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Contactless measurements of the transient photoconductivity in a-Si:H and in a-Si,_,Ge, :H alloys are
reported. A decrease of the effective electron mobility with increasing Ge content is observed. Because
of a difference of dependence of the excitation density, two different processes are distinguished that lead
to this decrease of the mobility. One is attributed to trapping and the other one leads to a decrease of
the drift mobility. No increase of the recombination rate upon alloying of a-Si:H with Ge is observed as,
on the contrary, the long-time decay in alloys is slower than in pure a-Si:H.

INTRODUCTION

For many applications, such as, for example, solar
cells, the optical band gap of amorphous hydrogenated
silicon (a-Si:H) is too large. So alloys of a-Si:H have been
investigated in order to obtain lower band-gap material.
In particular, amorphous silicon-germanium (a-
Si;_ ,Ge, :H) alloys have been shown to be promising, be-
cause the optical gap can be varied between 1.2 and 1.7
eV.1? Unfortunately, admixture of Ge to a-Si:H leads
also to a deterioration of the electronic properties of the
material. 12

In this work, the optoelectronic properties of a-
Si;_,Ge,:H alloys are investigated by contactless tran-
sient photoconductivity measurements. Experimental re-
sults of films with 12% and 23% Ge content are com-
pared to those of pure a-Si:H films.

EXPERIMENT

In our work we use decompositions of SiH,/GeH, or
SiH,/GeH,/H, gas mixtures in a glow discharge ap-
paratus with a load-lock system.

In Fig. 1 the specific data, dark-conductivity (o) and
photoconductivity (opy,) at room temperature for our a-
Si, _,Ge,:H films prepared under various conditions, are
presented. If we compare with some results from the
literature (see figure caption) we see that the photoelec-
tric properties of our films exhibit international standard
for 1.5<E,, <1.75 eV. The films we used for time-
resolved microwave conductivity (TRMC) measurements
were the phototronics (PST) films prepared with hydro-
gen dilution.

The TRMC measurements were performed in a Ka-
band microwave system as described previously.® The
TRMC method monitors the relative change of the mi-
crowave power reflected from a semiconductor (8P /P)
upon pulsed illumination of this semiconductor. In a
small perturbation approximation the TRMC signal in
a-Si:H is proportional to the photoconductivity (8c') in-
duced by the illuminating laser pulse as it is shown be-
fore:>®

4

SP(t)/P=Abo(t), (1)

where A is the sensitivity constant.

In intrinsic q-Si:H and a-Si,_,Ge,:H films the tran-
sient photoconductivity 8o (¢) can be attributed solely to
mobile electrons because the drift mobility of holes is
much smaller than that of electrons.”® This reduces Eq.
(1) to
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FIG. 1. op and oy, for a-SiGe:H films as a function of Ge
content [or Tauc optical gap (E,,)]. The PST films (A,®:
without H dilution; A,0: with H dilution) are compared to
data from Weller et al. (Ref. 3) (triode configuration and H dilu-
tion) and Matsuda et al. (Ref. 4) (diode configuration and H di-
lution).
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SP(t)/P=Abn(t)u,e (2)

with 8n (z) the density of mobile electrons and u, their
mobility.

Although it is possible to perform absolute TRMC
measurements and to determine the sensitivity constant
A absolutely,®'° this is rather complicated and relatively
inaccurate. Therefore it is preferred in this work, where
TRMC signals of several films are compared, to do mea-
surements in such a way that the value of 4 is not deter-
mined, but this value is essentially identical for all films.
This is possible with an accuracy of about 10%.

Excess charge carriers were excited by 10-ns [full width
at half maximum (FWHM)] pulses at 532 nm of a
Nd:YAG (where YAG denotes yttrium aluminum gar-
net) laser with intensities between 2 uJcm 2 and 2
mJcm ™2,

In the present work investigations of the transient pho-
toconductivity by the TRMC method in two a-
Si;_,Ge,:H films, with Ge content x=0.13 and 0.23 will
be reported. Also a film with x=0.15 was investigated
but as the results were essentially the same as in the film
with x=0.13, these results are not explicitly presented.

