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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 silica®i:H), values as low as 0 for the exponepf that
characterizes the light-intensity dependence of the minority-carrier concentration. The model simulation
analyses of the temperature dependenceg,cdnd the phototransport properties of the majority carriers show
that these unprecedented low values in general, aaeSinH 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 properteSidfl only in terms of dangling
bonds and band-tail states are not justified, and that the “safe hole traps” that were proposed tceeSigtin
can be identified now as oxygen-induced acceptorlike centers.
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The most conspicuous feature of the phototransport inhe corresponding light-intensity exponept. In undoped
hydrogenated amorphous silico@-Si:H) is the thermal a-Si:H the majority carrier is the electron and thys. is
quenching TQ) of the photoconductivity,. This featureis  determined**® from the measurement of the photoconduc-
the decrease af,, with increasing temperature over a lim- tivity [(u7)e=0p,/qG, whereq is the electronic charge and
ited temperature rande’/ Following numerous model G is the carrier generation rgtand y, is determined from
simulations} it is now widely agreed that this TQ is due to the well-knowr**> power-law relation o= G?. The
the transfer of the dominant recombination channel from thenobility-lifetime product for the holes g7), is
valence-band-tail states to the dangling bonds. This is a vergetermined®~'8here from the measurement of the ambipolar
central conclusion foa-Si:H since it accounts for the pho- diffusion length L and its light-intensity exponent is
totransport properties ia-Si:H by the above two very fun- determined*® from the relationLxG("n~1”2 These four
damental “intrinsic” defects of disordered tetrahedrally quantities and their determination from experimental
bonded semiconductors. On the other hand, while it waslatd*'®are well established. In particular, their significance
showrt! that impurities can somewhat modify the features offor a-Si:H has been discussed in many pagéers®-22
the TQ, in no study was it suggested that they daminate The nonmonotonico,,(T) dependence associated with
or control these features or other phototransport properties ithe TQ is usually accompanied by a “superlinearity'*°
this material. The purpose of this paper is to show that in.e., with y,>1 values and with a peakeg, in the tempera-
a-Si:H the TQ is usually associated with the transfer of theture range where the TQ takes pldc&’ The general expla-
dominant recombination channel from impuritther than nation of these coupled phenomena was given initially by
from band-tai) centers to the dangling bonds. We show thatRosé* to be due to the sensitization effect, i.e., the replace-
this impurity level is very likely to be a result of the ment of one recombination channel by another such that
well-known*2unintentional doping by oxygen. The signifi- when some conditions are fulfilledu), increases. These
cance of this conclusion is that the phototranspod-Bi:H,  coupled phenomena i Si:H have been explainédto be
which is so widely studied and which is so important for the result of the replacement of the dangling bonds, as the
many photoelectronic applications, is more likely to be con-dominant centers for recombination, by the valence-band-tail
trolled by these impurity centers than by the band-tail statestates upon the decrease of temperature. In particular, the
In turn, we also argue that these centers are the “safe holeomprehensive model-simulation studies of TPraand
traps” that were suggested a decade ago to exiat$itH.**  Bruggemantf left little doubt that with reasonable param-

The tool we applied for the derivation of the above con-eters of thea-Si:H system, this sensitization is the only ex-
clusions was the measurements of the temperature depeplanation of the above phenomena. In fact there were no
dence of four phototransport quantitiés!® These are the experimental data that suggested otherwise. The experimen-
mobility-lifetime product of the majority carriersu(7)e, tal finding reported in this Brief Report and its explanation
their corresponding light-intensity exponeny,, the by a model that accounts for it suggest that discrete-level
mobility-lifetime product of the minority carrierg{r),,, and  acceptorlike recombination centers should be added to the
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T ~ 12 shown in Fig. 1c). The behavior observed is to be expected
el since during the sensitization process the increaseua)
Z10° * 10 should yield*!® a decrease of{7),. We note in passing
£ v that the present methtt'® does not enable the determina-
= ° tion of (u7), values that are lower than the ones shown
g (@) (b) 08 around 150 K.
i B s TR 4 s R ~ The agreement found inllzizgs(al—l(c_:) with all the R)rtzaz-
1000/T (K 1000/T (K o vious experimental resufts'??and their simulations**
' does not hold when we turn to the less common
. 0s measuremeht? of the temperature dependence af. In
o4 Fig. 1(d) we find a strong decrease ¢f, down to the un-
" precedented low value of,,=0. We note that this value is
02 found in the temperature region whese>1, i.e., in the
() . (d) e - . o S
. —lap sensitization regime. We have obtained qualitatively similar
5002 ! . b d GD samples which, for
1000/T (K*) 1000T (K) results for all our other HW an p ,

brevity, are not displayed here.

