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The steady-state and transient photoconductivity of sputtered hydrogenated amorphous Ge (T, = 300 K)
was studied as a function of wavelength, light intensity, and temperature. The reduction of low-temperature

dark conductivity and the shift to higher energies of the photoconductivity edge with hydrogenation are
consistent with the notion that hydrogen eliminates states from the pseudogap. The magnitude and the

temperature dependence of the drift mobility between 77 and 300 K was inferred from the measurements.

Above about 200 K the mobility had an activation energy of 0.1 eV, while below 200 K it was only weakly

T dependent. This variation with T is theoretically predicted from small-polaron theory, viz. , hopping with

an activation energy of half the polaron binding energy above To = &cop/2k where Act)p is the optical

phonon energy, and hopping at low T with an activation energy equal to the disorder energy. From these

data the disorder energy is estimated to be of the order of 0.01 eV. To account for a weak dependence of
the lifetime on temperature and on hydrogenation, we propose a model in which the photocarriers form small

polarons which degrade in energy while they are moving in the applied field.

I. INTRODUCTION

Transport in amorphous Ge thin films' is gen-
erally supposed to proceed by two qualitatively dif-
ferent mechanisms: the first, which is dominant
at relatively high temperatures, involves the mo-
tion of conduction-band electrons and valence-band
holes amoag the states intrinsic to the completely
coordinated, but disordered, network; the second,
which is dominant at low temperatures, involves
the transport (by tunneling or hopping or both) of
carriers between extrinsic states with energies in
the pseudogap. Understandiag of the origin and
properties of these extrinsic states is essential to
the establishment of an adequate description of the
semiconductor. Structural measurements2 have
shown that sputtered films contain a distribution of
voids of the order of 5-10-A diameter. Optical,
transport, and electron-spin-resonance measure-
ments'~ have been plausibly and self-consistently
interpreted on a model which identifies the major-
ity of pseudogap electrons with those on these in-
ternal void surfaces.

Deposition or annealing at high temperatures~
decreases the low-temperature conductivity, which
is consistent with a reduction in the pseudogap
state density and an observed decrease in the void
volume. Controlled addition of hydrogen to the
sputtering gas"' produces profound systematic
changes in properties, which are easily understood
on the supposition that the hydrogen forms a strong
bond with Ge atoms on void surfaces, and thereby
eliminates states from the pseudogap.

Lewis' has made an extensive study of the con-
ductivity and thermoelectric power as a function of
temperature for samples of different hydrogen
content prepared in this laboratory by rf sputtering.

As the amount of incorporated hydrogen is in-
creased, the high-temperature bandlike activated
conductivity extends to lower temperatures con-
sistent with a decrease in transport through pseudo-
gap states. He finds a difference of approximately
0.2 eV' between the activation energy for band con-
ductivity and the slope of thermoelectric power
versus reciprocal temperature. He correlated this
with other observations and suggested that high-
temperature transport occurs by small-polar on
hopping. According to small-polaron theory'"'
the hopping energy should decrease considerably
near —,'6- M, where 6 is the characteristic tem-
perature of the optical phonons a&a,/k. In a-Ge,
@co,=0.035 eV, ' and the predicted decrease in acti-
vation energy occurs for temperatures less than
—,'6 or 200 K. However, Lewis finds that below ap-
proximately 200 K, transport near the Fermi level,
in the pseudogap, dominates the band conduction,
and thus prevents verification of this aspect of the
hypothesized small-polaron conduction.

Photoconductivity studies on a-Qe are rather
scarce, ""presumably because of the low photo-
response. Care must be taken to correct for or
eliminate bolometric effects due to the illumina-
tion, which may in fact be the dominant effect under
some experimental conditions. The photoconduc-
tivity depends inter alia on the product of the
mobility p and the recombination lifetime r. Un-
less independent measurements of p, or ~ are
made, the same set of photoconductivity data may
be interpreted in different ways, depending on the
postulated mechanisms for p or 7'.

In this paper, we report steady-state and tran-
sient-photoconductivity studies on a series of
amorphous-Qe thin films with different hydrogen
concentrations. The photoconductivity was studied
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as a function of photon energy, light intensity, and

temperature. The temperature dependence of the
lifetime was used to test different models proposed
for the mechanism of carrier recombination. The
magnitude and temperature dependence of the
mobility between VV ax@ 300 K was inferred from
that of the lifetime, and thus the predictions of the
theory of small polaron formation were tested; in

particular, the disappearance of the activation energy
for sma11 polarons below M& was examined.

In view of the dramatic effects of hydrogen addi-
tion on the pseudogap state density, another ob-
jective of this study was the investigation of the in-
fluence of hydrogen on the recombination. Hydro-
gen incorporation into the material could influence
the recombination rate in different ways, which
are not mutually exclusive. (i) For example, if
the photocarriers conduct in band states and the gap
states act as recombination centers, one would ex-
pect that the removal of gap states could cause a
decrease in the recombination rate and an increase
in the photoconductivity. (ii) On the other hand, if
the carrier energy ~E -E„~ is dissipated by a
multiphonon process near the site providing the
fina1 state for the carrier near E~, the probability
for the transition is givenby P-exp(-(E Er(/-
Ea& ~), where ger is the maximum phonon ener-
gy. Hydrogen could accelerate this recombination
by providing local modes of high energy (0.23 eV).'
(iii) If the photocarriers thermalize rapidly down
to the equilibrium Fermi level where they conduct
by hopping, as suggested by Fischer and Vorn-
holz, " the reduction of pseudogap state density by
hydrogen incorporation could decrease the carrier
mobility and increase the recombination lifetime.
(iv) For our most hydrogenated samples the
amount of incorporated hydrogen is estimated to
be 12 at.$. Such samples might more properly
be designated as germanium-hydrogen alloys, and
then the possibility of changes in the valence- and
conduction-band densities of states needs to be
examined. The energies of the Ge-H bonding
states produced by H adsorbed on a crystalline Ge
surface have been determined both theoretically
and experimentally, and it appears that these are
roughly 5 eV below the top of the crystalline
valence band. " It seems most plausible that H
incorporated in erstwhile dangling bonds in a-Ge
gives bonding states with about the same energy.
Thus, although the overall valence-band density
of states had undoubtedly been altered by a 12-at.%
H addition, the band structure near the top of the
valence band and penetrating into the pseudogap
is unlikely to be affected by these Ge-H bonding-
state eigenvalues. One must then examine the
possibility of Ge-H antibonding-state energies.
These have not been determined experimentally

