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EXECUTIVE SUMMARY

During this first Subcontract year, our efforts have been primarily focussed on using
transient photocapacitance and photocurrent measurements to determine the deep
defect distribution and processes in low bandgap a-5i,Ge:H alloys. Samples for these
studies were produced by the photo-CVD growth method and obtained through a
collaboration with researchers at the University of Delaware. We discuss how a
detailed comparison between the photocapacitance and photocurrent spectra can be
used to examine separately the majority and minority carrier processes. Thus, we are
not only able to map out the defect distributions in these samples, but also to determine
an effective pt product for the minority carriers. Specifically, the results of our studies
indicate that: (1) the midgap defect densities in the alloy regime near 1.3 eV can be as
low as 5 x 1016 cm™ in such photo-CVD samples; (2) there exists a second defect band
roughly 0.4 eV below Ec of a similar magnitude to the midgap defect density which
exhibits significant lattice relaxation behavior in its electron trapping dynamics; (3) the
hole ut products determined for the lowest defect sample is roughly 5 x 10-10 em2/V,
comparable with the highest hole ut's reported in sandwich geometry measurements
for alloys in this composition range; and (4) the hole mt is found to be roughly
inversely proportional to the midgap defect density for the samples studied. This is
consistent with the fact that the effective minority carrier lifetime for such

measurements is limited by the deep state trapping time.




1.0 INTRODUCTION

The work carried out in our first subcontract year under NREL Subcontract XG-
1-10063-1 has been mainly concentrated on the evaluation of the defect structure in
a-5i,Ge:H materials in the relatively low bandgap alloy regime. The development of
these low bandgap alloys with improved opto-electronic properties is essential for
attaining the greatly improved efficiencies inherently possible in tandem cell structures.
Most of what is actually known about the defect structure in such alloys has been
obtained from survey studies utilizing ESR [1,2] methods which have indicated the
presence of at least two kinds of intrinsic deep defects in the a-5i,Ge:H alloys with
distinct g-factors, associated with dangling bonds on Si and Ge atoms. However,
estimates of the energy positions of these defects within the gap currently have varied
somewhat among different research groups.

We believed that the application of our capacitance based deep defect
spectroscopic methods would greatly improve the understanding of the defect structure
of these materials. One problem has been that, as the Ge fraction is increased much
beyond about 30%, the overall quality of these alloys is found to degrade significantly.
It then becomes difficult to obtain samples with significantly good barriers for
capacitance measurements. However, based upon recent evidence from several
laboratories that a-5i,Ge:H samples with fairly low defect densities could now be
produced, we proposed utilizing such methods. Indeed, our first year's work under
this Subcontract attests to the success of this approach.

We obtained several a-Si,Ge:H samples produced by the photo-CVD method in
collaboration with Dr. Charles Fortmann at the IEC (with optical gap of 1.35 eV or less).
We were then able to carry out an investigation of the defect structure in the a-Si,Ge:H
alloy system using drive-level capacitance profiling, photocapacitance spectroscopy,
and transient photocurrent spectroscopy. This resulted in allowing us to develop a
fairly detailed picture of the deep defect distribution in a-5i,Ge:H materials in this alloy
range.

In the Sections that follow, we first describe our basic methods and then discuss
our detailed results on several a-Si,Ge:H samples as well as one a-Ge:H sample. We
will also discuss the advantages of our sub-band-gap optical methods over more
traditional methods. In particular, we will demonstrate how a comparison between the
photocapacitance and transient photocurrent spectra can be used not only to disclose
the features in the deep defect distribution within the gap, but also to learn about
minority carrier processes such as the hole pt products.




2.0 EXPERIMENTAL METHODS

The general method of junction transient measurements on amorphous
semiconductors has been discussed in detail in several earlier publications.[3,4,5] The
basic physics of all such measurements is as shown in Fig. 1. We illustrate the situation
for a semiconductor with one discrete deep gap states within the space charge region of
a Schottky barrier which is subjected to a voltage "filling pulse”. This pulse causes a
non-equilibrium (filled) occupation of gap state to be established. As time progresses,
the initial steady-state population is recovered through the excitation of trapped
electrons to the conduction band where they can then move out of the depletion region
under the influence of the electric field. In the dark this process proceeds entirely by
the thermal excitation of trapped carriers. However, this process can be enhanced
through optical excitation which is the basis of the photocapacitance and junction
photocurrent techniques.
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FIG. 1. Schematic diagram
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The re-equilibration can be observed by the redistribution of trapped carriers,
either as a change in the junction capacitance (which occurs because the depletion region
will contract as negative charge is lost and the positive charge density increases) or by
monitoring the current which results from the motion of this charge. However, the
observation of capacitance transients has one significant difference compared to current
transient measurements: The dominant type of emitted carrier (electron or hole) can be
identified by the sign of the observed change in capacitance. This implies that the direct
comparison of capacitance and current transient measurements provides the means to
explicitly separate the electron and hole emission and/or transport processes.

