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Thermal quenching of the minority-carrier lifetime in a-Si:H
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While the phenomenon of thermal quenching of the photoconductivéy, the decrease of the majority-
carrier mobility-lifetime product with increasing temperafure well known, the thermal quenching of the
minority-carrier mobility-lifetime product has not been reported thus far for any photoconductor. In this paper,
we report such an effect in “device-quality” hydrogenated amorphous siliae®i:H. It is shown that this
unusual phenomenon can be accommodated within the framework of available models suggested for intrinsic
a-Si:H. [S0163-18207)51624-9

One of the most well-known phenomena in photoconducing of the minority carrier'sur in a photoconductor. For the
tors is the decrease or saturation of the photoconductivitynaterial studied here, i.ea-Si:H, this is by no means the
opn With increasing temperature, known as the thermaluniversal behavior of £7),, but we found it to occur in
quenching of the photoconductivity’. The observed thermal materials of “device quality.*? This may indicate that the
quenchingTQ) of o, can arise from many scenarios and is presence of this phenomenon has also some predictive power
of importance from the device physics point of view becausagegarding the “quality” of the material for photoelectronic
of its close relationship to the sensitization phenomerfon. applications. From the basic physics point of view, the im-
The most knowh? scenario of TQ arises in the presence ofportant question is whether such a behavior is specific to the
two recombination levels, such that the increase of temperanaterials on which we report here or is it a manifestation of
ture changes the one which dominates the recombinationhe richness of the behaviors which can be expected for in-
The photoconductivity is related to the microscopic proper-rinsic a-Si:H (see below. To answer this rather fundamental
ties of the solid via the majority-carriéassumed here to be question, we ran simulations of “accepted” models of
the electroh mobility-lifetime, w7, product by the relatid®  a-Si:H and compared their results with our experimental
(m7)e=0pn/qG, whereq is the electronic charge ar@ is  data. In turn, this procedure yielded information on the re-
the electron-hole pair-generation rate which is proportionatombination process in this material. We should emphasize
to the illumination intensity. The illumination intensity de- that whilea-Si:H has been extensively studied in the last 20
pendence ofryy, is usually characterized then by the power year§'+13and the behavior of its minority carriers has been
low (u7)exG” ! wherey, is known as the light intensity investigated in numerous studies in the last 10 y&arSthe
exponent of the photoconductivity Hence the “electron behavior found here has not, as far as we are aware, been
thermal quenching” (TQ) is a result of the decrease or the discovered experimentally or predicted theoretically before.
saturation:?*of (u7)¢(T). This phenomenon is also known  In our study we have measured five sets of device-quality
to be accompanied by a simultaneous cusp/d(l), which  a-Si:H samples which were deposited by decomposition of
in most cases attains a value of,>1. silane on a 7059 Corning glass. The first set was deposited

The mobility-lifetime product of the minority carrier by a rf glow discharge at a frequency of 13.6 MHz, while the
(hereafter assumed to be the Holg.7), is usually derived ~ substrate temperaturs was 250 °C, resulting in films
experimentally from the measurement of its diffusion lengthwhich had a thickness of 1.3 um. The second set was
L and the use of the Einstein relatfoliu),=qL?/KT, prepared using the hot-wire technigtfewith T¢=510 °C
where kT is the thermal energy. The corresponding light-and d=2.8 um. Since the temperature dependences of the
intensity dependence is characterized then by the exponephototransport properties of these two sets were qualitatively
¥h» Which is defined by £7),<G" 1. We are unaware of similar, we will show here only the results obtained on the
previous determinations of the temperature dependence &ifst set, hereafter set A. The third and fourth sets of samples
vh, In spite of the fact that other dependencesygfhave  were deposited by dc glow discharge. The third set was
been shown to reveal significant information regarding thedeposited af ;=260 °C, while the fourth set was deposited
recombination level structure in photoconductdfs. at Ts=210 °C with a 10:1 hydrogen dilution of the silane.

