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We report transient photocurrent and time-of-Aight measurements in undoped hydrogenated amor-

phous silicon (a-Si:H) for photocarrier motion both parallel and perpendicular to the thin-film growth
axis. These measurements were analyzed to obtain the electron drift mobility and deep-trapping
mobility-lifetime product at room temperature. We found good agreement of the electron-drift-mobility
measurements for both field directions in two specimens prepared in several light-soaking states. Fifteen
pairs of mobility-lifetime product estimates for the two field directions were also measured in a larger
number of specimens. The data exclude an electron-transport anisotropy in a-Si:H greater than a factor
of 2 in our specimens. We also studied the efFects of absorption depth upon estimates of deep-trapping
mobility-lifetime products for the standard sandwich electrode structure; results using 520-nm illumina-

tion yield estimates that are typically half the value estimated with uniformly absorbed illumination. We
also present data on the correlation of the electron and hole deep-trapping mobility-lifetime products for
these specimens.

I. INTRODUCTION

The transport of electrons in hydrogenated amorphous
silicon (a-Si:H) is usually assumed to be isotropic-
independent of the direction of the field. ' However, a-
Si:H thin films have a growth axis that might in principle
give rise to anisotropic transport. Parker and Schiff re-
ported a substantial anisotropy in the deep-trapping
mobility-lifetime product for electron transport; the
drift mobility of the electrons prior to deep trapping was
reported to be isotropic. Subsequently Kocka et al. '

found a much smaller difference in mobility-lifetime
products for the two transport directions, and concluded
that electron transport was strictly isotropic through
deep trapping. Bullot et al. reported essentially isotro-
pic steady-state photoconductivity in undoped a-Si:H,
which essentially demonstrates that the mobility-lifetime
product through recombination was isotropic.

The weight of the evidence thus favors isotropic elec-
tron transport in undoped Si:H, but several issues remain.
Each of these three reports was based on study of single
specimens, and thus the experimental case for isotropy is
certainly not conclusive. Second, Kocka et al. speculat-
ed that the claim of anisotropy by Parker and Schiff may
have been due to their unconventional technique for
measuring electron drift. In the present paper we address
these issues. We have used the techniques of Parker and
Schiff to study transport isotropy for a wider range of
specimens and light-soaking states. All of these measure-
ments supported isotropic transport of electrons.

The organization of this paper is the following. In Sec.
II we briefly review the three principal interpretations of
transient photocurrent measurements: (i) average drift
mobilities obtained from photocarrier transit times, (ii)
transient drift mobilities obtained from the transients pri-
or to transit, and (iii) deep-trapping mobility-lifetime
products determined by integration of transient photo-
currents to obtain a photocharge. Our experimental pro-

cedures and specimens are described in Sec. III. In Sec.
IV we present transport measurements for two electrode
structures with transport parallel or perpendicular to the
growth axis. Typical photocurrent transients and photo-
charge versus voltage data are presented showing elec-
tron time of Aight for both field directions. We then ana-
lyze these data to obtain drift mobilities and mobility-
lifetime products for both directions, and present a sum-
mary of these parameters for a wide variety of specimens
and light-soaking states. In Sec. V we discuss the results
and their implications for the isotropy of electron trans-
port in a-Si:H. In the Appendix we further discuss the
technique used for these drift-mobility measurements,
which is based upon the use of uniform photogeneration
of carriers. Conventional time of Aight employs near-
surface-absorbed illumination. We show that the esti-
mates using uniform and surface-absorbed illumination
are comparable, and we present auxiliary measurements
on hole transport in our specimens which account for the
success of measurements with uniform illumination.

II. TRANSIENT METHODS
FOR EXPLORING ISOTROPY

A. Average drift mobilities and time of Sight

The best known technique for measuring drift mobili-
ties in amorphous semiconductors involves detection of
photocarrier "time of Qight. " A sheet of charges is gen-
erated near the top of a specimen using a laser impulse.
The transit time tT required for the sheet to traverse the
interelectrode gap is determined by monitoring the pho-
tocurrent induced in an external bias circuit, and an aver-
age drift mobility pd is computed from tT through the re-
lation

= d
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where d is the electrode separation (in this case the thick-
ness of the specimen) and E the applied electric field in-
ducing the drift.

trode, the drift velocity u(t) is presumably proportional
to the applied electric field E. We term the proportionali-
ty constant the transient drift mobility:

u(t)=p(t)E . (3)

B. Difticulties in application
of time of Bight to isotropy

This time-of-Qight procedure is not readily applicable
to transport parallel to the surface of a thin-film material
such as a-Si:H. Coplanar electrodes can be applied to the
surface of the specimen, but it is dificult to generate a
well-defined "pencil" of illumination near one of the elec-
trodes. In addition, pd depends upon the gap d and the
field E in materials with dispersive transport. It is thus
very cumbersome to compare values of pd obtained using
differing fields or electrode gaps when dispersion obtains.

