)/hv,0&f & 1,
where E,h„ is the thermalization energy, E„,is the heat
released by nonradiative recombination, and f represents
the fraction of E„,that is detected during the time deter-
mined by the inverse of the chopper frequency co

' . The
time required for free-carrier thermalization is on the or-
der of psec, ' consequently all of E,„„willbe transmit-
ted to the PVDF during a measurement cycle. In con-
trast, the nonradiative recombination time ~ is longer
than the inverse of the chopper frequency used to mea-
sure the PPES signal, that is ~)co

' . It has long been
known that ~ in a-Si:H becomes longer at low light inten-
sities. ' ' As shown in Fig. 3, measurements of the
photoconductivity rise and decay times ' are indeed on
the order of 1 sec for the generation rates G used in the
PPES measurements (G —10' cm sec '), which is

longer than the inverse chopper frequency co =77 msec.
—1

When illumination is stopped, for an exponentially decay-
ing density of photoexcited charge carriers
n ( t ) = n (0 )exp [ t /r] it can be easily show—n that

Ev

Energy (eV)

Ec

f = 1/( 1 +cor) for cur) 1 .

FIG . 2. Sketch of the density of states of a-Si:H. The arrows
8, and C indicate the absorption of light with energy greater

than, comparable to, and less than the optical band gap
(Eg p

E E, ), respectively.

Consequently not all of the recombination heat is detect-
ed by the PVDF polymer but al 1 of the thermalization en-
ergy is recorded; in this case g ( 1 and will have the same
spectral dependence as the thermalization energy.

If the model described above is correct then f and
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FIG. 3. Rise and decay time traces of the dc photoconduc-
tivity for an n-type a-Si:H film at 300 K illuminated with 1.72-
eV light with a generation rate of 10' cm sec

FIG. 4. Log-log plot of the normalized nonradiative
e%ciency q against chopper frequency for illumination with
1.8-, 1.75-, and 1.6-eV light for an n-type a-Si:H film at room
temperature.

hence g will be a sensitive function of the excitation ki-
netics, that is of the incident light intensity (through the
variation of w with G) and chopper frequency. For sub-
and above-band-gap illumination, E,h, „

is comparable to
fE„,; a significant fraction of the heat detected by the
PVDF polymer will therefore be independent of G and cu.

The excitation dependence of f will be most readily ob-
served for near-band-gap illumination, for which the en-
ergy detected due to free-carrier thermalization is
minimal ~

It is difficult to directly verify the generation rate
dependence of r in Eq. (3). The light intensity is not easi-
ly varied, since we are presently operating the light
source at its maximum setting and decreasing the light
intensity would further reduce an already small signal.
Preliminary rneasurernents of the generation rate depen-
dence of il do find that at the minimum f does increase
with G in reasonable agreement with the above model. In
contrast, increasing the chopper frequency should deepen
the rninirnum in g by reducing the proportion of heat
detected due to recombination. Figure 4 shows a log-log
plot of q against co for three different incident photon en-
ergies, where the g values have been normalized by their
values at 1.9 eV. For above- and below-band-gap il-
lumination g is independent of chopper frequency, con-
sistent with the proposal that a significant fraction of the
heat detected by the PVDF polymer for these photon en-
ergies results from free-carrier thermalization. The depth
of the minimum in g at 1.75 eV does indeed increase as co

is raised from 10 to 400 Hz, with an approximate power-
law dependence on frequency, that is, g~co ~ where
g —0.25. While the results of Fig. 4 are in qualitative
agreement with our model, the power-law exponent is
lower than expected from Eq. (3). A complete descrip-
tion of the frequency and excitation dependence of g will

be published separately. "
If the observed minimum in g results from ~ being

longer than co ', then other bolometric techniques such
as PDS should also observe a decrease in the amount of
heat detected for near-band-gap illumination. No "miss-
ing heat" has been reported for PDS data, even though
typically co-13 Hz in PDS measurements as well. ' One
possible explanation for this discrepancy may be the vari-
ation of w with generation rate. If the light intensity used
in PDS experiments is only one order of magnitude larger
than that used here, then r would be (0. 1 sec (Refs. 14
and 15) (that is, r(cu ') and all of the heat released by
nonradiative recombination processes would be detected.
In that case there would be no minimum in a correspond-
ing plot of g against h v. Comparisons of PDS and PPES
spectra as a function of light intensity would be an impor-
tant test of the proposed model for the minimum in the
nonradiative efficiency.

In summary, we have argued that the spectral depen-
dence of the nonradiative efficiency of a-Si:H measured
using photopyroelectric spectroscopy reAects the varia-
tion of the heat released by free-carrier thermalization as
the incident photon energy is decreased. The thermaliza-
tion energy is independent of chopper frequency but de-
pends on the excitation wavelength, while the amount of
nonradiative energy detected at the low incident light in-
tensities used here is independent of photon energy, but
does depend on the chopper frequency. Measurements of
the nonradiative efficiency as a function of the chopper
frequency, along with model calculations, are consistent
with the above proposal.
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