One of the most intensively studied photoconductors inFor these two sets] was 1um. The fifth set was prepared
recent years is hydrogenated amorphous siliee8j:H. For by the hot-wire techniqu¥ but with T,=300°C, yielding
this system the phenomenon of (T)as been reported by films with d=1.1 um. Again, since the results on the last
many author§-1* On the other hand, in the works in which three sets were qualitatively similar, we will show here only
the (u7),(T) dependence has been measured, this quantithe results obtained on the fourth set, hereafter set D. We
was found to increase monotonically with temperafdré. will use then the results obtained on the samples of set A as

In this paper we report an observation of thermal quenchrepresenting the (TQ) behavior and those obtained on
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FIG. 1. The most common behavior of the temperature depen- FIG. 2. Observation of the temperature dependences of the four
dence of the four phototransport properties in intrirsi8i:H films.  phototransport properties in films of intrinsizSi:H. These films
These results were obtained here on samples which were prepar@@re prepared by dc glow discharge decomposition of silane.
by rf glow discharge decomposition of silane.

corresponding observations @f(T). The important charac-
samples of set D as representing the (Y®ehavior. teristic of these minority-carrier behaviors is the monotonic

Coplanar NiCr contacts, with a separation of 0.4 mm,increase of ft7), and y,, with temperature, i.e., the absence
were deposited on top of the films to enable the transpordf a TQ-like behavior.
measurements.The phototransport properties were deter- In Fig. 2 we present the temperature dependences of the
mined using the photocarrier grating technigue, which haghototransport properties in the samples of set D. We see in
been described in detail previousfy® The light source in  Fig. 2(a) that (u7), increases monotonicallgfirst sharply
our measuremerfts® was a He-Ne laser, which yielded a and then weaklywith temperature, until at about 300 K it
maximum photogeneration rate 6f=10°°cm 3sec’*. The  starts showing a beginning of a (TQ)In Fig. 2b) we see
exponentsy, and vy, were determined over the range 3 the temperature dependence)qf, which appears to exceed
X 10'8<G=<10?cm 3 sec’ . The samples were placed in unity at the onset of this (TQ) The temperature depen-

a cryostat operating in the temperature range of 160—350 Kdences of the hole phototransport properties, presented in

We have started our experimental study by measuring th€igs. 2c) and 2d), exhibit behaviors that are very different
dark conductivity as a function of temperature. Using valuedrom those measured on set A. As can be seen in Kig), 2
of the dark conductivity in the regime at which it is thermally (w7),, first decreases witit (by nearly one order of magni-
activated and considering the suggeftadicroscopic pre- tude and then(above about 200 Kit increases back at a
factor of the room-temperature conductivity to be 150similar pace. In view of the above discussion, this iher-

(2 cm)™ 1, we derived the position of the Fermi levEk mal quenching of the minority carrier{u7),, which we
with respect to the conduction band edgg. For set A we denote here by (TQ). Such a behavior has not been ob-
found thatEc— Eg~0.75 eV, while for set D we found that served experimentally or been predicted theoretically for
Ec—Eg~0.60 eV. photoconductors in general and farSi:H in particular. In

Turning to the phototransport properties, we present irFig. 2(d) we show the corresponding,(T). Its most signifi-

Fig. 1(a the temperature dependence @fr), and in Fig.  cant feature for the present discussion is the peak observed in
1(b) the temperature dependence #f, as measured on v,(T). The fact that this peak is located at about 200 K, i.e.,
samples of set A. We can see that at low temperaturethat it corresponds to the “deep” observed in %), estab-
(m7)e increases significantly with temperature, but tiiah  lishes the conclusiofsee abovethat indeed we see here a
about 210 K it saturates. This appearance of the (7@  thermal quenching of the mobility-lifetime product of the
accompanied by a cusp in(T) as expected*’ and found  minority carrier. This correlation rules out the possibility that
in many previous studié$'’ of a-Si:H. The monotonic in- the observed decrease qif), in Fig. 2(c) is due to a mo-
crease of 7),(T), shown in Fig. 1c), has been observed bility variation effect, since the exponentg, and vy, are
experimentally and is well accounted for by acceptedassociated only with the kinetics of the recombination
modelst®!! For completeness, we present in Figdlour  process As discussed below, further convincing support
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for this interpretation comes from our computer simulations,
which assume temperature-independent mobilities and sti
yield the observed (TQ)and the corresponding cusp in

n(T).