Kocka et al. solved the first problem (photogenera-
tion near one electron) by preparing a very small, paral-
lelepiped specimen from the a-Si:H film and then using
the conventional time-of-Aight procedure with the sample
aligned for two different transport directions. Parker and
Schiff used uniform illumination between the electrodes
for both transport directions. The modifications of the
procedure for analyzing transient photocurrents to obtain
drift mobilities with uniform illumination were discussed
both in their papers ' and by Seynhaeve, Barclay, and
Andriaenssens. ' In our work we used the techniques of
Parker and Schiff; in the Appendix we brieAy review the
necessary analysis, and we demonstrate that both surface
and uniformly absorbed light give comparable transport
results for transport in a-Si:H parallel to the growth axis.

C. Average and transient drift nobilities

The second problem —the superficial dependence of pd
upon electrode separation and field when transport is
dispersive —is fairly minor for electrons in a-Si:H, which
are nondispersive at room temperature and above. "
However, the problem can be obviated altogether by
representing transient photocurrent data in terms of tran-
sient drift mobilities and mobility-lifetime products.
These parameters are independent of electrode spacing
and field (at least for regimes where transport depends
linearly upon field' ). In the remainder of this section we
brieAy describe these procedures and their relationship to
the average drift mobility pd obtained from transit times.

Following a laser impulse at time t= 0, a transient pho-
tocurrent i (t) fiows in the external voltage bias circuit
due to the motion of the total photocarrier charge Qo; we
assume that only one type of photocarrier contributes to
i (t). The magnitude of i (t) is calculable by equating the
dissipation of the total photocarrier charge Qo drifting in
the specimen by an external field E and the power sup-
plied by the external bias voltage V:

i (t) V = Qou (t)E,
where u (t) will be the average drift velocity of the photo-
carriers. This equation is independent of the spatial dis-
tribution of photocarriers. If the time t is sufIiciently
short that few carriers have reached the counterelec-

p(t) is an intrinsic property of the material, independent
of the electrode separation and field. The explicit depen-
dence upon time of p(t) is termed dispersion. This time
dependence in a-Si:H is often attributed to "multiple
trapping" of the photocarriers by bandtails. "

Equations (2) and (3) can be combined to obtain an
equation of the transient drift mobility p, (t) and a normal
ized transient photocurrent i (t)d /Qo V:

d2
p(t) =&'(t)

0

d is the electrode separation and V the applied voltage
bias. We eliminated E from Eq. (2) using V =Ed. The
equation is valid in the limit that a negligible fraction of
the total photocarrier charge Qo has arrived at the col-
lecting electrode. An important aspect of Eq. (4) for the
present work is that it is valid for arbitrary absorption
profiles —including conventional near-surface illumina-
tion and uniform illumination.

The relation of p(t) and p, d has been discussed by
Tiedje" and by Parker and Schiff; the latter showed a
good experimental correlation between direct transit-time
tT measurements of pd and estimates of pd from the aver-
age of p(t) over the integral tT:

pd = I p(t)dt .
tT 0

D. Estimating Qo
from charge-collection measurements

In order to use Eq. (4) to estimate p(t) the total photo-
carrier charge Qo must be determined. This is usually
done using the photocharge Q(t)= i (t')dt' which has

0.
flowed through the external bias circuit since t=O. The
photocharge Q(t) measures the mean drift x(t) of the
photocarrier distribution, ' ' as is clear from integration
of Eq. (2):

Q ( t) V =Qo[x (t) x(0) ]E . —

For sufficiently large voltages the displacement x (t) satu-
rates at the value of the electrode spacing x(t) =d, since
d is the maximum possible value of x. Qo can then be ob-
tained from the saturation value.

K. Mobility-lifetime products

Charge-collection data are also often used to estimate
mobility-lifetime products pr(t) as well as Qo. ' We
brieAy describe the relationship of these mobility-lifetime
products to p(t); the issue is discussed in more detail else-
where. ' These mobility-lifetime products are deter-
mined using charge-collection measurements at lower
voltages, where a linear relationship between Q(t) and V

18, 19,21
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V
Q(t) =Qopr(t) 2

We have generalized the definition of a mobility-lifetime
product to incorporate the possibility that the charge-
collection curves depend upon the collection
time. ' ' ' Comparison of Eqs. (6) and (7) shows
that they are consistent if x(t)/E =ps(t): that is, the
displacement x (t) depends linearly upon electric field. In
this low-field limit Eq. (3) [u(t)=p(t)E] also applies,
from which we obtain that

axial

coplanar
interdigital
coplanar

planar

sandwich

= f dt'= f p(t')dt'.

We can therefore equate the mobility-lifetime product
pr(t) determined from charge-collection measurements
with f p(t')dt'.

0

III. SPECIMENS AND INSTRUMENTATION

A. Specimens

8 Al, Cr, contacts

S a-Si:H

7059 glass

FIG. 1. Schematic illustration of the three types of electrode
structures used for this research; drawings are not to scale. The
upper portion of the figure illustrates the direction of axial and
planar electric fields relative to the growth axis of the thin film.

a-Si:H specimens were deposited using a commercial
(Plasma Technology, Inc. "Plasmalab") 13.56-MHz rf
plasma reactor operating with 200 mT of pure silane gas
at 5 W of rf power. Specimens were deposited onto
Corning 7059 glass substrates; substrate temperatures
were varied from 160 to 350 C. The densities of
paramagnetic D centers were measured using electron-
spin-resonance spectroscopy. In Table I we list some
details for the specimens used in these experiments.