Instead of recording and analyzing the entire transient signal waveform, we
process each transient in a manner to provide a single quantity that indicates the
changes that occur over a specific timescale. This is accomplished by multiplying the
transient signal, F(t), by a correlator A(t) that is a function of time, and then integrating
over the time regime where the correlator is non-zero. This algorithm was developed in
the analysis of transient data for the DLTS measurement technique [3] and the quantity,
S, that results is therefore usually called the "DLTS signal” for a particular "time
window", T:

S(T,t,w)

t
L ? A® FT,0) dt )
1

Here we have indicated that all signals will depend on the temperature, T, and that
capacitance signals will also depend on the measurement (angular) frequency, . The
shape of the correlator function A(t), together with the limits of integration t; and t,,
determine the value of the effective time window parameter 7.

In the traditional DLTS method one fixes T and records S(T,t,) in the dark as a
function of temperature. The transient in this case is due primarily to the thermal
excitation of trapped electrons (or holes) out of gap states. The measurement
temperature determines the thermal energy depth, E,, at which the trapped carriers can |
be emitted at the chosen time window:

Eo(T,7) = kgT log(vt) (2
where v is thermal emission rate prefactor and typically lies in the range 1012 to
1013 571,[3]

In our photocapacitance (or photocurrent) measurements we fix both t and the
temperature and record such transients alternately in the dark and in the presence of




sub-band-gap light. The experimental details to accomplish this have been discussed
previously.[6,7,8] We then define the photocapacitance (or photocurrent) signal,
P(Eopy), to be the photon flux (@) normalized difference in the DLTS signals recorded
with and without the presence of the sub-band-gap light of optical energy E

Slight(T't'(o) - Sdark(T,‘C,(!))
Q(Eopt)

(3)

P(EqpypT)

Because both Syop¢ and Sgary contain the same contribution of thermally emitted charge,
P discloses the purely optically excited component of the release of gap state carriers.

The photocapacitance spectrum is obtained by plotting P vs. E, at constant T.
We take special care to always operate in the low light intensity limit (where P is
intensity independent). Thus the photocapacitance spectrum reveals the distribution of
allowable transitions for an electronic population of gap states not appreciably
disturbed by the optical excitation, but rather determined by the application of the
voltage pulse followed by whatever thermal evolution takes place within the time
before the transient is recorded.

Several examples of photocapacitance spectra are given in the following sections
and have the general appearance of spectra obtained by the perhaps more familiar
steady-state sub-band-gap optical techniques, such as photo-thermal deflection
spectroscopy (PDS) [9] or the constant photocurrent method (CPM). [10] Indeed, one
encounters a rather similar expression in the interpretation of our transient photo-
spectra in terms of a convolution between localized gap states and extended states
connected by an optical matrix element for the transitions. Specifically, for transitions
from gap state electrons to the conduction band one expects a contribution to P given
by [89]:

PC(EopyT) = Kn(T)J |<1 lex|£>12 g(E)g (E+EqppdE )

where l<ilex|f>12 represents the optical matrix element, and K,(T) is a constant that
depends on the temperature as well as the overall depletion width and the time
window parameter T (and also the frequency for the case of capacitance measurements).
It will also depend on the ability of the carriers, once optically excited into the
conduction band, to leave the depletion region. Thus K will depend on the electric field
distribution within the depletion region and the electron mobility. However, all of




these factors will be roughly constant (independent of optical energy) for a given
temperature and applied bias. One should also note that the upper limit of the integral
is determined by the thermal escape depth, E,, of gap state electrons to the conduction
band at the measurement temperature and time window as given by Eq. (2). That is,
the optical transitions from these shallower electronic levels will be missing from the
photocapacitance spectrum because they will have escaped thermally before the
photocapacitance signal is recorded.