RESULTS AND DISCUSSION

In the nanosecond time range the TRMC signals in a-
Si:H and a-Si,_,Ge,:H films are characterized by a rise
determined by the width of the excitation pulse (i.e., 10
ns) followed by a fast decay giving way to a much slower
decaying tail (Fig. 2). The maximum signal height (signal
amplitude) depends linearly on the excitation density in
the low excitation range changing to a sublinear behavior
at higher excitation densities (Fig. 3). The height of the
tail at 40 ns relative to the signal amplitude increases
with decreasing excitation density (Fig. 2). The sublinear
behavior at high excitation densities must be attributed to
a higher-order recombination process already active dur-
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FIG. 2. The transient photoconductivity induced by 10-ns
(FWHM) 532-nm pulses of 2 mJecm ™2 (+), 200 nJ cm™ 2 (0),
and 20 puJ cm ™ ? (@) in intrinsic a-Si:H. The signal amplitude at
the three excitation densities is normalized to the same value to
facilitate comparison of the shape of the signals.
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FIG. 3. The amplitude of the transient photoconductivity in
pure a-Si:H (0), Sig g3Geg.12:H (+), and a-Siy 1:Gey ,3:H (@) as a
function of the excitation density. The three lines are drawn as
a fit to a linear dependence of the low excitation density data
points. The excitation densities indicated refer to a reference
value of 200 mJ cm 2.

ing the excitation as previously proposed for pure a-Si:H
films. 112 Also the decay between 10 and 40 ns must at
least partially be due also to higher-order recombination.
This is concluded from the increase of the decay rate in
this time range with increasing excitation density. These
general features are common to the samples investigated
in this work.

The photoconductivity amplitude reflects the density
of mobile excess electrons at the end of the optical excita-
tion [8n (t= 10 ns)]. For the amplitude, Eq. (2) can be
written

[8P(t)/P];—10 = ABn(t =10 ns)u,e . (3)

Consequently, if no decay processes occur during the ex-
citation, the amplitude is proportional to the product of
the excess electron density produced by the excitation
pulse (8n) and their mobility. However, this is certainly
not warranted for the presented investigations, where at
high excitation densities a higher-order decay process de-
creases the induced mobile electron density already dur-
ing the excitation pulse (Fig. 3). This suggests compar-
ison of the amplitudes in the excitation density range
where the amplitudes depend linearly on the excitation
density if the mobilities of the different samples must be
compared.

But, also in the low excitation range, there is already a
multitude of trapping processes within the duration of
the excitation pulse in a-Si:H. Even in the picosecond
time range trapping processes of excess electrons in a-
Si:H films are reported.'»'* These and other observa-
tions have led to the standard model for electron conduc-
tion in a¢-Si:H at room temperature where electrons are
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mobile characterized by a band mobility u, at a mobility
edge in strong interaction by multiple trapping with lo-
calized states under this mobility edge. The shape of the
density of states under this mobility edge is generally as-
sumed to be exponential’ but other shapes are also pro-
posed.’> The interaction (i.e., multiple trapping) of
mobile electrons with states under the mobility edge can-
not be resolved by present-day experimental techniques
as it starts already in the picosecond time range. At
room temperature in pure a-Si:H the distribution of ex-
cess electrons over mobile states and localized states un-
der the mobility edge (i.e., band tail states) is observed to
be stationary in the time range of interest for this work
(larger than 1 ns) (Refs. 7 and 15) leading to a time-
independent drift mobility.

For the interpretation of the present measurements it is
convenient to define an effective mobility .4 as the pho-
toconductivity at 10 ns divided by the product of the ex-
cess electron density induced by the laser pulse (6n,) and
the unity charge. It is clear that u.¢ is equal to the prod-
uct of the band mobility and the ratio between the densi-
ty of mobile excess electrons [z (=10 ns)] and the ex-
cess electron density induced by the laser pulse:

[8P()/P], =10 ns= ABnoptese
=A[p,6n(t =10 ns)/dnyl6nge . (4)

For the present measurements this yields the fact that the
ratio between the amplitudes of two samples at the same
excitation density is equal to the ratio between their
effective mobilities.