B. Electrode structures

We explored transient photocurrents for electric fields
in the directions illustrated at the top of Fig. 1. "Axial"

fields are parallel to the growth axis of the thin film; "pla-
nar" fields are perpendicular to this axis.

In Fig. 1 we have illustrated the three electrode
configurations used for these experiments. The bottom
electrode of the sandwich configuration was evaporated
chromium. Following deposition of the a-Si:H layer, a
semitransparent aluminum top electrode was evaporated.
The top electrode had an optical density of about 1.5 and
overlapped the bottom electrode over about 2 mm . We
had no serious difficulties with electrical shorting of these
structures by pinholes.

TABLE I. Summary of some properties of the specimens used: T„substrate deposition temperature;
d, thickness of the specimens; Ns, density of paramagnetic defect centers D measured with electron
spin resonance; p~, „electron deep-trapping mobility-lifetime product; and p~z „holedeep-trapping
mobility-lifetime product. Both p~ products are measured in the sandwich electrode geometry and cor-
respond to 10 ps collection time (unless otherwise indicated). Electron measurements were done using
about 680-nm illumination (uniformly absorbed). Hole measurements were done using 520 nm (surface
absorbed). In the sample numbers AN stands for annealed, LS for light soaked, and B for baked.

Sample
number

(1223AN)
(1223LS1)
(1223LS2)
(1223LS3)
(JUNAN)
(NOVA N)
(314AN)
(314LS)
(316AN)
(316LS)
(413AN)
(41 1AN)
(46AN)
(46ANB)

T.
( C)

250
250
250
250
250
250
350
350
350
350
195
175
160
170

d
(pm)

10.3
10.3
10.3
10.3
3.8
3 ' 3
2.0
2.0
0.8
0.8
1.5
1.0
0.9
0.9

Ns
(cm )

3.5 X 10'
8 1x10"
1.2 X 10'
2.ox 10"
-3x 10"
-3x 10"
7.9 X 10'
1.4x 10"
2.0 X 10'
2.3 X 10'
1.2 x 10"
1.8 x 10"
3.9 X 10'

I &e, t

(cm' jV)

3.5 x 10-'
2.1 x 10-'
1.3 X 10
6.1 x 10-'
1.8 x 10-'

& 1.5x 10-'
1.8 X 10
3.1 X 10
9.4X 10
7.5X 10
6.8 x 1O-'
5.4X 10
5.4X 1O-"
6.7X 10

(cm /V)

1.2 X 10 8 (1 ms)

+ 8.0X 10 (300 ps)

3.7X 10

9.6 x 10-"
2.9X 10
2.2X 10
7.2X 10
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The planar contacts were evaporated onto the a-Si:H
film following deposition. The interdigital electrodes
were prepared using the photolithographic procedures
previously described by Parker and Schiff. ' We used
chromium for these electrodes; we experience difhculty
with liftoff procedures using aluminum top electrodes.
The gap between the interdigital electrodes was 30 pm;
there were 20 digits for each pad. We also used standard
pairs of coplanar electrodes; the gap between the elec-
trodes was 500 pm. Both aluminum and chromium were
used for these pairs.

We verified for all cases that the transient response of
these electrode structures was not limited by the elec-
trode resistance. The thickness of the interdigital elec-
trodes needed to be as thin as possible to simplify the
photolithographic liftoff procedure. We measured the
dark currents for these electrodes in response to bias-
voltage steps similar to those used for the transient pho-
tocurrent measurements reported in the next section.
Both voltage polarities were examined; the transient in-
jection and dielectric relaxation currents were negligible
in comparison to the transient photocurrents reported in
the next section. We presume that the metal-
semiconductor interfaces acted as Schottky diodes over
our time regime; the structures were thus "back-to-back"
diodes.

C. Light soaking

Some of our measurements were performed upon speci-
mens that had been "light soaked" (exposed to extended
illumination prior to the transient measurements). The
illumination source was a type-ENH tungsten halogen
bulb used at a distance of 30 cm from the specimen (in-
cident illumination about 300 mW/cm ).

It is important that the region of a-Si:H between the
electrodes receive comparable illumination for all types
of electrode structures. The sandwich electrode struc-
tures have a top electrode which attenuates the illumina-
tion received by this structure, whereas coplanar elec-
trode structures receive illumination directly. In addition
the sandwich electrode structure has a rejective back
electrode not present for the coplanar specimens.

We compensated for the absence of a back electrode
for the coplanar specimens by placing them on a
reAective pedestal during light soaking. We followed two
procedures to compensate for the presence of the top
electrode in sandwich structures. The first procedure in-
volved fabrication of a compensating filter. When the top
electrode was deposited onto a sandwich structure, a
second metal film was codeposited onto a glass slide.
This slide was placed in front of the coplanar electrode
structure during light soaking to compensate for the top
electrode of the sandwich structure. The second pro-
cedure was to light soak the specimen prior to deposition
of the top electrode.