We should stress that the expression given in Eq. (4) represents only one
contribution to the photocapacitance or photocurrent signals. A similar expression
[giving a quantity we might label PPV(Eopt)] must be included to take into account
transitions from the valence band into empty gap states. The leading constant will then
be replaced by K,(T) which contains information about how easily the optically excited
holes will leave the depletion region.

There are actually two other sub-band-gap optical processes that must be
considered as well. First of all, an electron from the valence band can be excited into an
empty gap state that is close enough to E that it will subsequently thermalize into the
conduction band. This will occur on the timescale of our measurement if it lies within
an energy E, of conduction band mobility edge, and can be represented by the integral

E
PV (EopeT) = Kn(T) f ] _il’;i lex|£>12 g(E)gy (E-Ep)dE )
C ~e

With such a process there is also a hole left in the valence band. However, this has
already been included in the expression for PpV. And, there will be an analogous
integral expression for PpC resulting from optical transitions from deep in the mobility
gap to the conduction band such that the hole that is left in the gap will thermalize the
valence band on the measurement timescale.

A schematic diagram indicating these four types of processes in given in Fig. 2.
Without additional information it is obvious that a single type of sub-band-gap
spectrum will not allow one to distinguish the above possible contributions responsible
for the observed signals. For example, PDS measurements are totally insensitive to the
subsequent motion of carriers and therefore have absolutely no way to distinguish
between such different types of transitions. Proponents of the CPM method argue that
at low temperatures one can generally neglect the contribution of minority carrier




FIG. 2. Schematic diagram of the
gf'pes of optically initiated deep
efect transitions. As discussed
in the text, these contribute
differently to the
photocapacitance and  the
transient photocurrent signals.
Here optical transitions are
indicated by wavy lines and
thermal transitions are indicated
by solid vertical lines. Horizontal
arrows indicate electron and hole
transport out of the depletion
region. The dashed horizontal
lines for the hole motion illustrate .
the fact that holes are more likely
to be re-trapped before escaping

the depletion region.
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FIG. 3. Comparison of transient photocapacitance (solid circles) and transient junction
hotocurrent spectra (open circles) for an intrinsic a-Si:H sample at two temperatures:
a) 380K; and (b) 395K. The two types of spectra have been overlapped in the low

optical energy regime for each temperature. The thin solid lines are the results of model

calculations based on the set of defect transitions shown in Fig. 2.




motion to the current signal. However, one still has no way to separate the
contributions to the electron current from the first two processes indicated in Fig. 2.
Indeed, the contribution of the second type of process in the analysis of CPM data has
incorrectly been completely neglected in the analysis of such spectra that have appeared
in the literature.

Our studies, which compare the photocapacitance and photocurrent spectra
resulting from the same set of electronic transitions, provide one of the few methods to
identify the different types of transitions in Fig. 2. That is, the resulting integral
expressions for P,C, PV, PV, etc,, contribute differently depending upon whether one
is considering a photocapacitance as opposed to a photocurrent spectrum. Thus, the
two spectra taken together provide the information necessary to separate these.

To illustrate this procedure we can review our previous results obtained in this
manner several years ago for a-Si:H. In Fig. 3 we show two pairs of spectra — transient
photocapacitance and transient photocurrent at two different temperatures -- for a low
defect, intrinsic a-Si:H sample. We have aligned the two kinds of spectra on the vertical
scale so that they overlap in the energy regime below 0.9 eV at each measurement
temperature. As we have discussed previously [8,11], this is the regime where both
kinds of measurements should respond to gap state transitions in the same manner
since, for optical energies less than Eg/ 2, no optically excited hole transitions can occur
(see Fig. 2). Thatis, if the only transition possible is the excitation of trapped gap state
electrons to the conduction band, we will have purely an electron current. We thus
define the relative magnitudes of our two kinds of signals to have a 1-to-1 ratio under
these conditions.

At excitation energies larger than Eg/2, however, the other types of transitions
indicated in Fig. 2 become possible. In the transient photocurrent measurements the
motion of charge of either sign gives currents of the same sign so that the contributions
will be additive. In contrast, in a photocapacitance measurement such processes will
correspond to opposite changes in depletion charge and thus be subtractive. The relative
weighting factors will depend on the field distribution throughout the depletion region
and also the ability of the emitted hole to leave the depletion region.

The electron or hole which remains in a gap state following optical excitation is
more likely to be thermally emitted at higher temperatures where thermal emission
processes are faster. In general, such effects tend to cancel the optically induced charge
change within the depletion region so that the photocapacitance signal is reduced.




