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Transient photoconductivity measurements in a coplanar electrode configuration in undoped a-
Si:H are explained by two decay channels. The first one, operative at excess charge carrier con-
centrations smaller than 10'® cm~3, is ascribed to deep trapping, presumably in neutral dangling
bonds. The second one, operative at higher excess charge carrier concentrations, is ascribed to
electron-hole recombination where the availability of free holes controls the decay process. The
transport parameters deduced from these measurements agree satisfactorily with those deduced
from time-of-flight measurements. The, at first sight, paradoxical increase of transient lifetimes in
material with larger densities of dangling bonds can be explained within the model presented here

by an additional decay channel for free holes.

I. INTRODUCTION

Charge carrier kinetics in hydrogenated amorphous
silicon (a-Si:H) have been extensively investigated by
time-resolved techniques. In particular, transient photo-
conductivity measurements in a sandwich electrode
configuration [time-of-flight (TOF) measurements] have
been applied successfully to a-Si:H and there exists gen-
eral agreement on their interpretation.! TOF experi-
ments yield information on the interaction between
charge carriers and states in the band gap. Information
on recombination kinetics can be extracted from tran-
sient photoconductivity experiments in a coplanar elec-
trode configuration (PC).2~% However, the interpreta-
tion of PC experiments is not generally accepted. One of
the controversial points is the influence of the contacts
on the measured signal.’

In this work PC measurements of undoped a-Si:H ob-
tained by excitation with sub-band-gap and band-gap
light over a large excitation density range will be
presented. The influence of the electrodes on the PC sig-
nal is investigated by comparison of PC signals with
transients obtained with the contactless time-resolved
microwave conductivity (TRMC) (Ref. 4) technique. An
attempt is made to interpret PC signals with a model
that agrees with findings from TOF measurements.

The interpretation of the data presented in this work
is based on a model mainly deduced from TOF experi-
ments."»® It is assumed that there are sharp mobility
edges in undoped a-Si:H from where the density of states
decays exponentially with energy into the band gap.
The electron drift mobility g, in undoped a-Si:H is, at
room temperature, about 1 cm?V~!s~! and thermally
activated. The hole drift mobility u;, is much smaller
and consequently the PC signal can be attributed to elec-
trons. The influence of the tail states on mobile charge
carriers is described by energy-independent capture rates
b, and b,, for electrons and holes, respectively. The
influence of the conduction-band tail states on electron
kinetics at room temperature can be described by
Boltzmann distribution of the electrons over the tail
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states, because the width of the tail state distribution,
characterized by k7,, is approximately equal to the
thermal energy kT at room temperature. The width of
the valence-band tail kT, is much larger, and in the in-
tuitive thermalization model® adopted here it is assumed
that excess holes are mainly localized above the hole
demarcation energy E; defined by E; =kT In(vyt), where
vy is an attempt-to-escape frequency.

II. EXPERIMENTAL PROCEDURE

High-quality undoped a-Si:H samples, prepared by
glow-discharge decomposition of silane, were supplied
from different sources to account for specimen-
dependent differences. A typical film investigated in this
study has a thickness of 1 um, an activation energy of
0.72 eV, a dark conductivity of 4x10~° Q~!'cm™!, and
a photoconductivity of 4X 107> Q@ ~!cm~! (illumination:
Ar laser, 514 nm, 0.1 mW/cm?).

Excess charge carriers were induced by 532- and
1064-nm light pulses from two Nd:YAG lasers (where
YAG represents yttrium aluminum garnet). One has a
pulse width of 12 ns [full width at half maximum
(FWHM)] which determines the time resolution of the
experiments, the other has a pulse width of 70 ps; in the
latter case the time resolution (0.7 ns) is limited by the
bandwidth of the digitizer. The light intensity is varied
by optical density filters between 1 mJ/cm? and 25
nJ/cm?, corresponding to an initial excess charge carrier
concentration of about 2 10°-5x 10" cm~—3 for 532-
nm excitation, referring to the total thickness of the
sample.