D. Transient photocurrent measurements

Transient photocurrents measurements were per-
formed using a commercial nitrogen laser pumped dye
laser (Laser Science, Inc. model VSL-DCM-1, with in-

tegral rf shielding). The wavelength range accessible with
this laser is 440—700 nm; the pulse duration was 3 ns.
The laser intensity was measured using a beamsplitter
and a standard Si p-i-n photodiode.

Photocurrents in the structure passed into a 100-MHz
bandwidth amplifier (50 0 impedance). The amplified
wave form was recorded and averaged using a 125-MHz
bandwidth digital oscilloscope (LeCroy, Inc. model 9400).
This oscilloscope was interfaced to a personal computer
for storage and analysis of the transient wave forms.

The bias voltage was applied to a structure at least 1 ps
prior to the laser Aash. The transient charging of the
structure in response to the voltage and light pulses was
measured by using a RC integrator. As noted earlier, the
dielectric relaxation and electrode effects were negligible
on our time scale. The photocharge was kept below 10%
of the CV charge, and we concluded that the photocar-
riers did not appreciably screen the external field. For
laser repetition rates greater than 1 Hz we found "build-
up" of charge in the material in some cases; the measure-
ments reported here were performed at rates smaller than
this threshold.

E. Optical calibration procedures

In several cases we estimated the number of photons
absorbed between the specimen's coplanar electrodes us-
ing a commercial Si p-i-n diode. We calculated the laser
pulse intensity (photons per unit area) from the detector's
specifications. The number of photons absorbed by the
sample was obtained from this intensity estimate, the
electrode geometry, and a correction for the specimen's
reAectivity at normal incidence and its absorption length
at the laser wavelength. To improve the accuracy of
these estimates we used laser wavelengths which were
nearly completely absorbed by the specimen when optical
calibration was necessary.

IV. RESULTS

In this section we first present transient photocurrent
measurements for sandwich and interdigital electrode
structures. We selected a wavelength for these experi-
ments such that the absorption of light was uniform or
nearly so through the material. The use of uniform il-
lumination is a departure from conventional time-of-
Aight techniques. It permits the results of interdigital
and sandwich electrodes to be compared, but it opens up
the possibility of a hole contribution to the transient pho-
tocurrents. We show in the Appendix that the transients
for sandwich electrodes with uniform illumination give
essentially the same results as with conventional electron
time of Qight, and that hole transport was small.

In Sec. IV A we present the transients measured with
both electrode structures; electron time of Aight was ob-
served for both. In Sec. IVB we present photocharge
collection measurements; these are consistent with time-
of-Aight data, and were used to obtain the total photocar-
rier charge Qo and also the deep-trapping mobility-
lifetime product for electrons p~, , In Sec. IVC we
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present our estimates of the transient drift mobility )tt, (t)
and deep-trapping mobility-lifetime products p~, , for
electrons based on the measurements for both electrode
structures. We find that these estimates generally sup-
port isotropic transport for electrons in this material.

A. Axial and planar transient
photocurrent measurements

In Fig. 2(a) we show the electron photocurrent tran-
sients measured using a sandwich electrode structure for
several electric fields. The measurements were at room
temperature; the specimen was in its annealed state. The
electric fields inducing the drift of the photocarriers in
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FIG. 2. Normalized photocurrent transients I (t)d IQO V for

an annealed a-Si:H specimen (cf. sample 1, Table I) at room
temperature for a variety of electric fields (noted in units of
kV/cm); illumination wavelength was 684 nm (uniformly ab-
sorbed). (a) Transients measured with sandwich electrodes. (b)
Transients measured with interdigital coplanar electrodes. At
high electric fields (E)2 kV/cm) the transients indicate
sweepout of electrons; the transit time tT is indicated by an ar-
row for the largest electric field. Note the near convergence of
the transients for times less than the transit time.

this geometry are parallel to the growth axis of the speci-
men (cf. Fig. 1). The laser wavelength was 684 nm, which
is absorbed nearly uniformly in this specimen (about 10
pm thickness). In Fig. 2(a) the photocurrent transients
have been normalized by the bias voltage V and the
specimen's thickness d. In addition we have normalized
the transients using our estimates of the total photocar-
rier charge Qo generated by the laser Gash; the measure-
ments used to determine Qo are presented in the next sec-
tion.

In Fig. 2(b) the photocurrent transients are shown for
interdigital coplanar electrodes on the same specimen us-
ing the same illumination wavelength; the electric field
inducing the drift is essentially perpendicular to the
growth axis (cf. Fig. 1).