FIG. 1. The measured temperature dependence of the mobility- The fact that the very many simulations of the sensitiza-
lifetime product and the light-intensity exponent of the electronstion by so many other workeéts'! as well as by us®? have
[(@ and (b)] and holes[(c) and (d)] in our a-Si:H samples. The not reproduced the behavior shown in Figd)1in particular
curves are guides to the eye. the sub-1/2 values of,,, suggest that the intrinsic-defects

models do not provide a proper description of the system

above mentioned models @-Si:H. The approach of our under study. Following this conclusion we have conducted
present study is to use the above tool for the reexaminatiosomputer simulations in which we have added to our above-
of the above intrinsic-defects model and to point out thementioned intrinsic-defect®r “standard”) model®?2 cen-
conclusions that follow. ters with a discrete energy level. Trying various kinds of

The samples used in this study were deposited by both theenters we were able to reproduce semiquantitatis#lyhe
rf-glow discharge(GD) technique and the hot wiredHW) behaviors shown in Fig. lonly by the introduction of an
technique?® The depositions were carried out with relatively acceptor level that is located between 0.3 and 0.5 eV above
low hydrogen dilution of silane. Correspondingly, our the valence-band eddg, . All other parameters of the sys-
Raman spectroscopy measureméhtsve revealed no mi- tem were as in our previous simulatiériéof the standardf*®
crocrystalline phase in the films. The common substrate temmodel. The important features of the discrete acceptor cen-
perature for all the samples was 175 °C and their thicknesseers that we introduced are that they have a hole-to-electron
were between 0.3 and AZm. We have determined the oxy- capture coefficient ratio of 100 and an electron capture coef-
gen content in the samples by both secondary ion mass spefeient that is smaller, by a factor of 3, than that of the neutral
troscopy and the relative infrared absorption of the Si-Odangling bond. The concentration of the above “extrinsic”
band at 1150 cm'. The oxygen concentrations found for all centers is 18 cm2 while that of the dangling bonds is
our films were of the order of $dcm™3, which is typical for ~ 10°cm™3. Hence, the necessary conditith® for the sen-
device-quality samplée¥. sitization[i.e., for the increase ofy( 7). with decreasing tem-

For the electrical measurements we evaporated coplangeraturg that should follow the transfer of the dominant re-
silver contacts that were 0.4 mm ap&t:?* The measured combination channel from the dangling bonds to the
temperature dependence of the dark conductivity yiéfled extrinsic centers are fulfilled. Indeed, our computer simula-
an estimated conduction band-edge to Fermi-level separatiafbns show that this transfer takes place at the temperature
of 0.6-0.7 eV. Finally, our temperature-dependent phowhere y(T) is peaked, and that it replaces the correspond-
totransport measuremeht§?* were carried out using a ing transfer(from the dangling bonds to the tail stat829 in
He-Ne laser that yielded a carrier-pair generation @tef  the standard model. In particular, the sensitization here with
about 18'cm~3sec ™. The values ofy, andy;, were derived  decreasing temperature follows the increase of the concen-
then in the range of #8<G=<10"*cm 3sec™ tration of recombination-effective acceptors in comparison to