However, the photocurrent signal will always be enhanced by any further motion of the
charge. Thus we observe in Fig. 3 that the difference between the two kinds of signals
does indeed become larger as the temperature is increased.

We have established previously that if n, electrons and n; holes leave the
depletion region, and if release of carriers is uniformly distributed over the space-
charge region, then the total transient current signal will roughly be proportional to
n, + (1/2)ny, while the total transient capacitance signal will be proportional to n, - ny,.
[12] The factor of 1/2 for hole processes in the current signal arises because of the
different spatial sensitivity for majority and minority carrier emission of that process.
The capacitance signal, on the other hand, will have a nearly identical spatial
sensitivity for both types of emission.

In the bandtail region of the spectra (Ep; 2 1.4 eV), the optical excitation should
release electrons and holes in roughly equal numbers. Indeed, the ratios of the
photocapacitance = and the photocurrent are quite constant over the range:
14eV<E,, <17 eV. If all of the photo-released charges escaped, however, we would
expect that the photocapacitance signal would be nearly zero. Due to the relatively
high mobility of electrons in a-Si:H plus the relatively large electric fields in the
depletion region, it is quite likely that all the released electrons do escape. Therefore,
because the photocapacitance is only partially suppressed relative to the photocurrent
signal, a significant fraction of the emitted holes must become re-trapped within the
depletion region. From the ratios of the photocurrent to the photocapacitance signals in
the exponential bandtail region we can determine that only 67% of the trapped holes are
swept out of the depletion region at 380K. This increases roughly to 84% at 395K.
These escape fractions of the minority carrier from the depletion are directly related to
the pt products of the holes. The details of the analysis required to find ut from the
ratio of the photocapacitance and photocurrent in the bandtail region is discussed in
Section 4.2.

In the energy regime below 1.4 eV, we observe that the difference between the
photocapacitance and photocurrent signals decreases monotonically to zero. Assuming
a reasonable distribution of déep ~defects over the midgap region plus a simple
thermally activated carrier emission process, we were able to model the experimental
spectra quite successfully over the range of experimental temperatures. {11] The results
of this modeling are indicated by the thin solid lines in Fig. 3. The set of transitions
incorporated into these calculations include all of those discussed previously, as shown
schematically in Fig. 2.




3.0 SAMPLES

The a-5iy.,,Ge,:H samples used in our studies over the past year were obtained
through an on-going collaboration with Charles Fortmann of the Institute for Energy
Conversion at the University of Delaware. The films were depositied on p™ crystalline
silicon substrates by the photo-CVD method in which mixtures of SiH and GeH, gases
diluted in H, (total chamber pressure of 5 torr) are decomposed by UV radiation from a
Hg vapor light source. The substrate temperature during growth was 230°C. Further
details of this technique are given elsewhere. [13] The 2 samples investigated in detail
to date for this study were found to have Tauc gaps near 1.3 eV and are thus believed to
contain a germanium composition fraction (x) of roughly 0.6.[14] These photo-CVD
samples are found to exhibit high photoconductivities (3 to 5x 10 Siemens/cm) that
are comparable to the best such alloy samples grown by the glow discharge method.
Indeed, we found these samples to be among the lowest defect density a-Siy_,,Ge,;H
alloy samples currently available.

We deposited a 0.5 mm diameter (2 x 103 cm?) semitransparent top contact of
Pd on all samples. Our samples thus consisted of a p* buried junction in series with the
front metal Schottky barrier. The material in the vicinity of either barrier could be
selected for study depending on the polarity of the applied bias; however, the results
presented here will be given for an applied bias which probes the substrate junction.
This junction was found to exhibit lower leakage currents for both the a-Si:H and
a-5i,Ge:H samples.

One pure a-Ge:H produced by the photo-CVD method was also studied.
However, in contrast to the a-Si,Ge:H sample, only a limited assessment of its electronic
properties could be obtained due to the much higher defect levels in this sample. This
precluded our being able to obtain reliable photocapacitance spectra for this sample.