PC and TRMC signals are identical under conditions
where both techniques can be applied, as can be seen in
Fig. 1. This proves that contacts do not have an appre-
ciable influence on PC transients.* Consequently no
more assumptions are involved in the interpretation of
PC signals in terms of excess bulk charge carrier kinetics
than for transient photoinduced absorption (PA) experi-
ments.’
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FIG. 1. Photoconductivity transients induced by a 532-nm
laser pulse (12 ns FWHM) with different intensities. The upper
curve is obtained by the TRMC technique, which is shifted ar-
bitrarily towards the PC signals below.

III. RESULTS AND DISCUSSIONS

It has been reported before'® that the transient photo-
conductivity decays initially with the laser pulse at
higher excitation intensities (I > 1 uJ/cm?) followed by a
slower decay, which is displayed in Fig. 1. The signal
amplitude is sublinearly dependent on the excitation
density. At lower excitation densities (I < 1 uJ/cm?) this
initial decay disappears and the signal amplitude be-
comes linearly dependent on the excitation density. This
points to an excitation-density-dependent decay process
on a time scale smaller than the characteristic time of
the measurements.

At the lowest two excitation densities in Fig. 1
(I=100 and 25 nJ/cm?) the decay behavior is similar
over the first two us, where the decay after excitation
with 25 nJ/cm? is somewhat faster at longer times. The
drift mobility p, estimated from these low-excitation-
intensity data is about 0.2 cm?V~!'s~!. Initially (over
the first 100 ns) there is no appreciable decay, in agree-
ment with the findings from TOF experiments, because
the electron dispersion parameter a, =T /T, is about un-
ity at room temperature.! It seems plausible to ascribe
the decay to the trapping of mobile electrons. The decay
is not exponential but the decay over the first mi-
croseconds after the excitation can be characterized by a
decay time of about 2 us.

The slower decay of the transient in the microsecond
time range at higher excitation intensity (/=1 uJ/cm?)
must be due to a saturation of this deep trapping decay
channel. This leads to an estimate of about 5x 10"
cm ™3 for the deep trap density. As this density lies in
the order of magnitude of neutral dangling bonds con-
centration D° in high-quality material it is suggested
that this deep trapping is due to neutral dangling bonds.
The reaction rate 1/7=5X10° s~! determined here can
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be compared to the rates obtained by other techniques.
The value of this rate parameter deduced from rate-
limited TOF experiments'! is higher, but the value found
by the transient-delayed-field technique'? of about 10°
s~ ! lies in the same order of magnitude. This agreement
seems satisfactory in view of the nonexponential decay
found for this deep trapping.

Above excitation densities of about 1 uJ/cm? a new
electron decay channel becomes active (Fig. 1). The un-
derlying decay process must involve excess holes because
of its activation at higher excitation densities. It is not a
bimolecular recombination of excess electrons with
trapped holes as described in the literature® because both
transients (I=10 and 100 uJ/cm?) are characterized by
power-law decay via z ~%% and not by a power-law decay
t~1 as is derived for this model.® The most plausible
model for this decay channel is the recombination of ex-
cess electrons with excess holes around the hole mobility
edge. In this case the supply of these holes is the rate
controlling step, and the density of excess electrons 6n is
equal to the density of trapped holes §p, if the mobile
hole density and the excess electron density in deep traps
can be neglected. In that case and with the intuitive
thermalization model® one obtains

dn =8p,=F f;:g(E)dE =FN,(vot) ™", (1)

where a, is the hole dispersion parameter a, =T /T,
N, is the total density of states in the exponential
valence-band tail, g (E) is the density of states, and F is
the occupancy factor of valence-band tail states above
the demarcation level. F is independent of the energy of
the tail states® and is independent of time if all excess
holes emitted from tail states recombine with excess elec-
trons and are not retrapped in valence-band tail states
above the demarcation level leading to a t~ ™ decay of
the photoconductivity. From the transients induced
with the excitation intensity /=100 and 10 pJ/cm?® a
value of the hole dispersion parameter of 0.6 is deduced
for both transients. This agrees very well with the value
obtained with TOF experiments.!