The normalized photocurrent transients shown for the
two electrode structures in Figs. 2(a) and 2(b) have the
appearance expected for a time-of-Aight experiment. At
the earliest times all fields give approximately the same
value of I'(t)d /Qo V. At these times no electrons have
been lost to sweepout, and hence the photocurrents are
expected to scale linearly with voltage. This Ohmic be-
havior is quite clear for the interdigital electrode struc-
ture. It is less apparent for the sandwich structure. For
these structures substantial photocurrents are observable
even at V=O due to internal fields near the electrodes. '

Such internal field transport always spoils the Ohmic
scaling of the photocurrent for sufficiently small voltages.
Internal field effects on photocharge measurements will
be discussed in more detail subsequently.

At longer times the form of the transients reveals elec-
tron sweepout; as the electric field is increased successive
curves depart from a common asymptote at earlier times
due to the earlier onset of sweepout effects. We have in-
dicated the transit time tT for the highest voltage tran-
sient. A very similar approach was used by Marshall,
Street, and Thompson' in their analysis of transient pho-
tocurrents to obtain transit times, with the exception that
they used arbitrary scaling of the transients. In Sec. IV C
we shall present our estimates of the electron drift mobili-
ty based on these transients.

B. Charge collection in axial and planar geometry

In Fig. 3 the electron photocharge Q collected at 10 ps
is shown as a function of V/d for the transients shown
in Fig. 2. V is the applied voltage and d the interelec-
trode distance. These photocharge measurements essen-
tially confirm the time-of-flight interpretation of the pho-
tocurrent transients described in the previous section.
Two separate regions are obvious from the plot

(1) At high applied voltages the photocharge shows sat-
uration. For these voltages all the electrons were swept
out of the structure within 10 ps, and hence the charge is
constant.

(2) At lower voltages the collected photocharge de-
pends linearly on the voltage. Because electron sweepout
is negligible in this limit, both the photocurrents and
photocharges are expected to depend linearly upon the
voltage bias.

Plots like the one shown in Fig. 3 are often used to esti-
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FIG. 3. Photocharge Q collected at 10 ps as a function of the
externally applied voltage V (plotted as a function of V/d
where d is the interelectrode distance) for both electrode struc-
tures of sample 1 (cf. Table I). Electron motion dominates these
measurements. The lines are fits using a Hecht analysis adjusted
for unifrom generation of carriers (Ref. 30). The electron deep-

trapping mobility-lifetime products obtained from the fits were
@He"t =3.5X10 cm /V and p~e, 't =3 3X10 cm /V.

mate the total photocarrier charge Qo and a deep-
trapping mobility-lifetime product p~, . ' ' In conven-
tional time-of-Aight experiments the saturation photo-
charge is equal to the value of Qo, the total charge gen-
erated by the laser Aash. This procedure must be
modified somewhat to correct for the use of uniformly ab-
sorbed illumination; ' we show in the Appendix that Qo
is twice the saturation value of the photocharge for these
data.

At lower voltages (where Q «Qo) the slope of the
charge-collection curve can be used to estimate a
mobility-lifetime product [compare Eq. (7)]:

V
Q =Qopr

For the case of nondispersive transport the form of this
curve is also readily predicted. Hecht obtained the result
for surface-absorbed illumination as well as for uniformly
absorbed illumination. For uniform illumination and
one species of mobile carrier the collected photocharge
will be given by the relation

V V d
Q =Qopr . 1 pr 1 —exp—0 y2 y2

(10)

This result was also obtained independently by Parker.
The relation above was used to fit the data of Fig. 3. We
attribute the small systematic difference between the fit
and the data to hole transport. We remind the reader
that mobility-lifetime product estimates obtained using
these procedures depend in principle upon the collection
time; related measurements have been reported in Refs.
25, 18, 29, and 28.

10
10

I

10
I

10 '
Time (s)

FICx. 4. Transient drift mobiities p, (t) measured using axial
(ax) and planar (pl) electric fields. The curves denoted AN cor-
respond to the annealed state of sample 1 also used for Figs. 2
and 3. The curves labeled LS refer to a light-soaked state of the
same specimen (cf. sample 3 in Table I). The curves for the an-

nealed state (AN) have been multiplied by ten for clarity.

C. Isotropy

1. Drift mobility est-imates

Transient photocurrent data such as those presented in
Fig. 2 are typically used to extract average drift mobili-
ties p& using transit-time estimates. As noted in Sec. II,
we preferred to express our results in terms of the tran-
sient drift mobility p(t) p(t) ca.n be equated to the nor-
malized photocurrent transient i (t)d /Qo V at times less
than the transit time. In Fig. 4 we illustrate the electron
transient drift mobilities p, (t) based on the transients of
Fig. 2 (AN); we have also included estimates of p, (t)
from additional data on the same specimen following
light soaking (LS).

%'e first discuss how we obtain an estimate of planar
p, (t) using the transients presented as Fig. 2(b); the re-
sults are presented as the upper curve with the label "pl"
in Fig. 4. For the data of Fig. 2(b) a fairly good estimate
of p, (t) is given directly by the normalized photocurrents
for electric fields smaller than 0.8 kV/cm. In these lower
fields the transient photocurrents were proportional to
voltage for the entire range of times shown; the two nor-
malized photocurrent transients shown in the figure are
essentially indistinguishable. At higher fields i (t)d /Qo V
agrees with the low-field estimate until the electrons are
swept out.