40 EXPERIMENTAL RESULTS
41 RESULTS FOR AMORPHOUS SILICON-GERMANIUM ALLOYS

Two pairs of photocapacitance and photocurrent spectra are shown for one of
our a-5i,Ge:H samples in Fig. 4. As discussed in Section 2, we have overlapped these
spectra at low optical energies since this should correspond to a single carrier excitation
regime. For temperatures of 300K and below, we observe that the two kinds of spectra
are nearly identical. This indicates that any photo-generated free holes are re-trapped
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after a very short distance and that there is insufficient thermal energy to re-excite them
into the valence band within the 0.4 second time window of the measurement. (A
similar coalescing of the two kinds of spectra occurs for a-Si:H below 360K.) Although
one cannot analyze such results at lower temperatures to obtain any information about
minority carrier processes, the collapse of the two spectra into a single curve does
provide an important test of the spatial uniformity of our sample because of the
different spatial sensitivities of the capacitance and current signals.

Increasing the temperature to 320K produces the splitting of the two kinds of
signals at larger optical energies indicative of the hole processes discussed above for
a-Si:H. This difference was found to increase up to 330K and then to remain fairly
constant. The ratio between the photocapacitance and photocurrent signals in the
bandtail regime remains much closer to unity than for our previous a-Si:H studies. This
indicates that mobilities are generally significantly lower in a-5i,Ge:H than in a-Si:H.
This conclusion will be discussed in more detail in the next section.

A second major difference with a-Si:H is also observed. That is, while the ratio of
signals for Egp;21.2 eV is fairly constant, the difference actually increases for lower
energies (1.13 eV < Eopt <1.22) before finally decreasing to zero in the lowest energy
regime. This same behavior has been observed for several other a-5i,Ge:H samples in
this alloy range. It is interesting to note that this intermediate energy regime (where the
difference signal is the largest) also stands out in the lower temperature spectra as a
region with a distinctly different slope.

We have again included a schematic (Fig. 5) of the possible types of transitions
that we expect to be able to optically excite at different optical energies. At the lowest
energies we again expect only a single type of carrier excitation (transition type 1). At
intermediate energies we expect to be able to excite both trapped electrons out of the
gap into the conduction band (transition type 2) and valence band electrons into the gap
(transition type 2'). However, unlike a-Si:H where the relative importance of hole
processes increases monotonically with increasing optical energy, there appears to be a
maximum in the relative contribution of the hole process near an energy of 1.15eV.
This suggests a deep defect with somewhat unusual properties lying in the upper half
of the mobility gap.

Finally, at energies approaching and/or exceeding the mobility gap, electrons
and holes will be excited in equal numbers so that the relative magnitudes of the
current and capacitance signals will depend only on the details of majority and




minority carrier transport. This regime is apparently reached for optical energies
exceeding 1.2 eV in this sample.

A similar set of spectra are shown in Fig. 6 for a second a-5i,Ge:H sample. This
sample had the same nominal germanium fraction as for sample 1, although our
measurements indicated a slightly higher optical gap (1.35 vs. 1.28 eV). The qualitative
behavior of this sample are very similar to sample 1, including the anomalous increased
splitting between the photocapacitance and photocurrent spectra in the intermediate
energy regime at higher temperatures. Quantitatively, however, the properties of this
second sample appear markedly superior. In Fig. 6 we observe a somewhat narrower
bandtail (52 meV vs. 57 meV) and evidence for lower defect density (from the relative
positions of the top of defect band of transitions near 1.1 eV to the magnitude of signal
near the optical gap energy). The drive-level profiling measurements [15] also
indicated that this sample exhibited a low defect density near midgap of roughly
5 x 1016 cm™3 vs. about 3 x 1017 cm™3 for sample 1. This sample thus appears to exhibit
defect properties as good or superior to any such low gap a-5i,Ge:H alloys yet reported.
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FIG. 6. Comparison of transient photocapacitance (solid circles) and transient junction
photocurrent spectra (open circles) for a second a-Si,Ge:H alloy sample at two
temperatures: é) 300K; and (b) 330K. The two types of spectra have again been
overlapped in the low optical energy regime for each temperature.
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42  DETERMINATION OF CARRIER MOBILITIES

We have discussed that the ratio of the photocapacitance and photocurrent
signals in the bandtail region of these spectra indicates the relative escape fractions of
electrons and holes. We now will discuss how this information is directly related to the
effective ut product for the minority carrier motion.

Whether a carrier is optically created or occurs as a result of thermal emission,
there is a significant probability that it will be re-trapped in a deep state before it leaves
the depletion region. Because of the large electric fields within the depletion region and
the generally larger electron mobilities compared to hole mobilities, this is probably
only an issue for the hole transport and we will consider in detail only hole re-trapping.
However, at the end of this Section we will discuss to what degree a small electron
mobility might alter our conclusions.