In Fig. 3 the amplitude of the transient photoconduc-
tivity is plotted as a function of the excitation density for
the three samples. It is observed that at all excitation
densities the amplitude and so the effective mobility is
maximal in pure a-Si:H and decreases with increasing Ge
content. The transition from a linear dependence on the
excitation density to a sublinear dependence can be dis-
tinguished for all three samples in Fig. 3, where three
straight lines with slope + 1 are drawn as an approximate
fit of the low excitation density data points to a linear
dependence. The experimental data in Fig. 3 suggest that
the transition from a linear behavior to a sublinear behav-
ior occurs in the alloys at a higher excitation density than
in pure a-Si:H. This can be observed better in Fig. 4
where for both a-Si; _, Ge,:H films the amplitude divided
by the amplitude in the pure a-Si:H film at the same exci-
tation density (i.e. the effective mobility relative to that of
the pure a¢-Si:H film) is plotted against the excitation den-
sity. In the high excitation range (I > 100 uJ cm™2) the
relative effective mobility is constant due to a similar ex-
citation density dependence of the signal in the pure a-
Si:H film and the alloys, where for a-Si; 33Geg 15:H the
relative effective mobility is 0.5 and for a-Sij 1/Gey ,3:H a
value of 0.35 is found. At lower excitation densities
(I <100 uJ cm™2) the relative effective mobility decreases
in both films (Fig. 4) indicating the onset of a linear
dependence in a range where the amplitude of the pure
a-Si:H film is still sublinearly dependent on the excitation
density. Except for the absolute value no difference in be-
havior between the two a-Si;_,Ge,:H samples is ob-
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FIG. 4. The amplitude of the transient photoconductivity in
a-Sig gsGeg 1:H (O) and a-Sij 7Geg,3:H (@) films divided by
that of the pure @-Si:H film (relative effective mobility) as a
function of the excitation density. The two lines drawn at the
high excitation density side represent an average of the high ex-
citation density data points. The two lines drawn in the low ex-
citation density range are calculated from the fits in Fig. 4.

served within the accuracy of the measurements (Fig. 4).

It seems sound to assume that the linear dependence of
the amplitude on the excitation density in the alloys con-
tinues also at excitation densities lower than those em-
ployed in the present measurements. This assumption
implies that the relative effective mobilities in Fig. 3 will
attain at low excitation densities (I <5 uJcm™!) a value
independent of the excitation density. By linear extrapo-
lation of the experimental results to this low excitation
density range this yields for the relative effective mobility
in a-Si ggGeg 1:H a value of 0.23 and for a-Siy 1,Geg 53:H
a value of 0.15.

In the longer time range the decay behavior of the a-
Si, _,Ge, :H films is different from that in the pure a-Si:H
film. This can be observed in Fig. 5 where the transient
photoconductivity is displayed on a double logarithmic
scale. In the a-Si:H film the decay in the time range be-
tween 40 ns and 1 us is characterized by a power-law de-
cay (i.e., proportional to ¢t~ %) with =0.9. In the same
time range both a-Si; _, Ge,:H alloys also show a decay
behavior characterized by a power law, however, with a
slope a=0.6. Measurements in the same time range with
an excitation density ten times smaller than that used for
the data displayed in Fig. 5 show essentially the same de-
cay behavior: within the accuracy of the measurements
(about 10%) the values of a observed are the same.

A qualitative explanation of the long-time decay be-
havior in a@-Si:H films with similar decay behavior has
been given before:'> The decay is due to a combination of
deep electron trapping and electron-hole recombination
controlled by hole emission from tail states. The slower
decay in the a-Si;_,Ge,:H alloys can be explained if at
least one of these two processes is reduced upon admix-
ture of Ge. A possibility is the decrease of the electron
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FIG. 5. The transient photoconductivity induced by 10-ns
(FWHM) 532-nm laser pulses of 2 mJ cm ™2 in pure a-Si:H, in
a-Siy g3Geg 12:H, and in a-Sij 7;Geg 53:H.

recombination rate due to a decrease of the number of
holes available for recombination by an increase of deep
hole trapping with Ge content. However, it cannot be
excluded that part of the decay in the long-time range in
a-Si;_,Ge,:H alloys is due to multiple trapping in the
conduction band tail as it is generally observed that elec-
tron transport in a-Si, _, Ge,:H alloys is still dispersive at
room temperature’!® in contrast to the behavior in pure
a-Si:H.