The decay at long times t ) 1 ps in Fig. 4 is not an ar-
tifact of carrier sweepout; it is due to electron deep trap-
ping' of the photocarriers before they traverse the
specimen. At shorter times the time dependence of p,(t),
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FIG. 5. Correlation of electron deep-trapping mobility-
lifetime products p~, , for a variety of undoped a-Si:H speci-
mens measured with two electrode geometries. pP", was mea-
sured using sandwich electrodes. p~, ', was measured using two
kinds of coplanar electrodes: interdigital ( ~ ) and conventional
gap cell (). The measurements of Parker and Schiff (PS) (Ref.
3), as well as of Kocka et al. (KSSCJ) (Ref. 4), are also included
in the graph.

is much weaker, consistent with the nondispersive trans-
port of electrons in a-Si:H reported near room tempera-
ture in conventional time-of-Aight drift-mobility measure-
ments. "

The electric field in the thin film for coplanar elec-
trodes is not strictly uniform. In Sec. II we assumed a
uniform electric field to derive the relationship of p(t)
and i (t)d /QOV. Although a correction factor is calcul-
able in principle, we have neglected this effect. We esti-
mate that this leads to less than a 20% error in estima-
tion of p(t).

Estimated of p, (t) from the data for sandwich elec-
trodes (upper curve labeled "ax" in Fig. 4) is more prob-
lematic. Long times present no difhculties: as for the in-
terdigital electrode measurements in Fig. 2(b), the tran-
sients for E (0.4 kV/cm superpose quite well. At short
times there is no clear limiting curve such as is found in
Fig. 2(b); we attribute the difficulty to internal field
effects. We are unaware of any completely satisfactory
procedure for correcting for the effects of internal fields.

We also measured photocurrent transients for both
structures following light soaking (LS) (cf. sample 3 in
Table I). We had no difficulties with internal fields fol-
lowing light soaking, and have directly presented our es-
timates of p, (t) in Fig. 4 without the supporting transient
measurements.

For both states of this specimen the similarity of p, (t)
for the two electrode structures appears consistent with
isotropy of electron transport. The small disagreement of
the transients between the two geometries is in our view
consistent with the systematic errors of our techniques
(nonuniform fields for interdigital electrodes, internal
fields for sandwich electrodes).

2. Deep tr-apping mobility li-fetime products

We also examined the electron deep-trapping
mobility-lifetime product estimated from charge-
collection measurements on the two types of structures.
Such measurements are much less time consuming than
drift-mobility measurements, and thus appear to be well
suited to a survey of many specimens for transport isotro-
py

In Fig. 5 we have correlated the electron deep-trapping
mobility-lifetime products p~, , for the sandwich and co-
planar electrode structures. We followed the procedure
described in Sec. IVB for these estimates; however, for
several specimens complete collection of charge within 10
ps was not possible due to our use of large gaps between
coplanar electrodes (solid circles in Fig. S). In these cases
we estimated Qo from measurements of the incident laser
intensity and the optical properties of the specimens; the
optical calibration procedures were described previously.
The specimens span a wide variety of paramagnetic de-
fect densities (shown in Table I).

We have also included the related measurements of
Parker and Schiff and of Kocka et ah. in Fig. 5.

V. DISCUSSION

These data broadly confirm isotropy of electronic
transport in a-Si:H. Figure 4 indicates that the transient
drift mobilities p(t) for two light-soaking states of one
specimen were essentially the same for both directions of
transport. In Fig. 5 most of the points indicate
equivalence of the electron deep-trapping mobility-
lifetime products p~, , for the two types of structure and
the two field directions; we remind the reader that the
mobility-lifetime product is essentially the integral of p(t)
past the deep-trapping time. Several of the p~, , points
do indicate differences in estimates of p~, , for the two
types of structure. In this section we discuss some of the
limitations of the experimental procedures used for these
measurements and assess the data for which measure-
ments in the two geometries were inequivalent.

The three sources for systematic error which we have
assessed are (i) internal field effects near interfaces, (ii) use
of optical calibration instead of complete photocarrier
collection for determination of the photocharge Qo, and
(iii) light-soaking techniques.

We have found no satisfactory technique for extracting
drift-mobility information in the presence of substantial
internal field motion. We suggest that a practical cri-
terion for the unimportance of internal fields is that the
total average drift x; due to internal fields between photo-
generation and the measurement time should be much
less than the drift due to external fields. This criterion
largely explains the widespread use of rather thick speci-
mens of a-Si:H for drift-mobility studies, since depletion
layers in device-grade material can exceed 1 pm in
depth. ' It is also consistent with thickness depen-
dence studies for coplanar electrode structures showing
that bulk properties are observed in device-grade a-Si:H
for thicknesses greater than 2 pm.

For sandwich electrodes charge-collection data such as
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those of Fig. 6(a) (see Appendix) can be used to estimate
internal field drift; the intercept Q(0) at V=O indicates
the distance through which electrons were translated by
internal fields. For all the sandwich electrode data re-
ported in Fig. 5 Q(0) was small. We discuss these effects
further in the Appendix.