or theoretically. On the other hand, it is known
that the bonding-antibonding state energy separa-
tion in GeH and similar molecules is of the order
of 7 eV,"suggesting that, in our problem, such
states exist, suitably broadened, about 1 eV above
the bottom of the conduction band. (In the case of
silicon, the antibonding Si-H state would appear to
land about the energy of the bottom of the a-Si con-
duction band. We believe that this may have
serious implications for all optical and transport
measurements in a-Si which contain H—an espe-
cially real possibility when this material is made
from silane, SiH4 —and that the question of altera-
tion of the conduction-band density of states, and
the effect of having a different kind of eigenstate,
must be seriously considered in analysis of re-
sults for this material. ) While the broadening may
be insufficient to cause problems at low-H con-
centrations, there exists the possibility that the
nature and density of the states near the extremum
of the conduction band is different in a 12-at.% al-
loy than in the pure matrix. In the event that the
antibonding states have energies in the pseudogap,
very severe effects must ensue for all transport
and phototransport. In any event, the possible ef-
fect of the Ge-H antibonding states has to be care-
fully watched for in an lysis of all samples, and
especially in analysis of those with high atomic
percentages of H.

II. EXPERIMENTAL METHODS

A. Sample preparation and characterization

Amorphous Ge, ,H, films were deposited by rf
sputtering (apparatus: Vacuum Industries 2305
Diode Sputtering System) of an "optical grade"
polycrystalline Ge target of 5 in. diameter, at a
rate of about 3 A/sec in an argon atmosphere of
5 x 10 ' Torr. The system was first dry pumped
to abase pressure of 5X10 ' Torr. The argon
gas was of 99.9995-at.% nominal purity. Hydrogen
incorporation into the films was achieved by adding
hydrogen at a certain partial pressure into the
sputtering gas. The hydrogen gas was of 99.999-
at.% nominal purity. Four types of samples were
prepared at hydrogen partial pressures of 0, 2.8
x10 ~, 5.3x10 ~, and 1 x10 ~ Torr (all gauge
readings were corrected by gas-sensitivity fac-
tors). The substrates, sapphire or Corning glass
7059, were ultrasonically precleaned and plasma
etched at 500 V and 50 W in situ and kept at room
temperature during the deposition. The target al-
so was plasma etched at 250 W before each run
began. A more detailed description of sample
preparation is given elsewhere. ' The concentra-
tion of impurities in the thin films has not been
directly determined, but may be plausibly inferred
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from earlier preparations of thick samples by rf
sputtering in this laboratory. Thus the argon con-
tent may be as much as 5 at.%, and it is guessed
from a qualitative correlation of argon content and
void volume as a function of deposition temperature
that the argon atoms may inhabit the "voids."4 The
concentration of unwanted impurities has been
determined by a mass spectrometer investigation
of material sputtered off films prepared in a simi-
lar apparatus~ and found to be below 0.01 at.$ for
preparation conditions involving apparatus vac-
uums of the order of 5 x 10 ' Torr.

The present samples are of an open-cell geo-
metry made by depositing approximately 1 p. m of
the active material on pre-evaporated nichrome
electrodes spaced 100 p, m apart. The width of the
electrodes is 1.6 mm. Nichrome has been found
to give Ohmic contacts to amorphous Qe." The
hydrogen incorporated into the samples was not
directly measured because of the thinness of the
films, but was estimated on the basis of a model
put forward by Connell and Pawlik' for the mech-
nism of hydrogen incorporation. Lewis et al."
had attributed infrared-absorption doublets near
0.07 and 0.23 eV to bending and stretching vibra-
tions of H in Ge-H bonds that could be in two dif-
ferent sites. Connell and Pawlik advanced a spe-
cific model in which the H could bond to Qe either
on a void surface or in the bulk matrix. The mag-
nitudes of the separate components of either dou-
blet were then correlated with the partial pressure
of hydrogen in the sputtering gas, and, using com-
parable data on absorption by GeH4 and GeH3r,
molecules, to estimate the at.%-H incorporation.
Thus, they were able to estimate total hydrogen
incorporations up to 9 at.$ in their thick films by
direct measurement of the integrated absorption.
We have assumed that the thin films of the present
investigation contain the same fraction of hydro-
gen as the earlier thick films prepared under
identical conditions, and that, furthermore, the
Connell and Pawlik analysis correlating the hydro-
gen content with the partial pressure of hydrogen
in the sputtering gas may be used to estimate the
hydrogen content of thin films with more than 9-
at.%-H. [For a discussion of the possible errors
of these estimates, the reader is referred to Con-
nell and Pawlik, Ref. 6, Eqs. (4) and (5).] Thus,
we estimate for our four types of sample that the
atomic percentages of hydrogen on void surfaces
and in the bulk of the films are (0, 0), (2.3, 1.8),
(3, 4.4), and (3.4, 9.5). To identify these films, we
will use, as in previous papers, "' the notation F(N)
where N is the total at.% H bonded on void sur-
faces and in the bulk of the films. Thus, we have
h'=0, 4.1, 7.4, and 12.9.

