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Recent experimental data on the dispersive transport and recombination lifetime in a-Si:H as
functions of both phosphorus doping and temperature are analyzed using the results of a com-
puter simulation. %e conclude that undoped a-Si:H contains a distribution of deep charged in-
trinsic electron traps and a Gaussian band tail. The introduction of phosphorous leads to the
formation of relatively shallow traps, which are also distributed in energy. The observed in-
crease in recombination lifetime with phosphorus doping can be attributed entirely to the ex-
istence of these shallow traps, rather than to a change in the nature of the recombination
centers.

The eiectronic structure of amorphous silicon (a-
Si) alloys has been a matter of controversy. for
several years, ' with few experimental results directly
discriminating between the many models. Some of
the presently unresolved issues2 are the nature of the
predominant intrinsic. defects, the extent of the band
tails, the sign of the effective correlation energy of
the dangling-bond defect, the origin of the unpaired-
spin density, the origin of the traps and recombina-
tion centers, and the effects of phosphorus and boron
doping. Although successful semiconductor devices
have been fabricated with a-Si alloys, a wide disper-
sion in the physical properties of deposited films has
led to reproducibility problems. Any insights gained
towards resolving some of the mysteries alluded to
above could well help in understanding the origin of
the large variations in film quality. It is the purpose
of this, Communication to show how the results of re-
cent dispersive-transport experiments elucidate the
nature of the traps and the band tails in a-Si:H.

Recently, Hvam and Brodsky' (HB) carried out
transient photoconductivity experiments in a-Si:H as
functions of both phosphorus doping and tempera-
ture. They used a coplanar geometry and excited the

films with 2.1-eV photons for 3 ns. Their results are
shown in Fig. 1. The major features are (1) at very
short times (r & 20 ns), the transport appears to be
nondispersive; (2) the initial photocurrent increases
with both increasing temperature and increasing
phosphorus doping concentration; (3) the rate of
photocurrent decay at intermediate times (20 & r &50
ns) is essentially independent of temperature, but de-
creases with increasing phosphorus concentration; (4)
the rate of decay of the photocurrent at still longer
times (50 ns & r & 100 p,s) decreases with both in-
creasing temperature and phosphorus doping. It was
concluded by HB that (1) the drift mobility is con-
trolled by trapping in intrinsic band-tail states; (2) the
initial decay may arise from a parallel recombination
channel such as near an interface; (3) the Fermi-
energy shift due to the doping increases the carrier
lifetime by changing the nature of the recombination
centers. In this paper, we describe the results of
computer simulations which indicate that the ob-
served increase in carrier lifetime with phosphorus
doping cannot be explained simply by a change in the
nature of the recombination centers, but rather is
predominantly due to the introduction of shallow
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FIG. 1. Photocurrent decays in a-Si:H after short pulse
excitation: (a) at 296 K and different doping concentrations,
indicated by the volume percent PH3 in the premix; (b) for
0.01 vol% PH3 and different temperatures. Data from
Hvam and Brodsky, Ref. 3.
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traps by the phosphorus, as might be expected by
analogy with c-Si:P. In addition, the temperature
dependence of the initial photocurrent suggests that
the shape of the band tail is not exponential, as as-
sumed by HB; rather, the data are better understood
by the assumption of a Gaussian distribution, as has
been predicted from purely theoretical considera-
tions. 4 We further conclude that the phosphorus-
induced traps are separated from the major part of
the band tail by about 0.1 eV. Finally, we suggest
that an exponential distribution of intrinsic electronic
traps exist below the shallow traps introduced by the
phosphorus.

The technique of computer simulation of the tran-
sient photocurrent decay has been described previous-
ly,

5 and will be only outlined here. Given the density
of localized states in the gap, we can vary both the
temperature and the change in density of recombina-
tion centers as the Fermi energy is increased in order
to determine if such a model can reproduce the ex-
perimental data. We first considered the case of an
exponential distribution of traps characterized by a
decay energy of kTo and beginning at an energy Eo
below the conduction-band mobility edge; i.e., if the
conduction-band mobility edge is taken to be the zero
of energy, then

N&(E) =Noexp[(E+Ep)/kTs]

The trapping rate, v&, was taken to be 10 s '. The
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FIG. 2. Computer simulation of the photocurrent decay
for E&=0, v,/v„=103,and two different values of a.

release rate, v„is then proportional to uv,
& exp(E/kT), where n = T/To. s' In order to com-
pare our results with the data of HB, we assumed
that no free-carrier collection takes place at the elec-
trodes. We analyzed the problem with two different
values for the recombination frequency, 10 and 10
s-1

The calculation then proceeds using a Monte Carlo
technique. In order to obtain statistically meaningful

(
results, we followed more than 10" photoexcited elec-
trons until they recombined. At any time t, the pho-
tocurrent is proportional to the number of electrons
which are at the conduction-band mobility edge. We
also calculated the transient photocurrent under the
assumption of bimolecular. recombination kinetics.
No difference was found in the short-time behavior
between the two recombination modes. (There is a
difference in long-time response, but this is not a
concern here. )

First; we consider trapping by localized states in the
conduction-band tail, ED=0. For the choice
v, /v, =103 and two different temperatures, given by
o, =O.S and 0.7, we found the results shown in Fig. 2.
A major feature of these results is the independence
of the initial peak current on the temperature. How-
ever, after the initial decay, the photocurrent does
not obey the expected behavior for dispersive trans-
port. It is clear from a comparison of Figs. 1 and 2
that this model is not in agreement with the data.