Beyond the fact that the above results show a TQ for the
minority carriers, the question arises whether this behavior i
inherent to intrinsica-Si:H. In principle, the nonuniversality
of the observed (TQ) may arise due to some peculiar de-
fects which are unique to our materials. On the other hand, i
may signal that differences between differar®i:H materi-
als are only due to variations in the relative concentrations o
well-defined defects. The fact that we have observed th
(TQ). in materials which were prepared by different deposi-
tion methods(note that such a behavior has also been re
ported for materials prepared using the dc glow discharge
method® and the fact that we have observed here the

m

of deposition support the latter option.
In order to prove conclusively that the (TQIs inherent

(WD), (omPV)
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FIG. 3. Computed temperature dependenceof)(, for three

(TQ);, behavior for materials prepared by different methodsTr(;(:],esls,lS-tr;?g;rd.,S(tgz)d ?rl]rg

"(B1) model with Ec—Er=0.75 eV.
del but withEc—E=0.6 eV andN,;
=10 cm 2 eV L. (c) A simple defect pool modelsee Ref. 19
which is composed of three dangling bond levels Eat—E;

to intrinsic a-Si:H materials and that it is a manifestation of 1 o5 ev, E.—E,=0.7 eV, andEc—E;=0.55 eV. The correla-
the richness of their phototransport behaviors, we have Cafion energy is taken to be 0.3 eV, and the charged-to-neutral
ried out a comprehensive simulation study of the simplesfangling-bond-capture cross sections ratio is 100. The correspond-
accepted models that describe these materials. This was dofg dangling-bond concentrations axg= 10", N,=10'3 andNs

by computing the predictions of such models for the above-=10'® cm 3. The band-tail widths ar€,=0.025 eV andE,,

four phototransport properties. A detailed discussion of this=0.045 eV, and the corresponding band-tail densities of states are

study will be given elsewhere. Here we concentrate on thél,,=N,=10?* eV~ ! cm 3.

predictions of these models concerning the (JQie., on
the behaviors shown in Figs(d and Zc). The first model

the conduction band taiN.;, one would get thaG,> G,

we consider is the so called “standard” model. For thefor all temperatures. He further showed that at low tempera-
present purpose we used a recent version of this model whidhires the recombination is dominated By, and at high
was presented by Trai.This model is composed of dan- temperatures by, and that the (TQ) occurs at the tem-
gling bonds, the energy of which lies around midgap, and gerature for which these two recombination rates are about

valence-band tail that has a width which is almost twice thathe same.

of the conduction-band tail. We have applied Tran’s model
using exactly his parametefsase B1 of Ref. 1) finding
that the results are not sensitive Bg. — Ex around our ex-

Considering this analysis, it appeared reasonable to expect

that the (TQ), will occur whenG.~G,;. Since this does
not happen within the framework of the Tran model, a modi-

perimentally found 0.75 eV value. The results obtained forfication of this model is required so th&t,; will be lowered.

(u7)p using this model are presented in Figa)3 The mono-

We have obtained the effect by lowerih; . (As above, we

tonic increase of £7),(T) is in qualitative agreement with found that the results were insensitive B —Eg around