The thicknesses of the films were determined,

using a Sloan Dectak thickness monitor, to be F(0)
=0.68 pm; F(4.1}=1.2 pm; F(7.4)=1.05 pm; and
F(12,9}=1.1 pm.

B. Photoconductivity measurements

The conductance Z and change of conductance
upon illumination hZ were measured. Excitation
sources included a 250-W quartz iodine tungsten
lamp, whose light was dispersed through a mono-
chromator (resolution 0.02 eV), a 0.5-mW He-Ne
laser (hv = 1.96 eV) and a GaAs laser (LD 24 of
Laser Diode Laboratories) operating at 77 K (hv
=1.47 eV). The light from the first two sources
was modulated mechanically (chopping fre-
quency: 600 Hz). These light sources were
used to measure the steady-state photocon-
ductivity. The QaAs laser was modulated electri-
cally to produce pulses of approximately 3 p. sec
duration with rise and fall times of less than 100
nsec at a repetition rate of 500 Hz. This source
was used for both steady-state and transient mea-
surements. The light intensity of the He-Ne and
QaAs lasers was measured with a calibrated Si
detector (PIN-10 of United Detector Technology),
positioned in the place of the sample and covered
with an aperture having the dimensions of the sam-
ple. The spectrum of the tungsten lamp was deter-
mined with the Perkin-Elmer/1368 thermopile.
Calibrated neutral density filters were used to
alter the light intensity.

The photoconductance bZ was measured by
placing a battery, sample and resistor in series,
and measuring the ac component of voltage across
the resistor with a phase sensitive detector. The
applied electric field was kept below 10' V/cm.
The photoconductance was found to depend linearly
on the applied voltage (field strength between 10
and 10' V/cm) for all investigated photon energies
and temperatures. In the case of transient mea-
surements, the load resistance was such that the
response of the measuring system, about 100 nsec,
was much faster than the signal decays under study.
The signal was amplified by means of a Keithley
Model 107 pulse amplifier and observed directly
on an oscilloscope.

Care was taken to eliminate any possible bolo-
metric component from the photoresponse by
choosing the film conductance Z, and the chopping
frequency f such that"

P(~-2+ 4v2f 2) 1/2

was much smaller than the measured photore-
sponse. Here, 7. is the thermal time constant of
the device. (Thin films were selected for this
study so that the resistance would be large. } In
addition, the photoresponse was found to be in-



16 TRANSPORT AND RECOMBINATION IN SPUTTERED. . . 1567

dependent of whether the substrate material was
sapphire or glass. The thermal time constant of
a-Ge sputtered on these substrates is known' to
be approximately 1 and 10 msec, respectively.
The fact that the measured change in conductance
on illumination of the present films was found to be
independent of substrate material rules out any
bolometric contribution.

III. EXPERIMENTAL RESULTS

A. Dark conductivity

The dark conductivity of the amorphous Ge films
investigated is shown in Fig. 1, plotted against
I/T. It is seen that hydrogenation reduces the
low-temperature conductivity by several orders
of magnitude. As a result the bandlike conduction,
in which the conductivity is thermally activated,
extends to lower temperatures with increased
hydrogenation. For example, for the most hy-
drogenated film, E(12.9), the conductivity is
thermally activated above 200 K and has the form
cr= 32e '" 0 ' cm '. These measurements
were found to be consistent with the Lewis' four-
probe conductivity data on thicker films prepared
under the same conditions.

500K 250K 167K 125K 100K 85K 71K

B. Photoconductivity

1. Spectral dependence

The photoconductance per incident photon 4Z is
shown in Fig. 2 as a function of photon energy, with
the data normalized to unity at 1.7 eV. The nor-
malization was carried out under the assumption
that the transport and recombination mechanisms
are the same for all films. These spectra were
measured at V7 K, except for the sample E(4.1),
which was measured at 117 K. The weak structure
on the rapidly rising edge of the E(0) sample has
its origin in interference fringes. However, the
minimum at 1.35 eV appears to be a property of
the material, since its position is independent of
sample thickness and degree of hydrogenation.

Hydrogenation shifts the normalized edge to high-
er energies by approximately 0.5 eV. The observed
shifts are in agreement with optical absorption
shifts, measured by t onnell and Pawlik' on similar
thick films.

2. Light-intensity dependence

The dependence of the photoconductance on light
intensity was measured with the He-Ne laser. The
photoconductance of the different samples versus
light intensity at T =298 and VV K is shown in Fig.
3. For the hydrogenated films the photoconduc-
tivity depends linearly on light intensity at room
temperature and becomes slightly sublinear at
lower temperatures with a power between 0.92 to
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FIG. 1. Dark conductivity vs reciprocal temperature
of &-Ge films deposited at different partial pressures of
hydrogen. The amount of incorporated hydrogen E(
was calculated as explained in the text.

10
1.0 1.5 2.0

hs (eV)

FIG. 2. Photoconductance vs photon energy for the
same films as in Fig. 1. (The photoeonduetanee was
measured at the indicated temperatures).
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FIG. 3. Photoconductance of the same films at the
indicated temperatures, measured at »=1.96 eV, vs
light intensity.

0.96. The nonhydrogenated sample F(0) was mea-
sured only at room temperature, and the photocon-
ductivity was found to depend sublinearly on light
intensity with a power of 0.91. A similar trend of
light-intensity dependence has been reported by
Fischer and Vornholz" on evaporated amorphous
Ge, using the same photon energy but much higher
light intensity. At high temperatures, they found
a linear dependence on light intensity, while at
low temperatures they found a sublinear depen-
dence with a power of about 0.8.

