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Sensitization of the electron lifetime ina-Si:H: The story of oxygen
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We have found, in hydrogenated-amorphous silicon~a-Si:H!, values as low as 0 for the exponentgh that
characterizes the light-intensity dependence of the minority-carrier concentration. The model simulation
analyses of the temperature dependence ofgh and the phototransport properties of the majority carriers show
that these unprecedented low values in general, and ina-Si:H in particular, are associated with the presence of
an acceptorlike center, the energy level of which lies 0.3–0.5 eV above the valence-band edge. Our results
show then that the common analyses of the photoelectronic properties ofa-Si:H only in terms of dangling
bonds and band-tail states are not justified, and that the ‘‘safe hole traps’’ that were proposed to exist ina-Si:H
can be identified now as oxygen-induced acceptorlike centers.
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The most conspicuous feature of the phototranspor
hydrogenated amorphous silicon~a-Si:H! is the thermal
quenching~TQ! of the photoconductivitysph. This feature is
the decrease ofsph with increasing temperature over a lim
ited temperature range.1–7 Following numerous mode
simulations,6–10 it is now widely agreed that this TQ is due t
the transfer of the dominant recombination channel from
valence-band-tail states to the dangling bonds. This is a v
central conclusion fora-Si:H since it accounts for the pho
totransport properties ina-Si:H by the above two very fun
damental ‘‘intrinsic’’ defects of disordered tetrahedra
bonded semiconductors. On the other hand, while it w
shown11 that impurities can somewhat modify the features
the TQ, in no study was it suggested that they candominate
or control these features or other phototransport propertie
this material. The purpose of this paper is to show tha
a-Si:H the TQ is usually associated with the transfer of
dominant recombination channel from impurity~rather than
from band-tail! centers to the dangling bonds. We show th
this impurity level is very likely to be a result of th
well-known11,12unintentional doping by oxygen. The signifi
cance of this conclusion is that the phototransport ina-Si:H,
which is so widely studied and which is so important f
many photoelectronic applications, is more likely to be co
trolled by these impurity centers than by the band-tail sta
In turn, we also argue that these centers are the ‘‘safe
traps’’ that were suggested a decade ago to exist ina-Si:H.13

The tool we applied for the derivation of the above co
clusions was the measurements of the temperature de
dence of four phototransport quantities.14–18 These are the
mobility-lifetime product of the majority carriers (mt)e ,
their corresponding light-intensity exponentge , the
mobility-lifetime product of the minority carriers (mt)h , and
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in

e
ry

s
f

in
n
e

t

-
s.
le

-
en-

the corresponding light-intensity exponentgh . In undoped
a-Si:H the majority carrier is the electron and thus (mt)e is
determined14,15 from the measurement of the photocondu
tivity @(mt)e5sph/qG, whereq is the electronic charge an
G is the carrier generation rate# and ge is determined from
the well-known14,15 power-law relation sph}Gge. The
mobility-lifetime product for the holes (mt)h is
determined16–18here from the measurement of the ambipo
diffusion length L and its light-intensity exponent is
determined7,18 from the relationL}G(gh21)/2. These four
quantities and their determination from experimen
data14–18are well established. In particular, their significan
for a-Si:H has been discussed in many papers.4,7,9,19–22

The nonmonotonicsph(T) dependence associated wi
the TQ is usually accompanied by a ‘‘superlinearity,’’14,15

i.e., with ge.1 values and with a peakedge in the tempera-
ture range where the TQ takes place.7–10 The general expla-
nation of these coupled phenomena was given initially
Rose14 to be due to the sensitization effect, i.e., the repla
ment of one recombination channel by another such
when some conditions are fulfilled, (mt)e increases. These
coupled phenomena ina-Si:H have been explained1–11 to be
the result of the replacement of the dangling bonds, as
dominant centers for recombination, by the valence-band
states upon the decrease of temperature. In particular,
comprehensive model-simulation studies of Tran9 and
Bruggemann10 left little doubt that with reasonable param
eters of thea-Si:H system, this sensitization is the only e
planation of the above phenomena. In fact there were
experimental data that suggested otherwise. The experim
tal finding reported in this Brief Report and its explanati
by a model that accounts for it suggest that discrete-le
acceptorlike recombination centers should be added to
©2001 The American Physical Society01-1
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above mentioned models ofa-Si:H. The approach of ou
present study is to use the above tool for the reexamina
of the above intrinsic-defects model and to point out
conclusions that follow.