The effective mobility as defined by Eq. (3) consists of
two factors: in the first place the band mobility and in
the second place the ratio between the mobile and the in-
duced excess electron density. The relative effective mo-
bility describes the change of these two factors upon al-
loying relative to pure a-Si:H. In this respect it is impor-
tant to know how accurately the amplitude can be deter-
mined and which differences in amplitude between nomi-
nally pure a-Si:H films are observed. The accuracy is
about 10% and in pure a-Si:H films produced under con-
ditions considered as optimal the same dependence on the
excitation density and the same absolute value of the am-
plitude within this accuracy were found, although the de-
cay in the long-time range may be different.'>!7 This
suggests that for state-of-the-art pure a-Si:H films in the
excitation range covered (2 uJem 2-2 mJcm ™ ?) the
band mobility and the ratio between the mobile and the
induced excess electron density at 10 ns are equal. Espe-
cially the second point is important as it implies that the
rate of all decay processes occurring within 10 ns is equal.
For the higher-order recombination active at high excita-
tion densities this is obvious because a relatively high de-
fect density is necessary to affect it.!”'® However, in the
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low excitation density range this is less evident because
deep trapping processes may play a role, as may be con-
cluded from observations where for pure a-Si:H films
with equal photoconductivity amplitude, different sub-
band-gap absorption was observed.!? Obviously, the de-
fects giving rise to this sub-band-gap absorption are not
active within 10 ns after excitation. If the deep defect
density is on the order of 10'® cm 3, this implies that the
rate parameter for electron decay via these defects must
be much smaller than 10~° cm3s~!, which is accept-
able.!® In view of the considerations given above it can
be assumed that in pure a-Si:H films at 300 K the ampli-
tude in the low excitation range represents a drift mobili-
ty given by the product of the band mobility and the ratio
between mobile and induced charge carriers determined
by a stationary distribution of electrons between the mo-
bility edge and localized states under this edge (band tail),
comparable to the drift mobility from time-of-flight
(TOF) measurements.

The preceding considerations imply a distinction be-
tween the interaction via multiple trapping of mobile
electrons with states under the mobility edge in the band
tail, determining the drift mobility, and other electron de-
cay processes. This is convenient if the other decay pro-
cess is of higher order and the distinction can be observed
by a different excitation density dependence of both pro-
cesses. However, in other cases (e.g., fast deep trapping)
this distinction cannot be made so simply.

In the high excitation range the amplitudes of all sam-
ples show an identical sublinear dependence on the exci-
tation density (Fig. 3) or in other words the relative
effective mobility is independent of the excitation density
(Fig. 4). This suggests that the higher-order recombina-
tion process is identical in the three samples and the
value of the relative effective mobility in this range
reflects the electron drift mobility relative to that of pure
a-Si:H, 0.5 for a-Sij)g3Gey:H and 0.35 for a-
Siy 77Geg 23:H. The decrease of the relative effective mo-
bility with decreasing excitation density (for I <10
1Y cm™?) is explained by an additional decay process, not
active in pure a-Si:H films, gaining importance at excita-
tion densities smaller than 100 uJcm™ 2. As mentioned
above, it is plausible that at low excitation density (I <5
uJcm~?) the relative effective mobilities are again in-
dependent of the excitation density, 0.23 in a-
Siy 33Geg 15:H and 0.15 in a-Sij 1/Geg »3:H, implying that
the additional decay channel in the alloys has become
first order. The most obvious candidate for this decay
channel is electron trapping active within 10 ns where
this decay channel becomes saturated in the excitation
density range from 5 to 100 uJcm™ 2. This saturation
would lead to a superlinear dependence of the amplitude
on the excitation density. However, the onset of the
higher-order decay process in this range leads to a sub-
linear dependence and then superposition of both pro-
cesses leads to the approximately linear dependence ob-
served between 5 and 100 uJ cm 2 (see, for a comparable
case, Ref. 18).