According to Fig. 3 the m~itude of the photo-
responses at 298 and VV K depend differently on
hydrogenation. At 298 K, the photoresponse in-
creases with the degree of hydrogenation, while
at VV K, it decreases. The room-temperature
photoresponse of the unhydrogenated film does not
follow this pattern, and we shall discuss this dif-
ference later.

3. Temperature dependence

The temperature dependence of the photocon-
ductance was measured with two different light
sources: the He-Ne laser (&v=1.96 eV; modula-
tion frequency: 600 Hz; photon flux: 1.0& 10"
photons/cm' sec) and the GaAs laser (Isv= 1.47 eV,

-12
10 126 e—(K )

10s

FIG. 4. Lower scale: Dark conductance and photo-
conductance of the film F(0) vs reciprocal temperature.
The photoconductance was measured with an He-Ne and
a GaAs laser with photon fluxes 1.0 &10 7 photons/cm sec
and 3.0 &10 photons/cm sec, respectively. UPPer
scale: The response time of the same film, as deter-
mined with the GaAs laser, vs reciprocal temperature.

pulse duration: 3 p, sec, photon flux=3. 0X 10"
photons/cm' sec). The dark conductance Z and
the change in conductance b,Z on illumination with
the above sources is illustrated in Figs. 4-V for
the four types of samples. For each sample the
hZ curves, which were measured with the two
light sources, have qualitatively similar tempera-
ture dependencies. At higher temperatures, the
photoconductance appears to be thermally acti-
vated. At some temperature, which for the dif-
ferent types of samples varies between 130 and
250 K, the activation energy decreases significant-
ly, and the photoconductance becomes only weakly
temperature dependent. Besides this general trend
one can identify some particular characteristics in
the 4Z curves of the four types of samples.

For the sample E(0) (see Fig. 4), the change in
the temperature dependence of hZ occurs at ap-
proximately 1VO K. At higher temperatures b,Z
has an activation energy of approximately 0.1 eV,
while at lower temperatures the curve has a slope
of approximately 8 x 10 ' eV. A similar tempera-
ture dependence for photoconductivity of evaporated
a-Ge has recently been reported by Hirose et al."
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They find that above 170 K the photoconductivity
has a slope of 0.1 eV, while at lower temperatures
the slope decreases to 0.03 eV.

For the sample E(4.1), (see Fig. 5) the change
in the temperature dependence of ~Z occurs at ap-
proximately 225 K. At lower temperatures b,Z is
nearly temperature independent, changing slope
slightly at 100 K.

For the sample E(7.4) (see Fig. 6), the high-
temperature mechanism sets in at about 200 K.
The tail, which was observed in the previous sam-
ple below 100 K, now is more pronounced and
starts at higher temperatures.

For the sample E(12.9} (see Fig. 7}, nZ has
more structure in its temperature dependence.
The high-temperature activation energy disappears
more gradually as the temperature is lowered.

The photoconductivity at low temperatures was
found to decrease with the degree of hydrogenation
but not as drastically as the dark conductivity.
Thus, for example, at 7V K we have the ratios
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FIG. 6. Same data as in Fig. 4 for sample E(7.4).

nz[E(12.9)]/nz[E(0)] = 5,

Z[E(12.9)]/Z[E(0)] t 10' .

(The geometrical factor to convert to conduc-
tivities is the same within 30% for all samples. )
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FIG. 8. Photoconductivity relaxation curves taken with
the GaAs laser. The shape of the curves changes with
the degree of hydrogenation. Applied field E & 10 V/cm.

4. Transient photocondueti sty

The photoconductivity kinetics were examined

by studying the decay of the photoconductivity after
illumination with the GaAs laser. Representative
photoconductivity relaxation curves, taken near
room temperature for the four types of samples,
are shown in Fig. 8. Similar curves were taken
at several temperatures down to liquid nitrogen
temperature and were found to have approximate-
ly the same shapes.

The decay curves for the nonhydrogenated sam-
ples E(0) and for the slightly hydrogenated ones
E(4.1) can be fitted to exponential curves. How-

ever, the shape of the curves changes with the
degree of hydrogenation, and for the most hy-
drogenated films E(12.9), one can clearly detect
a fast and a slow component.

The decay times of these curves are approxi-
mately a factor of ten longer than the decay time
of the laser pulse and the RC time constant of the
measuring circuit. The decay time, measured at
the 1/e point of the relaxation curves, is plotted in
the inse~ts of Figs. 4-7 on an expanded logarith-
mic scale. For the sample E(12.9), in which the
slow component is a significant part of the signal,
the 1/e point was read in the extrapolated part of
the fast component.

By inspection of Figs. 4-7, one finds that for the
first three types of samples (see Figs. 4-6} there
is a qualitative agreement in the temperature de-
pendence of the decay time and the steady state
photoconductance. In other words, both ~ and 4Z
are almost constant at low temperatures, and they
both increase at higher temperatures, although
with different slopes. For the most hydrogenated
sample, E(12.9) (see Fig. 7), ~ and nZ have ap-
proximately the same qualitative behavior from
77 to 230 K. At higher temperatures 7 decreases,
although bZ continues to increase.

Decay times of this order (-1 p, sec} appear to be
considerably smaller than have been reported pre-
viously for a-Ge. Fischer and Vornholz" report
an upper limit of 1 msec. Donovan et al."report
a time constant of approximately 50 msec above
200 K and identify that with the bolometric effect;
between 77 and 200 K they find a time constant less
than 1 msec. They also report that in the whole
temperature range there is a component with a
time constant between 1 to 10 p.sec. Vescan and
t"roitoru" report a decay time of less than 0.5 sec.