Turning to the results, we show in Fig. 1 the measuredhat of recombination-effective dangling bondsnd here
temperature dependence of the four phototransport quantitie§so to that of recombination-effective valence band-tail
of a typical “"HW sample” (50% hydrogen dilution In Fig.  state$. The corresponding capture coefficients, as given
1(a) we show the temperature dependenceof),, which  above, yield then an increase of the electron lifetime and a
is very typical of, and very similar to, the numerous decrease of the hole lifetime. The simulation results obtained
results ! of the TQ ina-Si:H. This sensitization-associated with the above given parameters are shown in Fig. 2. As
behavior is emphasized by the temperature dependenge of these results reproduce the behavior shown in Fig. 1 it is
as seen in Fig. (b). Two features characterize this behavior; clear that the properties of the extrinsic center in a8i:H
the superlinearity, i.e.y.>1 values, and the peak of, material are similar to those used in the simulations. One
around 150 K. These results are very well understood for aotes, of course, that when one fidsat y,> 3 throughout
sensitization process in genéfaP'®and seem to be well the entire temperature range, the standard model
understood foe-Si:H in particular’®°?*Turning to the mi-  scenarié®® is applicable and the band-tail states are the
nority carriers, the temperature dependence pafr)g is  dominant recombination centers at the lower temperatures.
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-6 behaviors shown in Figs. 1 and 2. This, and the*f4tiat in
undopeda-Si:H in general and in our samples in particular,

7 \/\ the oxygen content is of the order of*#@m2 (while other
impurities and the dangling bonds have significantly lower

o ° concentrations suggest that the natural defect to be consid-
3 9r . ered in our attempt to explain the above observations is an
g ' oxygen-induced acceptorlike defect. Let us examine then this

o g electrons possibility.

11k .+ holes About 20 years ago Paeslet al. had pointed out the

. importance of the presence of oxygenaiBi:H, attributing
S2F T various properties to this “story of 0.2 While some
studied??4%6-28 vere concerned with various oxygen-

associated effects, and others have suggested that oxygen
induces acceptor centels'??”very few of then® consid-

ered the effect of this presence on the transport and steady-
state phototransport properties. In particular, because usually
: : only the behavior of the majority carriers has been consid-

i ered, thedominanceof the unintentional oxygen doping on

0‘4: . — electrons these properties has never been suggested. Indeed we note
0.2] Lo .+ . holes that in the materials for which the oxygen-induced acceptors

L were suggestetf;12the TQ effect has been fourtd?! Also,
°'°2 2 6 8 10 12 oxygen ina-Si:H has been fourffl to increase the response

time of the photoconductivity, which is essentially the effect
associated with the safe hole trdf:ollowing these consid-

FIG. 2. The simulated temperature dependence of the phoerations and since the above concentration 6f &® 3 oxy-
totransport quantities shown in Fig. 1 for a model that consists of @en centers is so common &Si:H, it appears that the
standarda-Si:H model with an addition of Y8cm™3 acceptorlike ~ present scenario, of oxygen-induced acceptorlike centers that
centers(with an energy level that is located 0.3 eV above theare responsible for the TQ, may be the rule rather than the
valence-band edge exception in this material. The important conclusion of this

) ) finding is that in a wide temperature-illumination regime the

It is to be noted that we did not try to reproduce the phototransport ire-Si:H materials may be controlled by the
results of Fig. 1 quantitativelfe.g., the magnitude and width oxygen-induced recombination centers rather than by intrin-
of the TQ as this requires changes in the other, previouslysjc defects.
used?? generation rates, as well as intrinsic defect and/or |, conclusion, we suggest that the thermal quenching and
mobility parameters. All this and the “recombination- the sensitization effect ina-Si:H can result from two
competition” between the impurity-induced centers and thescenarios. This is either from the band-tail states to the
band-tail states will be discussed elsewhere. o dangling-bonds recombination transfer scenaf@s sug-

Let us turn now to the identification of the extrinsic ac- gested so faror from the oxygen-induced states to the
ceptorlike centers suggested by the above agreement of thgyngling-bond transfer scenarias appears now to be the
experimental and the simulation results. The observAn  more common cageThese two possible scenarios and thus
the TQ in the samples used by McMahon and Crafidiatho  the types of defects that control the phototransport properties

found (by another techniqyeacceptorlike stateg¢safe hole  an now be distinguished by the measufledger or smaller
traps that lie in the same energy range that we have in oUghan 1/9 value of Y-

simulations, strongly suggests that we encounter here the
same type of centers. Also, we saw above that one would This work was supported in part by the Israel Science
need more than #8cm™2 discrete-level centers to get all the Foundation.
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