We next considered the effects of an increase in
the density of recombination centers. We simulated
such an increase by reducing the ratio v,/v, from 10'
to 10. The corresponding results are sketched in Fig.
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3 for the temperature a=0.7. Clearly, both the t =0
photocurrent and the initial decay are independent of
the density of recombination centers, again in
disagreement with the experimental results. s %e can
conclude that the introduction of phosphorus into a-
Si:H must have an effect beyond just the increase of
the Fermi energy.

Finally, we tested the suggestion of HB that the
traps must be located beyond a minimum energy, e„
below the conduction-band mobility edge in order to
be effective. HB assumed

0 (E &-.,)
(NjkTa) e xp[( E+e, )/kTp] (E (—e, )

(2)
where ~, =O.I eV and kTO =40 meV. This is essen-
tially equivalent to Eq. (1) with Eo= a,. Choosing
Ea=0.l eV, a =0.7, and v,/v„=10',we find the
behavior indicated in Fig. 3. It is evident that again
the t =0 photocurrent is independent of Ep', howev-
er, the initial decay is much greater when 'he traps
begin 0.1 eV below the mobility edge. Note that the
recombination time is increased when the traps begin
0.1 eV below the mobility edge. This happens be-
cause the electrons spend more time in traps for
larger values of Ep.

%e can conclude that with the exception of the
power-law decay of the photocurrent that character-
izes dispersive transport, all of the simulation results
presented in Figs. 2 and 3 disagree with the experi-
mental data. In order to account for the observa-
tions, a different model is essential. %e first note
that a distribution of intrinsic traps is necessary to
understand the behavior when no phosphorus is
present. It is generally accepted that the most abun-
dant intrinsic defect in a-Si alloys is the dangling
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bond ( T3). Adler9 has recently proposed a model in
which the isolated T3 defect has a positive effective
correlation energy, but closely spaced T3+- T3 pairs
are stabilized by the mutual Coulomb attraction. If
this is the case, we should expect exponential distri-
butions of charged electron and hole traps beginning
somewhat below the conduction-band mobility edge
and above the valence-band mobility edge, respec-
tively. These distributions then account for the
dispersive transport observed in undoped samples.

The apparent nondispersive transport observed at
very short times can be understood simply by the ex-
istence of a Gaussian conduction-band tail. Such a
tail is consistent with theoretical considerations as is
known to yield a nondispersive temperature-
dependent drift mobility. It is clear from Fig. 1 that
the initial photocurrent is indeed temperature depen-
dent, directly reflecting the effects of trapping in the
band tail.

As phosphorus is introduced into a-Si alloys,
several different effects are possible. The fact that
doping does occur suggests that a major consequence
is the formation of a significant concentration of
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FIG. 3. Computer simulation of thc photocurrent decay
for Erj-0, a =0.7, and two different values of v, /v, . Also
shown is the. case of Ee=0.1 eV, a=0.7, and v,/v, =10.

FIG. 4. Computer simulation of the photocurrent decay
for ED=0.05 eV, TO=600 K, and a Gaussian band tail with
a half-width Eg =0.02S eV, for several different tempera-
tures. The solid lines represents the photocurrent under the
assumption of instantaneous excitation and response; the
dotted lines represent sketches of the realistic situation of
finite excitation and response times.
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tetrahedrally bonded phosphorus. In accordance with
this type of a situation in c-Si, we would expect such
an environment (P4) to yield states somewhat
below the conduction-band mobility edge. The ex-
cess electron on the phosphorus atoms is then
responsible for the observed increase of the Fermi
energy since unoccupied lower-energy states exist due
to the intrinsic defects. Thus, the phosphorus
centers ionize, yielding positively charged electron
traps (P,+) An .exponential distribution of such
traps has the major effect of increasing the time
necessary for electrons to decay down to the intrinsic
deeper traps, thus increasing the effective recombina-
tion time.

In order to demonstrate that this model can ac-
count for the observations of HB, we carried out a
computer simulation for the case in which an ex-
ponential distribution of traps characterized by
Tp =600 K exists beginning an energy Ep =0.05 eV
below the conduction-band mobility edge and a
Gaussian band tail characterized by a half-width of
0.025 eV is also present. The results are shown in
Fig. 4. It is clear that this simulation accounts for the
temperature dependence observed by HB in a quanti-
tative manner.

Finally, we note that if U,ff is indeed negative for
T3 defects, the introduction of P4+ centers con-
comitantly reduces the concentration of T3+ traps
(with pairs of excess electrons from the P4 centers

converting them to T3 centers). This has the effect
of reducing the initial rate of decay of the photo-
current with increasing phosphorus doping, consistent
with the data of Fig. l.

To summarize, our computer simulations suggest
that the data of HB cannot be understood simply by
the assumption of a change in the nature of the
recombination centers with phosphorus doping,
whether or not the predominant electron traps are
band-tail states or defect centers. Instead, we pro-
pose an alternative model in which (l) a Gaussian
band tail exists and is responsible for both the non-
dispersive transport observed at very small times and
the temperature dependence of the initial photo-
current; (2) an exponential distribution of intrinsic,
positively charged traps ( T3+) is responsible for the
dispersive transport of later time' s; (3) as phosphorus
is introduced, shallow positively charged electron
traps (P4+) appear, leading to an increase in the
effective recombination time; (4) concomitant with
the appearance of these P4+ centers, there is a de-
crease in the density of T3+ traps, thus reducing the
initial rate of decay of the photocurrent.
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