IV. DISCUSSION

A. Conducting states

The investigation of dark transport in this ma-
terial produced the following conclusions: At high
temperatures the majority carriers are electrons
that move in the conduction band with a thermally
activated mobility of activation energy approxi-
mately 0.2 eV. Lewis suggested that this form of
the mobility indicates small polaron for-
mation. At low-temperatures transport proceeds
through states at the Fermi level.

In this section, we discuss whether the transport
of photogenerated carriers involves the same
states as for dark carriers, a question on which
earlier opinions vary. Fischer and Vornholz" sug-
gest that the photocarriers in evaporated a-Ge con-
duct by hopping close to the equilibrium Fermi
level in the temperature range from 77 to 560 K.
The justification for this argument is that the den-
sity of states within the gap, for evaporated a-Ge,
is so high that the photocarriers fall rapidly in a
large number of successive steps down to the rela-
tively smaller density of states near the Fermi
level, where they conduct for a time, rather than
conducting in a high-energy band and then making
one (or a very few) recombinative transitions. To
account for the observed positive photoconductivity,
these authors assumed that the density of states at
the quasi-Fermi levels is higher than the density
at the equilibrium Fermi level. The recombina-
tion lifetime in this model is the time which an
electron takes to find a hole in the localized states
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at the Fermi level. To account for an almost tem-
perature-independent photoconductivity at low tem-
peratures, they postulated that the recombination
is diffusion limited. In other words, they as-
sumed that the recombination lifetime is inversely
proportional to the total conductivity [ v -1/(o
+ no)].

This hypothesis for evaporated Ge can be checked
against our transient photoconductivity data. Com-
parison is best made with the unhydrogenated sam-
ple (see Fig. 4}, where the model is most likely to
be applicable because of the higher density of

states in the gap. For this sample the dark con-
ductance was found to be much higher than the
photoconductance, for the light sources used in the

present experiment (for the thickness of our sam-
ples the penetration depth of the employed light
source' is such that the relative relation of Z
and nZ is similar to that of a' and bo), and there-
fore the recombination lifetime is determined by
the relation v- 1/Z . Since Z decreases by four
orders of magnitude between 300 and VV K, the re-
combination lifetime should show a corresponding
increase. However, 7 was found to have a very
small temperature dependence, of sign opposite to
the predictions of the Fischer-Vornholz model. In
addition, the recombination lifetime should strong-
ly depend on the degree of hydrogenation of the
sample, since hydrogen reduces the density of
states in the pseudogap, where hopping and re-
combination takes place. In the present experi-
ment, however, ~ was found to be almost inde-
pendent of the degree of hydrogenation (see Figs.
4-7). We conclude that the Fischer-Vornholz
model is not applicable to our experimental re-
sults.

The alternative model, in which the photocar-
riers conduct in states away from the Fermi level,
in the whole temperature range, has been sug-
gested by Moustakas, Connell, and Paul" and by
Vescan and Croitoru. " However, these authors
are forced to postulate specific models for the
mobility and lifetime that disagree in their details
with our experimental results. Thus, for example,
in the model of Moustakas et al. the mobility was
assumed to be thermally activated over the whole
temperature range. Then, in order to explain the
observed temperature-independent product p, 7 at
low temperatures, the recombination lifetime was
assumed to vary as 1/p, . In the present experi-
ments, v was found to be temperature independent
in this temperature range. Vescan and Croitoru
assumed that the photocarriers conduct in ex-
tended states, but it will be shown in Sec. IV C
that the calculated mobility from our results is
inconsistent with extended state conduction.

In this paper, we suggest that indeed the photo-

carriers conduct in states away from the Fermi
level, and we use both the transient and the steady-
state photoconductivity data to get information re-
garding their nature. We believe that these states
are the same ones where dark conduction occurs at
high temperatures. Apparently, because of the re-
combination mechanism, which may have to do with

the density-of-state distribution in the gap, the
states near the equilibrium Fermi level do not con-
tribute much to the transport of photocarriers
which are initially created high in the conduction
band. As a result of the fact that the low-tempera-
ture dark transport occurs at the equilibrium
Fermi level while transport of the photocar~iexs
is assumed to occur at states away from the Fermi
level, the direct comparison of the experimental
Z and b,Z curves of Figs. 4-V is meaningless. In-
stead, one should extrapolate the high-temperature
thermally activated dark conductance to low tem-
peratures and compare the bZ curves with the ex-
trapolated Z. In the present work, since the mea-
surements were extended only to 300 K, accurate
extrapolation of the thermally activated part of Z
is possible only for the most hydrogenated sam-
ple (see Fig. 7). From that, one concludes that the
photoconductance 4Z produced by the GaAs laser
is much greater than the extrapolated high-tem-
perature dark conductance Z over almost the whole
temperature range. Thus, the density of dark car-
riers n, in the states where photoconduction occurs
is much smaller than the density of photocarriers

In Sec. IV B we derive expressions for the tran-
sient and steady-state photoconductivity.

B. Expressions for steady-state and transient photoconductivity

In order to discuss the steady-state photocon-
ductivity, the transient-photoconductivity re-
sponse, and both their temperature dependencies,
we shall adopt at first a rather general model of
the state density as a function of energy and the
movement of carriers between these states. The
energy of the incident photon is deemed sufficient
to produce at least one carrier initially in an ex-
tended state of relatively high mobility (here, this
simply means high with respect to the mobility of
carriers at any energy in the pseudogap}. For
simplicity, we shall suppose that one carrier, say
the electron, makes the dominant contribution to
the transport; but if both electrons and holes con-
tribute, the qualitative effects are much the same.
We shall suppose that the electron in an initially
high mobility state has three scenarios for recorn-
bination with a hole. (a) It may recombine directly
with the hole, with photon or phonon (multiphonon)
emission. Alternatively, it may recombine via a
type of recombination center, where, by postulate,
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dna —8,]n, -A), n] —B]„n],

—i =R(N„Ni, T),
C

ao = e(n, g, + n, p, ) . (4)

Here G is the generation rate of electron-hole
pairs by light (thermal transitions from the re-
combination centers have been neglected), A~, is
the rate of upward transitions from state p to state
q, 8~, the rate of downward transitions from state
p to state q, r is a final recombination state,
N„N, are the densities of states ~c) and )i),
p, „p,, the mobilities in states ~c) and

~
i), and

R is the ratio of carrier densities in the states
~i) and ~c). From Egs. (1)-(3)we get

d
(n, +—n&) = —(n, +n, R) =G B«n, -B-,„n,R .