The samples used in this study were deposited by both
rf-glow discharge~GD! technique and the hot wire~HW!
technique.23 The depositions were carried out with relative
low hydrogen dilution of silane. Correspondingly, o
Raman spectroscopy measurements23 have revealed no mi
crocrystalline phase in the films. The common substrate t
perature for all the samples was 175 °C and their thickne
were between 0.3 and 1mm. We have determined the oxy
gen content in the samples by both secondary ion mass s
troscopy and the relative infrared absorption of the S
band at 1150 cm21. The oxygen concentrations found for a
our films were of the order of 1018cm23, which is typical for
device-quality samples.24

For the electrical measurements we evaporated copl
silver contacts that were 0.4 mm apart.7,16,22 The measured
temperature dependence of the dark conductivity yielde25

an estimated conduction band-edge to Fermi-level separa
of 0.6–0.7 eV. Finally, our temperature-dependent p
totransport measurements7,18,22 were carried out using a
He-Ne laser that yielded a carrier-pair generation rateG of
about 1021cm23 sec21. The values ofge andgh were derived
then in the range of 1019<G<1021cm23 sec21.

Turning to the results, we show in Fig. 1 the measu
temperature dependence of the four phototransport quan
of a typical ‘‘HW sample’’ ~50% hydrogen dilution!. In Fig.
1~a! we show the temperature dependence of (mt)e , which
is very typical of, and very similar to, the numerou
results1–11 of the TQ ina-Si:H. This sensitization-associate
behavior is emphasized by the temperature dependencege
as seen in Fig. 1~b!. Two features characterize this behavio
the superlinearity, i.e.,ge.1 values, and the peak ofge
around 150 K. These results are very well understood fo
sensitization process in general14,15,18 and seem to be wel
understood fora-Si:H in particular.7,9,10,22Turning to the mi-
nority carriers, the temperature dependence of (mt)h is

FIG. 1. The measured temperature dependence of the mob
lifetime product and the light-intensity exponent of the electro
@~a! and ~b!# and holes@~c! and ~d!# in our a-Si:H samples. The
curves are guides to the eye.
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shown in Fig. 1~c!. The behavior observed is to be expect
since during the sensitization process the increase of (mt)e
should yield14,15 a decrease of (mt)h . We note in passing
that the present method16–18 does not enable the determin
tion of (mt)h values that are lower than the ones sho
around 150 K.

The agreement found in Figs. 1~a!–1~c! with all the pre-
vious experimental results1–11,22 and their simulations7–10,22

does not hold when we turn to the less comm
measurement7,22 of the temperature dependence ofgh . In
Fig. 1~d! we find a strong decrease ofgh down to the un-
precedented low value ofgh50. We note that this value is
found in the temperature region wherege.1, i.e., in the
sensitization regime. We have obtained qualitatively sim
results for all our other HW and GD samples which, f
brevity, are not displayed here.

The fact that the very many simulations of the sensiti
tion by so many other workers8–11 as well as by us7,22 have
not reproduced the behavior shown in Fig. 1~d!, in particular
the sub-1/2 values ofgh , suggest that the intrinsic-defec
models do not provide a proper description of the syst
under study. Following this conclusion we have conduc
computer simulations in which we have added to our abo
mentioned intrinsic-defects~or ‘‘standard’’! model7,9,22 cen-
ters with a discrete energy level. Trying various kinds
centers we were able to reproduce semiquantitativelyall the
behaviors shown in Fig. 1,only by the introduction of an
acceptor level that is located between 0.3 and 0.5 eV ab
the valence-band edgeEv . All other parameters of the sys
tem were as in our previous simulations7,22of the standard9,10