It seems speculative to give values for the parameters
of this trapping process from the saturation behavior and
the relative effective mobility at low excitation density
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but some crude estimates can be given. The deep defect
density in both alloys may lie in the range of 108 ¢m ™3
and the rate parameter somewhere in the 1071 cm 357!
range.

It is rather difficult to compare the results of this work
to those of other experiments. The most obvious com-
parison is to TOF measurements but this is not so easy.
In its simplest form it can be concluded from the present
work that the electron drift mobility and the electron
trapping time drop strongly on alloying of a-Si:H with
Ge where obviously the largest drop occurs between O
and 15% Ge content and up to 23% the drop is more
gradual. This is also the conclusion from TOF experi-
ments. »%2° Unfortunately, a more quantitative compar-
ison reveals differences between the results of both tech-
niques, as in general from TOF measurements a much
larger reduction of the drift mobility is observed, about a
factor of 10.12° However, it must be remarked that the
definition of the relevant parameters is not the same for
both techniques. The definition of the effective mobility
in Eq. (4) may seem arbitrary but it seems the only one
convenient under the experimental conditions of the
present work. Besides, it is only used for comparative
aims and seems appropriate in this respect. For TOF
measurements in pure a-Si:H films at 300 K the
identification of the transit time is unambiguous and the
drift mobility can be determined, although different
definitions can lead to differences of a factor of 2 in the
drift mobility calculated.!® Problems arise if during the
transit an appreciable decay of the signal is observed and
evaluation of the data is only possible if the temperature
and voltage dependence of the signal are considered and
extensive modeling of the density of states is done.!®?!
This is the case for TOF measurements in a-Si; _, Ge,:H
alloys at 300 K. Besides, still more problematic is the
strong increase of the integrated TOF signal (reflecting
the collected charge) with increasing applied field due to
electron trapping in deep traps where no emission occurs
within the time scale of the experiment. "?*?? This makes
determination of transit time and drift mobility rather
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delicate and determination of the mobility-deep-trapping
lifetime product from collected charge measurements
probably more trustworthy.?? These considerations sug-
gest that the drift mobility determined from the transit
time in a-Si;_,Ge,:H alloys at room temperature is sys-
tematically lower than the drift mobility as defined in the
present work. This would explain that the parameter
drift mobility as defined in the present work is only re-
duced by a factor of 2 relative to pure a-Si:H in the inves-
tigated alloy films. A more meaningful comparison of the
present experimental results is to the mobility-lifetime
product obtained from TOF measurements. The
mobility-lifetime product is observed to be reduced in a-
SiGe:H alloys to about 5-10 % of the value of pure a-
Si:H in the range up to about 25% Ge."?® This reduc-
tion reflects the relative decrease of the mobile excess car-
rier density in alloys on a time scale much longer than
the reference time of 10 ns used in the present measure-
ments. If part of the decay in the alloys in the long-time
range (Fig. 5) is also due to trapping, this would decrease

~ the mobility-lifetime product with a factor reflecting the

ratio to trapping in pure a-Si:H. As the decay (Fig. 5) in
pure a-Si:H is mainly due to recombination, 2 the decay
due to trapping in a-Si;_,Ge,:H is probably faster. For
comparison to the mobility-lifetime product in TOF mea-
surements the relative effective mobility at low excitation
density must be multiplied with this factor. This leads to
values in the range between 5% and 10%, in the same or-
der as obtained by TOF measurements. 120

In summary the present measurements show a reduc-
tion of the effective electron mobility in a-Si; _, Ge, :H al-
loys relative to pure a-Si:H films. A part of this reduc-
tion can be attributed to trapping of electrons in states
that can be saturated at high excitation densities. Anoth-
er part of this reduction can be attributed to an effective
electron mobility, decreasing with increasing Ge content.
The decay in the long-time range (40 ns—10 us) is slower
in a-Si; _,Ge,:H alloys than in pure ¢-Si:H. This is ten-
tatively ascribed to a decrease of the recombination rate
in a-Si;_,Ge,:H.
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