(5)

According to experimental data the number of
photocarriers in the states ~c) is much higher
than the number of dark carriers in the same
states. Therefore, Eg. (5) can be integrated sub-
ject to the boundary condition n, =0 at t=0,

n, (t) = [G/(B«+B,„R)](1—e ' t'0),

n, (t}=Rn,(t),
(6)

(7)

where

ro=(I+R)/(B«+By R) (6}

is the response time of the photoconductor. From
Egs. (4), (6), and (7) the transient and the steady-
state photoconductivity can be calculated

it has zero mobility. In either of these cases,
once it falls from state ~c) to state ~r) it conducts
no more. (b} It may fall into intermediate states of
lower mobility )i), and trickle through them with

phonon emission until it lands in states of zero
mobility, when it has, for all purposes, recom-
bined. (c) It may fall into the intermediate states
of lower mobOity, whence it may be re-excited
back into a high-mobility state, there to make a
new choice of future adventures. Calling n, the
number of electrons in conducting states )c), and

n, the average number in the intermediate states
~i), we have

dn,' = G+A&, n, -B„n,-B,„n, ,

Eq. (10) the transport in the states ~c) dominates
at high temperatures both because p,,» p, , and be-
cause R is small. However, at low temperatures
the product R p, , may become comparable to or
larger than p., and the transport through the inter-
mediate states ~i) will be the dominant one. In

any case, the drift mobility is

Po =(p,,+Rp,)/(1+R) .
By combining Egs. (8), (10), and (ll}, we get

«(s) = eG go r, . (12)

«(t) =eGp, r(l —e 't'),
«(s) =eGp, ~ .

(13)

(14)

(ii} Suppose there is no probability of direct re-
combination from the conduction states, i.e., 8,„
=0. Then

so= (1+R}/B)„R,

«(t) =(eG/B„R)(p, +Rp, )(1—e, '~'o),

«(s) =(eG/B, „R)(p,+R p,). (»)
(16)

(17)

(iii) Suppose there is no probability of direct re-
combination out of the intermediate states, but only
via the conduction band, i.e., 8,„=0. Then

ro= (1+R)/B,„,
«(t}=(eGIB.,)(p, +Ru()(I -e ' ")
«(s) = (eG/B, „)(p,+ Rp, ) .

(16)

(19)

(2o)

In order to examine these cases and their rele-
vance to the experimental results, one should take
into account that the parameters 8 have little or
no temperature dependence, whereas A and R are
exponentially dependent on T. In order to write
an explicit form for R, we assume that the inter-
mediate states ~i) have an average energy E, more
than a few kT above the equilibrium Fermi level,
so that

Special cases

(i) Suppose that the intermediate states play no
role in the transport and recombination. Then the
quantities A„, 8„, 8,„, R, and p, , are zero. In
this case, the response time 7', = 1/B,„ is the re-
combination lifetime 7 of electrons. The tempera-
ture dependence of &, if any, will depend on the
recombination mechanism. Also, the drift mobility
is the microscopic mobility g, in the states ~c) .
Then

«(t) = en, (t)(p, +Rp,), R=(N, /N, ) exp(E, -E(/kT) . (21}
eG«(s) = (p, +Rn, },+ gr

(10)

where (s) represents steady state. According to

Case (i) suggests that the temperature depen-
dence of ~0 depends on the specific recombination
mechanism. Case (ii) suggests that v, varies with
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C. Determination of the mobility

The steady-state photoconductance, derivable
from Eq. (12), may be rewritten"

nZ(s) =(h/f)ge(l —S}I(1—e ')pox, , (22)

where d is the thickness and h is the width of the
sample, l is the distance between the electrodes,
q is the quantum efficiency, e is the electronic
charge, S is the front surface reflectance, I is
the incident-light intensity (photons/cm' sec}, and
a is the absorption coefficient. For the radiations
of the He-Ne laser (he=1.96) and GaAs laser (hv
= 1.4V eV), the quantum efficiency can be con-
sidered equaL to one. Also for these energies the
absorption coefficient for al1 samples investigated
is larger than 10' cm '.' Since the thickness of
the samples is approximately d-10 ' cm, the term
1-e ~ can be approximated by one.

Equation (22) predicts that the photoconductance
depends linearly on light intensity. Figure 3, how-
ever, shows that under some conditions, particu-
larly low temperatures, the photoconductance has
a small sublinear behavior on light intensity (ex-
ponent between 0.92 and 0.96). This sublinearity
may arise from the experimental conditions for
the following reasons. The light is not absorbed
uniformly throughout the sample but attenuates
rapidly below the illuminated surface. Thus, de-
pending on the ratio of the densities of dark and
photocarriers in the states where conduction oc-
curs, it may happen that recombination near the
surface is bimolecular while that in the bulk is
monomolecular. Such a combination has been in-
voked by Tabak and Warter" to interpret photo-
conductivity results on cadmium sulfide and by
Spear et al. '3 to account for results on a-Si. In
our case, the observed sublinear behavior could
be attributed to 10% and 15% of the carriers suf-
fering bimolecular recombination.