model. The important features of the discrete acceptor c
ters that we introduced are that they have a hole-to-elec
capture coefficient ratio of 100 and an electron capture co
ficient that is smaller, by a factor of 3, than that of the neut
dangling bond. The concentration of the above ‘‘extrinsi
centers is 1018cm23 while that of the dangling bonds i
1016cm23. Hence, the necessary conditions14,15 for the sen-
sitization@i.e., for the increase of (mt)e with decreasing tem-
perature# that should follow the transfer of the dominant r
combination channel from the dangling bonds to t
extrinsic centers are fulfilled. Indeed, our computer simu
tions show that this transfer takes place at the tempera
wherege(T) is peaked, and that it replaces the correspo
ing transfer~from the dangling bonds to the tail states7,9,10! in
the standard model. In particular, the sensitization here w
decreasing temperature follows the increase of the con
tration of recombination-effective acceptors in comparison
that of recombination-effective dangling bonds~and here
also to that of recombination-effective valence band-
states!. The corresponding capture coefficients, as giv
above, yield then an increase of the electron lifetime an
decrease of the hole lifetime. The simulation results obtai
with the above given parameters are shown in Fig. 2.
these results reproduce the behavior shown in Fig. 1 i
clear that the properties of the extrinsic center in oura-Si:H
material are similar to those used in the simulations. O
notes, of course, that when one finds7 thatgh. 1

2 throughout
the entire temperature range, the standard mo
scenario7,9,10 is applicable and the band-tail states are
dominant recombination centers at the lower temperature
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BRIEF REPORTS PHYSICAL REVIEW B 63 113201
It is to be noted that we did not try to reproduce t
results of Fig. 1 quantitatively~e.g., the magnitude and widt
of the TQ! as this requires changes in the other, previou
used7,22 generation rates, as well as intrinsic defect and
mobility parameters. All this and the ‘‘recombination
competition’’ between the impurity-induced centers and
band-tail states will be discussed elsewhere.

Let us turn now to the identification of the extrinsic a
ceptorlike centers suggested by the above agreement o
experimental and the simulation results. The observation3 of
the TQ in the samples used by McMahon and Crandall13 who
found ~by another technique! acceptorlike states~safe hole
traps! that lie in the same energy range that we have in
simulations, strongly suggests that we encounter here
same type of centers. Also, we saw above that one wo
need more than 1018cm23 discrete-level centers to get all th

FIG. 2. The simulated temperature dependence of the p
totransport quantities shown in Fig. 1 for a model that consists
standarda-Si:H model with an addition of 1018 cm23 acceptorlike
centers~with an energy level that is located 0.3 eV above t
valence-band edge!.
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behaviors shown in Figs. 1 and 2. This, and the fact24 that in
undopeda-Si:H in general and in our samples in particula
the oxygen content is of the order of 1018cm23 ~while other
impurities and the dangling bonds have significantly low
concentrations!, suggest that the natural defect to be cons
ered in our attempt to explain the above observations is
oxygen-induced acceptorlike defect. Let us examine then
possibility.

About 20 years ago Paesleret al. had pointed out the
importance of the presence of oxygen ina-Si:H, attributing
various properties to this ‘‘story of O.’’26 While some
studies12,24,26–28 were concerned with various oxygen
associated effects, and others have suggested that ox
induces acceptor centers,11,12,27 very few of them11 consid-
ered the effect of this presence on the transport and ste
state phototransport properties. In particular, because usu
only the behavior of the majority carriers has been cons
ered, thedominanceof the unintentional oxygen doping o
these properties has never been suggested. Indeed we
that in the materials for which the oxygen-induced accept
were suggested,11,12 the TQ effect has been found.1,11 Also,
oxygen ina-Si:H has been found28 to increase the respons
time of the photoconductivity, which is essentially the effe
associated with the safe hole traps.12 Following these consid-
erations and since the above concentration of 1018cm23 oxy-
gen centers is so common ina-Si:H, it appears that the
present scenario, of oxygen-induced acceptorlike centers
are responsible for the TQ, may be the rule rather than
exception in this material. The important conclusion of th
finding is that in a wide temperature-illumination regime t
phototransport ina-Si:H materials may be controlled by th
oxygen-induced recombination centers rather than by int
sic defects.

In conclusion, we suggest that the thermal quenching
the sensitization effect ina-Si:H can result from two
scenarios. This is either from the band-tail states to
dangling-bonds recombination transfer scenario~as sug-
gested so far! or from the oxygen-induced states to th
dangling-bond transfer scenario~as appears now to be th
more common case!. These two possible scenarios and th
the types of defects that control the phototransport proper
can now be distinguished by the measured~larger or smaller
than 1/2! value ofgh .

This work was supported in part by the Israel Scien
Foundation.
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