For coplanar electrodes we believe the planar fields due
to the electrodes are unimportant; the interelectrode gaps
were very much larger than our estimates of Schottky
barrier widths. However, vertical motion of the photo-
carriers in internal fields due to the top or bottom inter-
faces of the film might inhuence the data. We have no
effective diagnostic procedure for these vertical motions.
We would not expect the electron depletion layers usually
reported near these interfaces ' to substantially affect
our measurements; electron accumulation layers might
affect them if their widths were comparable to the
specimen's thickness.

As illustrated in Fig. 5, Kocka et al. found a modest
inequivalence for their two structures. In these experi-
ments photogeneration of carriers occurred in regions
near the electrodes; we therefore speculate that differing
Schottky barriers in their two structures led to the ob-
served discrepancy between p~, , in their two structures.

The second possible source of systematic error which
we considered is the use of optical calibration techniques
(solid circular symbols in Fig. 5) to obtain the planar esti-
mate p~p', . The optical calibration procedure is fairly
elaborate, and we consider the optically calibrated points
to be less reliable than those based on complete charge
collection with interdigital electrodes (solid square sym-
bols). The results in Fig. 5 nonetheless seem fairly con-
sistent for the two procedures; we did not explicitly com-
pare the two calibration procedures using interdigital
electrodes.

Finally we note that several of the p~, , pairs in Fig. 5
were obtained for light-soaked specimens, including the
earlier estimate of Parker and Schiff. If we presume this
earlier measurement is erroneous, we speculate that
difficulty in obtaining comparable light soaking in the
two structures is the most likely source of error.

We draw the following conclusion from the research
presented here. Estimates of the electron deep-trapping
mobility-lifetime product in a-Si:H for two types of elec-
trode structure and several measurement techniques
(differing in optical absorption length and calibration
procedures) appear to be consistent within a factor of 2
or somewhat better. We believe that transport anisotro-
pies larger than this can be excluded from the data. The
work also shows that procedures for estimating p~, , us-

ing coplanar electrode structures are as reliable as more
conventional procedures using sandwich structures.

Research on the isotropy of p~, , was started as one
avenue for resolving the large ratio (of order 100) be-
tween conventional p~, , measurements and estimates of
the recombination mobility-lifetime product p~, „based
on steady-state photoconductivity measurements with co-
planar electrodes. ' ' Clearly anisotropy is
insufficient to resolve this issue. Recently we have ex-
tended the research on coplanar electrode structures re-
ported here to very long times (t ))10 ps). We find sub-

stantial further drift of electrons noticeable after 1 ms.
Using these long-time transient techniques estimates we
obtained estimates of p~, „which were quite comparable
to those obtained by steady-state measurements. In our
view these measurements show that the origin of the
mobility-lifetime product discrepancy is simply due to the
differing time scales of the measurements.
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Q(t)V=QOIx(t) —x(0)]E . (A 1)

This expression equates the energy supplied by the exter-
nal bias supply with the work done by the electric field E
in moving the total photocarrier charge Qo a distance
x (t) —x(0) inside the specimen.

The principal difficulty imposed by the use of illumina-
tion which is not surface absorbed is the determination of
Q~ from the experimental charge-collection data. The
maximum collected charge Q,„measured after the car-
riers have been swept out of the specimen is

r

Q ..=Qo
x (0)

(A2)

Note that we have assumed that only one type of carrier
contributes to Q(t); to derive this relation we used (Al)
and assumed a homogeneous electric field (E = V/d).

We shall need only the two special cases of surface and
uniform absorption. For the first case the initial mean
position of the photocarrier distribution will be x(0) « d,
and the result Q,„=QOobtains. For uniform absorp-
tion the mean initial position is at the middle of the speci-
men: x(0)=d/2. Hence Q,„=QO/2.

Using these arguments, we now discuss our measure-

APPENDIX: DETERMINING pv, ,
USING HOMOGENEOUS ILLUMINATION

In Sec. IV we presented results on the isotropy of p~, ,
based on measurements with illumination which was ab-
sorbed uniformly between the electrodes. This procedure
is unconventional; p~, , is usually measured using
surface-absorbed illumination and "sandwich" electrode
geometry. In this appendix we show that the two pro-
cedures gave comparable results for sandwich electrodes,
which is possible because holes are significantly less
mobile than electrons in a-Si:H. Parker reached a similar
conclusion in earlier, unpublished work.

We first brieAy describe the effects of using surface-
absorbed or uniform illumination for materials with a sin-
gle mobile carrier. A more comprehensive treatment of
these effects is given in Refs. 30 and 41. Relation (6) is
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ments of charge collection using surface- and bulk-
absorbed illumination. In Fig. 6(a) we show the charge
collected at 50 ps following photogeneration as a func-
tion of the applied voltage V. We used an a-Si:H speci-
men in a Schottky diode structure: Al/a-Si:H/Cr (cf.
Sample 5 in Table I). 520 nm is absorbed near the sur-
face; 684 nm is uniformly absorbed. The charge measure-
ments were normalized to agree approximately with the
discussion of charge collection just given. In Fig 6(b) we
have enlarged the part of Fig. 6(a) close to the region of
V=O V in order to demonstrate better the charge collec-
tion at these low voltages.