The conditions for a t * decay of the transient pho-
toconductivity can be deduced from consideration of the
reaction kinetics. The electron-hole recombination re-
sponsible for the excess electron decay at high charge
carrier densities (8n > 10'® cm™3) and the competitive
process of retrapping of excess free holes are described
by the following rate equations:

ddp /dt =—b, 5n 8p , (2)
ddp /dt = —b,(1—F)Ny(vet) “8p . 3)

According to the intuitive thermalization model® &p in
Eq. (3) represents the density of excess mobile holes.
For the electron-hole recombination expressed in Eq. (2)
it is possible that 8p also involves shallowly trapped ex-
cess holes with an energy of about a few kT above the
mobility edge. This yields only a factor in Eq. (2) so it
can be included in the rate parameter b,. It is also as-
sumed that in Eq. (2) 8p represents the density of excess
mobile holes, where b, is an effective rate parameter. In
the case of a negligible density of deep trapped excess
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electrons and of excess free holes, the condition for a

t~“* decay of the photoconductivity can be estimated by
comparison of Egs. (2) and (3):

b,/by >(1—-F)/F . 4)

A minimum value for b, can be estimated from the tran-
sient induced by an intensity /=10 pJ/cm? if it is as-
sumed that at 10 ns the inequality (4) is satisfied. A
maximum value for b, can be estimated from the tran-
sient photoconductivity induced with I=1 uJ/cm?
which reflects a transition range where at short times an
appreciable number of excess holes will still be retrapped
in tail states above the demarcation energy leading to an
increase of F with time. Consequently the excess elec-
tron density will decay slower than with t-a", as can be
derived from Eq. (1). If N, is estimated to be 10?° cm 3
and vo=10'? s~!, this leads to 10b, > b, >2b,. If it is
assumed that b, lies between 10~ and 10~% cm’s™!
(Refs. 1 and 8) this yields a value of b, of approximately
1073 ecm3s— 1.

A physically reasonable model for a process character-
ized by such a large rate parameter is a diffusion-
controlled reaction with the Onsager radius as reaction
radius. This model has proven its utility in systems with
drift mobilities in the same order of magnitude as in the
present case.!> If the hole drift mobility is neglected rel-
ative to the electron mobility, this model yields, for the
recombination rate parameter b,,

b, =p.e /€€, =4x10"8 cm 357!, (&)

where the drift mobility u, is deduced from the present
measurements and €, = 12 is inserted.

It can be noted that the model for excess charge car-
rier kinetics in a-Si:H proposed in this work is perfectly
described by the model of bimolecular recombination of
Orenstein et al.® if the roles of electrons and holes are
exchanged. In both works the decay channel involves
the reaction between a not explicitly dispersive species
(here mobile electrons and in the work of Orenstein
et al.® trapped holes) and a species which is subject to
dispersive transport.

At longer times the electron-hole recombination with
a monotonously decreasing decay rate will give way to
relatively slow decay channels with a time-independent
decay rate. This has been observed® with PC experi-
ments over a larger time range than covered here. An
initial decrease of the photoconductivity of good quality
undoped a-Si:H by ¢ ~% with a about 0.6 is found in the
literature,® agreeing with the present measurements in
the same excitation intensity and time range, but at
longer times a faster decay is observed. A possibility for
this decay channel is the recombination traffic via dan-
gling bonds, if the transition of hole to negatively
charged dangling bond D~ takes place in this longer
time range.

The model for the electron decay channel at high
charge carrier concentrations can be tested by investiga-
tion of this decay as a function of the temperature (Fig.
2). The excitation intensity for the transients in Fig. 2 is
ten times larger than the highest intensity in Fig. 1. In
agreement with the model given before it can be seen
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FIG. 2. PC signals after 532-nm excitation (70 ps FWHM)

for three different temperatures. The inset shows the depen-
dence of the slope parameter a on the temperature 7.