The drift mobility can be calculated from Eq.
(22) using the nZ and r, values of Figs. 4-V and
the light intensity of the corresponding laser.
[The (10 to 15)% correction in the d,Z values is

7 as (1+Jt '). This implies that ~, increases as T
increases, which fits the high-temperature, but

not the low-temperature data. Case (iii) suggests
that ~0 can only decrease as 7 increases, reflecting
the behavior of R. This could be the cause of the
high-7 decrease for sample E (12.9), but it is
clear that the other samples display exactly the
opposite behavior.

Although the foregoing remarks seem to provide
a basis for choice of the principal mechanism of
recombination, we choose to proceed with the
analysis of the results using the general Eq. (12).

5QOK 25Q K 167K 125K 100K 85K 71K
10 I I I I I

IO

F(O)

F(4.1)

F(I2.9)
F (7.4)

IO
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12 14

FIG. 9. Drift mobility of the investigated films vs
reciprocal temperature. The results were calculated
using the steady-state and transient photoconductivity
data taken with the GaAs laser.

neglected to a first approximation. ] The mobility
for the four types of sample as a function of tern-
perature is illustrated in Fig. 9. By inspection of
this figure one can reach some very important
conclusions about the mobility in this material.
At high temperatures the mobility is thermally
activated with a typical activation energy of 0.1 eV.
At low temperatures the activation energy de-
creases significantly. The temperature at which
the mobility changes character varies for the dif-
ferent types of sample between 130 and 250 K.
This critical temperature is displaced to lower
values with hydrogenation. The variations in the
photoconductances with hydrogenation, discussed
with reference to Fig. 3, are now seen to be re-
lated to changes in the drift mobilities. The criti-
cal temperature for the unhydrogenated sample
E(0) occurs at approximately 1VO K and does not
follow the trend of the hydrogenated films. For
sample F(0), the thermoelectric power is positive
at high temperature, '4 and by inference the domi-
nant photocarriers may be holes. We speculate
that this could be the reason why the temperature
dependence of its p, ~ in Fig. 9 is different from
that of the hydrogenated films.

The absolute value of the room-temperature
mobility varies between 2 x 10 4 cm'/V sec and
2x10 ' cm'/V sec for the different types of sam-
ple. The low-temperature mobility has an average
value of approximately 1 x 10 ' cm'/V sec. (Direct
measurements of the drift mobility in this material
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N, (E, Eq)--
p (T„)-p,,N—

,
ep kT

po(T,)- g, .
(25)

(26)

Applying Eq. (25) to the high-temperature part of
Fig. 9 and assuming the T dependence of p, , to be
much weaker than exponential, we obtain E,-E,
=0.1 eV and p,,N, /N, =-'. Thus, this approach im-
plies an average trap depth which is not unrea-
sonable. Suppose, however, we assume that the
conducting states

~
c} are the extended states, and

further assume p,, determinable by calculation on
the random phase approximation"

p, =sea'ZJ'N, /AT . (27)

The values to be inserted into (27) for a, J, and
N, are doubtful, but, if we choose the following
usual and perhaps plausible set—a: scattering
distance, 2.5 A; Z: coordination number, 4; J:
hopping integral, 1 eV; T: 300 K; and N, : state
density, 102' eV 'cm ~—we obtain u, -7 cm~/
V sec and N, /N, =400. This value for N, /N, is
physically implausible. If J or N, is reduced to
make p, -10 ' cm'/V sec (the lowest estimate we
have found in the literature), then N, /N, becomes
approximately 0.6, which is perhaps acceptable.
Again, if the mobility p., is smaller than that ap-
propriate to extended states and calculable on the
basis of Eq. (27), and instead is some hopping

have not been reported in the literature. However,
Hall mobilities, whose comparability with the pres-
ent estimates is doubtful, have been reported for
evaporated a-Ge by Seager et al." These authors
find a thermally activated mobility at temperatures
above 300 K with an absolute value at room tern-
perature of 10 ' cm'/V sec.)

D. Proposed models

1. Transport mechanisms

A satisfactory model must account for the tem-
perature dependence of the drift mobility of Fig. 9.
This drift mobility may be the intrinsic mobility
of carriers which transport in a group of states of
nearly the same energy and wavefunction (the so-
called microscopic mobility) or it may be in-
fluenced by occasional trapping in other states
where the carriers have much lower mobility.

We shall consider the second possibility first.
Equation (11), which is applicable, gives for the
mobility in the high- and low-temperature limits

(23)

(24)

where T~ and T, are high and low T, respectively.
If we then plausibly assume that R is much

larger than one, Eqs. (23) and (24) become

transport with a weak T dependence, then ac-
ceptable values af N, /N, will be found. Of course,
assessment of an overall preference for a model
of transport should take into account what can be
learned from the T dependence of v (Sec. IVD2).

From Eq. (26), the low-temperature mobility
should be that of electrons hopping among localized
states, "or lnp, D

~ T ' '. The experimental re-
sults fit this T dependence satisfactorily, but this
should not be taken as proof of this relationship,
since other weak T dependencies might suit as well.

Next, we consider the possibility that the p. ~ of
Fig. 9 is the microscopic mobility, and try to in-
fer the transport mechanism from its magnitude
and T dependence. Clearly the magnitude and T
dependence are inconsistent both with conventional
quasifree particle motion with occasional scatter-
ing, and with diffusive transport of the type de-
scribed by Eq. (27). However, the curve of Fig. 9
shows a remarkable similarity to the theoretical
predictions for the mobility of small polarons. ' '
We recall that we argued in Sec. IVA that the
transport mechanism was the same for photopro-
duced carriers and dark carriers at high tempera-
tures; in this respect it is notable that Lewis con-
cluded, ' from his extensive analysis of dark-trans-
port measurements in this laboratory, that the
polaron mechanism was the favored candidate.