the behavior shown in Fig.(&). We should also emphasize 0.6 eV) In order to get the (TQ) while keeping all other
that the qualitative behaviors of all other three phototransponparameters as in Ref. 17, we had to use(firebably exag-
properties, i.e., £7)e, ve, andy,, were found to be the gerated low value ofN,,=10" eV *cm 3. The results of
same as those shown in Fig. 1. In addition, we found thathese simulations are shown in Fig(bB It is seen that,
using the various capture cross section combinations, considialitatively, the behavior found resembles the experimental
ered in Ref. 17 yielded the same qualitative behaviors. Theata of Fig. 2c). Our computations 06, G,;, andGy, in
reader should note that we deliberately used only parametetkis case have revealed that indeed, at low temperatures, the
which have been suggested previously. This is because w@.; dominates and that the observed (T ®kes place at the
concentrate in this paper on the TQ phenomenon and not aemperature for whicls,; equalsG.;. The conclusion from
the derivation of the parameters which will yield a quantita-these calculations is that the novel (T@henomenon must

tive fit to our experimental data.

indicate that at low temperaturésometimes up to 250 Kit

Following the qualitative agreement between the resultss the conduction-band tail that controls the recombination

shown in Figs. 8&) and Xc), the question arises which pa- kinetics.

rameter within the above model should be varied to yield the

recombination rates through these channels are denoted jmplest versiorf®

G,t, G¢t, andGyy, respectively. Tran has shownsing a

Is the above low value dfl,; the only plausible explana-
(TQ), behavior. To find this parameter we were guided bytion for the (TQ),? Since within the simplest “standard”
the analysis of Tra for the (TQ).. In principle, there are models considerettases B, B1, C, and C1 of Ref. 1fe
three different recombination channels: The valence-bandiere unable to obtain a (TQ)without reducingN,;, we
tail, the conduction-band tail, and the dangling bonds. Theurned also to the “defect pool” mod¥lof a-Si:H, using its

In this version there are three sets of discrete dangling-
few series of parametgrthat as long as the density of states bond levels. We thus carried out our simulations using pa-
at the valence-band edgh,,, is about the same as that at rameters which are common to such simulatirend ob-
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tained behaviors which were reported beftfée., results further argue that both the standard and the defect-pool mod-
which are qualitatively similar to those shown in Figs. 1 andels reproduce the main features of the data. The defect-pool
3(a). Following the above conclusion—that the (T@ccurs  model makes it, however, with assumptions which are more
due to the reduction in the concentration of the holes trappedompatible with the known concentrations of defects in in-
in the valence-band tail—we have chosen a somewhat higharinsic a-Si:H. We found then that the (TQ)phenomenon is
concentration (18 cm™3) of the low-lying dangling bonds. a result of a relatively lowN,, and/or a relatively high state
These states, which are negatively charged in equilibriumgoncentration in the energetically low-lying band of dangling
have a high tendency to capture holes and thus serve at lobonds. In the present context afSi:H, the important mes-
temperatures as “safe hole traps.” We found that this modekage is that the results of FiggbBand 3c) demonstrate that
yields results which are in good qualitative agreement withthe (TQ), phenomenon, just like the (TQphenomenon, is
all the data shown in Fig. 2. In particular, as we show in Fig.a “natural” behavior ofa-Si:H and that the very rich en-
3(c), we found that a (TQ) behavior is obtained and that the semble of temperature dependences of the phototransport
reduction of Ec—Eg from 0.75 to 0.60 eV enhances the properties reported foa-Si:H is simply due to diffrent con-
(TQ),, effect. Hence the (TQ)phenomenon not only en- centrations of the various defects which are known to exist in
ables us to obtain information regarding the density of thehis material. In a broader context the present work indicates
various defects within the material, but also to assess the rof@at sensitizaiton of the minority-carrier properties should be
of these defects in the recombination processes. We note thi@oked for in other semiconductors in order to better under-
such an analysis for the “defect-pool” mode has not beerstand recombination processes, as well as for the improve-
carried out thus far in the same detailed manner as Tran hdgent of the efficiency of bipolar photoelectronic devices.
analyzed the standard model. The authors are indebted to A. Catalano, R. Arya, and A.
From the qualitative agreement between the results showH. Mahan for the samples used in this study. This work was
in Figs. 3b) and 3c) and those shown in Fig.(®, one can supported by NSF-EPSCoR Grant No. EHR-9168775.
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