that also at this excitation intensity the transient photo-
conductivity at room temperature decays via t ~%¢. At
lower temperature the decay on a double logarithmic
scale is still linear but the decay rate decreases with de-
creasing temperature. This confirms the identification of
the slope with the hole dispersion parameter a, =T /T),.
Also, the numerical values of the slopes at the different
temperatures are in reasonable agreement with the hole
dispersion coefficient obtained from TOF measure-
ments,! suggesting that both parameters are identical. It
must be remarked that at lower temperatures the elec-
tron dispersion should also play a role. However, the
broader valence-band tail mainly determines the electron
decay rate in the temperature range covered here at this
high excess charge carrier concentration. The accuracy
of the present data does not warrant a detailed interpre-
tation of the temperature dependence of the slopes. Pos-
sible deviations of the temperature dependence of the
hole dispersion coefficient from predictions of the multi-
ple trapping model can be better investigated by TOF
measurements.

A way to modify the importance of the electron-hole
recombination observed after 532-nm excitation is to in-
duce excess charge carriers by sub-band-gap light. In
high-quality a-Si:H, excitation by 1064-nm light induces
mainly mobile electrons and trapped holes.'* Also, after
1064-nm excitation there is no observable influence of
the contacts in PC experiments, as can be seen in Fig. 3.
The transient at the lowest excess charge carrier concen-
tration (Fig. 3) is identical to the transient induced by
532-nm light at the lowest excitation densities. This
confirms the attribution of the decay of these transients
to trapping of electrons characterized by an electron
dispersion parameter a, of about unity. Additionally,
the identical decay behavior after 532- and 1064-nm ex-
citation at low excitation intensities shows that the sur-
face has only a minor influence on the decay of the 532-
nm signal. The slowing down of the decay at higher ex-
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FIG. 3. Photoconductivity transients induced by sub-band-
gap light at 1064 nm (12 ns FWHM) for different excitation in-
tensities. The upper curve displays the decay obtained by the
TRMC technique, which is shifted arbitrarily to the PC signals
below.

citation densities in Fig. 3 must be due to saturation of
this electron decay channel. At higher excitation densi-
ties, the decay after 1064-nm excitation is much slower
than after 532-nm excitation. This points also to the in-
volvement of mobile holes in the electron decay after
532-nm excitation.

We tentatively identify the observed electron-hole
recombination process with the higher-order decay pro-
cess that gives rise to the fast initial decay channel dur-
ing the excitation pulse as it is observed at high charge
carrier concentrations.!® Although the initial nonuni-
form excess charge carrier distribution has to be taken
into account, a qualitative picture of the decay behavior
at short times can be given without an explicit con-
sideration of this complication. Initially, at high excita-
tion densities, the density of mobile holes cannot be
neglected. This leads to an initial faster decay rate at
higher excitation densities. Consequently the initial
height 8o of the transient photoconductivity for I> 10
uJ/cm? increases sublinearly with the excitation density
(Fig. 1). Because &0, represents a state where the
mobile hole density can be neglected, this fast process is
only observed in our experiments as a relative decrease
of 80, Formulated in another way, this fast process
determines the stationary value of F, which is reflected
in the amplitude of the transient photoconductivity.

The simple model for excess charge carrier kinetics in
high-quality undoped a-Si:H proposed in the present
work reflects a relatively low density of states in the mo-
bility gap, as in the electron kinetics only a small density
of deep states and a larger density of shallow valence-
band tail states play a role. Electron decay kinetics are
not only sensitive to deep electron traps which lead sim-
ply to an increase of the decay rate with a increase of
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the deep state density, but are also sensitive to hole
traps. Hole traps will lead on the contrary to a slowing
down of the electron decay. This effect has been ob-
served in a-Si:H upon light n» doping which leads to a de-
crease of the importance of the fast higher-order process
and slows down the decay at longer times.!° The con-
clusion must be that n doping introduces hole traps.
This phenomenon does not seem to be restricted to n
doping. Also, for lower-quality a-Si:H material without
intentional doping a slower photoconductivity decay
than observed here for high-quality material has been re-
ported.* Although the density of deep electron traps is
presumably larger in lower-quality films, their effect can
be suppressed by the presence of a large density of hole
traps in this material.