The charge collection with surface-absorbed light is
quite different for the two voltage polarities. For nega-
tive bias voltage electron motion dominates; for positive
bias voltage hole motion dominates. As mentioned ear-
lier in Sec. III the p~ products corresponding to 50 ps
can be estimated for electrons and holes from the slopes
of the linear parts in the charge-collection plots. Using
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FICx. 6. (a) Photocharge Q collected at 50 ps as a function of
the applied voltage V for an annealed a-Si:H specimen (cf. sam-
ple 5 in Table I). The photocharge is shown for surface (520
nm) and uniform (684 nm) generation of the photocarriers. (b)
Expansion of the region of (a) near V=O. Note the substantial
collection at V=O from internal fields for the surface-absorbed
case. The slopes of the straight lines in (a) and (b) were used to
estimate mobility-lifetime products for holes and electrons, re-
spectively.

the estimate of Qo obtained from the photocharge at
large negative bias, we found using the straight lines
drawn in Fig. 6 the values p~, =1.6X10 cm /V and

pri, =5.0X 10 cm /V.
When uniform absorption is used the charge collection

for both polarities is symmetrical; this rejects the fact
that the initial distributions are equidistant from the two
electrodes. Both electrons and holes contribute to the
collected charge. We again estimated mobility-lifetime
products from these data. To estimate Qo we used the
following procedure. The linear dependence of Q upon V
between 3 and 5 V is due to hole motion, since electrons
have already swept out with these voltages. We extrapo-
lated this linear region back to the origin to obtain an es-
timate of Qo/2. We then estimated the electron
mobility-lifetime product at 50 ps from the linear part of
the charge-collection plot shown in Fig. 6(b). We ob-
tained p~, =1.8X10 cm /V. The value is comparable
to the result obtained using 520-nm illumination.

The effects of the internal electric fields (collected
charge at V=O) for the two illuminations can also be seen
in Fig. 6(b). The effect is stronger when surface illumina-
tion is used. The value of Q(0) can be used with Eq. (6) to
obtain the displacement of electrons due to internal fields;
we estimate a displacement of about 0.4 pm. This subject
is also treated in Refs. 31 and 33. When uniform il-
lumination is used the carriers are distributed uniformly
in the specimen. Internal fields are smaller near the mid-
dle of the specimen, and in addition the effects of the
front and back Schottky barriers tend to cancel. As not-
ed in Sec. V, we only consider mobility-lifetime estimates
to be valid when based on data for which the photocar-
rier drift is much larger than drift attributable to internal
fields.

We have performed these measurements for nearly all
the specimens described in Table I. In Fig. 7 we show the
correlation of the deep-trapping mobility-lifetime prod-
ucts for electrons p~, , and holes p~I, , measured using
surface-absorbed illumination (520 nm). The photo-
charge for the electrons was measured at 10 ps; some-
what longer times were used for holes in better specimens
to assure that deep trapping had in fact occurred (cf.
Table I). Our results, that in undoped a-Si:H specimens
the electron deep-trapping mobility-lifetime products are
about ten times bigger than those of holes, are consistent
with previous measurements by Street, Zesch, and
Thompson.

In Fig. 8 we show the correlation of the electron deep-
trapping mobility-lifetime products p~, , measured for
surface- (520 nm, pr, , ) and uniformly absorbed (684 nm,
pr, , ) light. The photocharge was estimated at 10 ps, and
the pr products were estimated as for Figs. 6(a) and 6(b).
The agreement of the two p~ products under uniformly
absorbed light and surface-absorbed light is satisfactory.
These measurements confirm that either uniform or
surface-absorbed illumination can be used to estimate
p~, , in undoped a-Si:H; the possibility arises primarily
because hole transport is relatively unimportant. In prin-
ciple it would be possible to estimate p~&, using homo-
geneous illumination as well, but we did not investigate
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FIG. 7. Correlation of the deep-trapping mobility-lifetime
product for electrons p~, , and holes pv.z, using sandwich elec-
trodes for a variety of undoped a-Si:H specimens; also see Table
I. Surface-absorbed light (520 nm) was used for the photogen-
eration of both electrons and holes.

FIG. 8. Correlation of the electron deep-trapping mobility-
lifetime product measured with two illumination wavelengths
for sandwich electrodes on several a-Si:H specimens. p~, , was
measured using 520 nm (surface absorbed). pr,", was measured
using 680 nm (uniformly absorbed). See also Table I.

this possibility further.
The p~ products corresponding to surface absorption

were systematically smaller than those corresponding to
uniform absorption. We speculate that trapping of elec-
trons within the depletion layer reduces the estimate of

p~, , The eFect is obviously largest for surface illumina-
tion; additional measurements using 450-nm illumination
gave still lower values of p~, , These findings are con-
sistent with earlier reports by Spear and Wyrsch
et al.
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