In an ideal crystal, the small polaron moves by
hopping at high temperatures with an activation en-
ergy of half the polaron binding energy, W~. At
low temperatures, it moves without thermal activa-
tion like a very-heavy-mass band electron. The
temperature ranges where transition between the
two kinds of transport occurs depend on the de-
tails of the coupling of the electron to both the
optical and the acoustic phonons, and thus is
model dependent. Friedman" puts this critical
temperature between M and &6, where 8 is the
characteristic temperature of the optical phonons,
g&o,/k. For a disordered system of disorder ener-
gy W„, the high-temperature activation energy for
hopping becomes —,'(W~+ W~), and an activation ener-
gy of W~ is introduced for the low temperature
mobility. For a-Qe, 6=400 K, indicating a tran-
sition region between 100 and 200 K, which clearly
agrees with the T dependence of p.~ in Fig. 9. If
this interpretation is correct, then W~ =0.01 eV
and W~= 0.2 eV. We may also evaluate the sig-
nificance of the magnitude of p. D by writing it as
p~= p, pe ' ' . Then p, p may be determined as
1.5 x 10 ' cm'/V sec, for the sample F (12.9) and
this value compared with the mobility p. p g g of the
dark carriers. The latter quantity may be esti-
mated from the data of Fig. 1 for sample F (12.9),
for which the dark conductivity is clearly thermal-
ly activated over an extended high-temperature
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range. We can write

&r=e e ~~' =Nepe ,
~~~r =30 e ~~~'r (29)0 p

where B is the number of equivalent hopping sites
for a small polaron. " Following Emin et al. , we
assume that each atomic site can be a hopping site
for a small polaron. Thus K=4&10"cm ' and

p, ~,=5X10 ' cm'/Vsec. Thus, there is rea-
sonably satisfactory agreement between the two
estimates of p.„and support both for the postu-
lated identity of phototransport and high-tempera-
ture dark transport, and with the hypothesis of a
small polaron mechanism.

2. Recombination mechanism

The very weak dependences of Tp on temperature
below 200 K and on hydrogenation are very im-
portant in our consideration of the mechanism of
recombination. We shall argue that none of the
four suggested ways in which hydrogenation might
affect i„pe and no(steady-state), viz. , (a) reduc-
tion of density of recombination centers by com-
pensation of dangling bonds; (b) increased proba-
bility of multiphonon recombination by introduction
of high energy localized vibrational modes; (c) in-
creased lifetime and reduced mobility for carriers
actually near the Fermi level in the pseudogap, by
reduction of the state density there; and (d) pos-
sible introduction of Ge-H antibonding states near
the bottom of the conduction band, have been con-
firmed, and that, unless there exist fortuitous
cancellation effects, a qualitatively different
mechanism of recombination (and transport) of
photocarriers is required.

We first argue that the dangling-bond states which
are compensatable by hydrogen are the most im-
portant of the conventional recombination centers
in the pseudogap. It is clear that such states (or
paired states reconstructed from them) must
dominate the state density at E~, since the com-
pensation by hydrogen dramatically reduces the
low-temperature transport. For a second inde-
pendent set of centers to dominate the recombina-
tion, they must have a greater capture cross sec-
tion for electrons and/or holes. However, since
the dangling bond or reconstructed states very
probably are present as neutral and positively
and negatively charged centers, it is very un-
likely that this is the case. Therefore, since 7p
is essentially unaffected by hydrogenation, recom-
bination via conventional centers is not the domi-
nant vehicle.

It might be argued, in principle, that the first
effect, a reduction in density of recombination
centers, may be offset by the second, an increase
in multiphonon recombination. The near cancella-
tion that occurs for all levels of hydrogenation

makes this unlikely.
The third possibility applies only in the case of

the Fischer-Vornholz model, " which we already
argued in Sec. IV did not apply to our data.

It seems unlikely that the fourth possibility,
Ge-H antibonding states near the bottom of the
conduction band, occurs for our samples. If it
did, we would expect a decrease in v„ through
the mechanism (b) above, and probably also a de-
creas in p.D.

We propose a different model, to wit, that the
photocarriers form small polarons out of the band
states and that these polarons degrade in energy by
phonon emission, all the while transporting cur-
rent by moving in the applied field, until their con-
tribution to ho is no longer significant. At the
lower temperatures, the polaron formed out of
intrinsic states gradually changes into a polaron
formed out of defect pseudogap states, without
scattering abruptly into states of appreciably
lower energy. Thus, the density of pseudogap
states, which may be affected by hydrogenation,
has only a weak effect on the time for the polaron
to degrade. At the higher temperatures, there
exists the possibility that the polaron may gain
energy from the lattice, depending on the ratio of
kT to its binding energy. We suggest that this is
the reason for the high-temperature increase in
Tp ob served in all samples at about the same tem-
perature. In the most-hydrogenated sample E
(12.9) the v, decreases again at the very highest
temperature and the detailed shape of the relaxa-
tion curves of Fig. 8 changes. For this we sug-
gest the tentative explanation that it indicates a
different mechanism of recombination, perhaps
caused by the high density of Ge-H antibonding
states which the excited polarons then encounter.

It is to be noted that the proposed mechanisms of
recombination and transport are self-consistent.
The polaron, transforming itself as it transports
from a band electron with phonon cloud into an
electron in a state in the pseudogap with a dif-
ferent lattice distortion, is insulated to a major
extent from the effects of temperature and pseudo-
gap state density reduction by hydrogenation. How-
ever, both 7p and p. D increase at temperatures
sufficient to re-excite the polaron into a higher
energy state, or to ionize it.
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