The model proposed for the decay channel at higher
densities (> 10 uJ/cm?) leads to the same decay behav-
ior for mobile electrons and trapped holes. Consequent-
ly, if the transient photoinduced absorption (PA) reflects
trapped holes, PA transients should also reflect the
shape of the valence-band tail at higher excess charge
carrier concentrations and PC and PA should show simi-
lar decay characteristics. This does not agree with PA
data for the microsecond range where it is claimed that
PA decay reflects the conduction-band tail.’> However,
PA transients in the nanosecond range induced by ap-
proximately the same excitation density are reported to
reflect the shape of the valence band.!® The observation
of the slower PA decay in low-quality a-Si:H can again
be ascribed to a higher density of hole traps in this kind
of material,'®!7 if holes in these traps are PA active.

PC experiments at room temperature on high-quality
samples from other sources lead qualitatively to the
same results as displayed in Fig. 1. As expected from
the theory developed in this paper, it was observed that
samples with higher initial decay rate than 5x10°
cm~3s7! after excitation with 25 nJ/cm? did not show
saturation of deep trapping until a higher excitation in-
tensity than displayed in Fig. 2. The slopes of the tran-
sients induced with excitation densities higher than 10
uJ/cm? were found to vary between 0.5 and 0.6.

IV. CONCLUSIONS

In this work it has been shown that transient photo-
conductivity experiments in a-Si:H yield valuable and re-
liable information on charge carrier kinetics. It is prob-
able that the wide range of PC decay characteristics re-
ported in the literature are not due to contact phenome-
na but are due to different sample qualities and to
different induced excess charge carrier densities.

Electron decay in high-quality a-Si:H proceeds at ex-
cess charge carrier concentrations smaller than 10'®
cm ™3 by trapping in deep states. For excess charge car-
rier concentrations higher than the deep trap density,
electrons recombine with free holes, a process which is
controlled by the emission of trapped holes from the
valence-band tail.




IT. Tiedje, in Semiconductors and Semimetals, edited by J. 1.
Pankove (Academic, London, 1984), Vol. 21c, p. 207.

2J. Hvam and M. Brodsky, Phys. Rev. Lett. 46, 371 (1981).

3J. K. Kristensen and J. M. Hvam, Solid State Commun. 50,
845 (1984).

4M. Kunst and A. Werner, J. Appl. Phys. 58, 2236 (1985).

SR. Pandya and E. A. Schiff, J. Non-Cryst. Solids 77&78, 623
(1985).

6H. Oheda, Philos. Mag. B 52, 857 (1985).

7R. A. Street, Phys. Rev. B 32, 3910 (1985).

8J. Orenstein, M. A. Kastner, and V. Vaninov, Philos. Mag. B
46, 23 (1982).

9Z. Vardeney, P. O’Connor, S. Ray, and J. Tauc, Phys. Rev.
Lett. 44, 267 (1980).

10A. Werner, M. Kunst, and R. Kénenkamp, Phys. Rev. B 33,

36 TRANSIENT PHOTOCONDUCTIVITY IN AMORPHOUS SILICON 7571

8878 (1986).

HR. A. Street, J. Zesch, and M. J. Thompson, Appl. Phys.
Lett. 43, 672 (1983).

12w, A. Spear, H. L. Steemers, P. G. LeComber, and R. A.
Gibson, Philos. Mag. B 50, L33 (1984).

133, M. Warman, The Study of Fast Processes and Transient
Species by Electron Pulse Radiolysis, edited by J. H. Baxen-
dale and F. Busi (Reidel, Dordrecht, 1982), p. 466.

14R . S. Crandall, Phys. Rev. Lett. 44, 749 (1980).

I5p. R. Kirby, W. Paul, S. Ray, and J. Tauc, Solid State Com-
mun. 42, 533 (1982).

16D. R. Wake and N. M. Amer, Phys. Rev. B 27, 2598 (1983).

17H. Dersch, A. Skumanich, and N. M. Amer, Phys. Rev. B
31, 6913 (1985).