We define Lj(x) to be the average distance that a hole will travel after it is
introduced into the valence band at a distance x from the barrier interface. The quantity
L}, depends on x because the electric field, €, varies considerably with position inside
the depletion region. We may express the re-trapping lifetime for such holes, 1}, by the
expression

X-L (%) \
X

Th(x) = f 6

x  Vip(x")

where the hole velocity, v, (X)), is given by the product of the hole mobility, yy,, and
&(x). Since the hole re-trapping processes should be reasonably independent of the
electric field, 1, should be independent of the position x. In that case, given the electric
field distribution (which can be obtained by solving Poisson's equation for a particular
defect charge distribution), we may use Eq. (6) to obtain Ly (x) in terms (1)},

An analytic but approximate solution can be obtained by assuming the charge
density is nearly constant throughout the depletion region. This approximation is quite
accurate in deep depletion and, we have found, leads to a value of (ut)y, that is almost
always within a factor of 1.2 of a full numerical solution. In this "abrupt depletion"
approximation, there exists a well defined depletion width, W, plus an electric field that
varies linearly with the distance x from the barrier interface:

ex) = -qg& (W-x) @)




Here g, is the electronic charge, N, is the (assumed constant) charge density in deep
depletion, and ¢ is the dielectric constant. An appropriate value of N, is determined
experimentally from C-V methods [16].

We discussed in Section 2 above that if n, electrons and ny holes leave the
depletion region during the measurement time window that the ratio R of the
photocapacitance to junction photocurrent is approximately:

DR - Ny

R 8)

ne + nh/Z

The value of R is thus obtained directly from our experimental spectra and, in the
abrupt depletion approximation, is found to be simply related to the put product for
holes. Specifically one obtains:

£
M)y, = —log [(R +2)/3R] )
h 4N g

+

The details of this derivation have been presented elsewhere. [17] For a-5i:H,
using the data in the bandtail region displayed in Fig. 3, we have R =0.11 at 395K.
From drive-level profiling measurements on this sample we have determined
N, =2.0x 10 cm™ in deep depletion. Thus we obtain a (ut)y, value of 6.0x10%9
cm2/V.

To compare this value with those of other methods we note that our method
determines (ut), in a sandwich sample geometry at very low light intensities in a
manner that is based on determining the escape distance of the minority carrier from
the depletion region. Thus, this result should be generally consistent with those
obtained with time-of-flight techniques rather than steady-state photoconductivity
methods. That is, our effective lifetime depends on minority carrier deep-trapping
rather than recombination, as discussed recently in detail by Crandall and Balberg. {18] -
We do indeed find our values to be in quite good agreement with the hole pt products
determined by time-of-flight measurements for high quality a-Si:H samples. [19,20]

If we again assume a much higher electron mobility than hole mobility for
a-5i,Ge:H we may apply Eq. (9) without modification. From C-V data for sample 1 we
estimate that N, =1.0x 107 cm™ in deep depletion. [16] For the 320K data in the
bandtail regime the ratio R of photocapacitance to photocurrent is 0.5. Thus we obtain
(WD), = 3.3 x 10711 am?2/V; that is, a value roughly 200 times smaller than in a-Si:H.
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Sample 2 which exhibited a much narrower bandtail slope (52 meV compared to
about 58 meV for sample 1), also exhibited a much lower deep depletion charge density
(N =2x 1016 cm™3), and a smaller R ratio (0.3 at 330K). We thus obtain a value of (uT),
for this sample of 5 x 1010 em2/V. This value is in quite good agreement with the best
values reported for undoped samples in this alloy regime by the analysis of the internal
quantum efficiency vs. reverse bias on Schottky diode devices.[20] We note, however,
that the analysis of those measurements employs some simplifying assumptions which,
we believe, will tend to overestimate the value of (ut);,, Hence we believe that our
sample 2 may actually exhibits superior properties to those previously reported for this
composition range.[21]

There has been some evidence that a-Si,Ge:H alloys exhibit quite poor electron
mobilities, perhaps as low as for its hole mobility deduced above. [22] We should
therefore discuss somewhat further our assumption that all emitted electrons are able to
escape the depletion region.

For the a-5i,Ge:H data presented in this report, a more detailed analysis shows
that as long as (iu1), is greater than about ten times (ut),, the values of (ut),, will not be
appreciably modified. Even if (u1), is within a factor of three, the deduced values of
(ut), will be reduced only by about 30%. Our deduced values will be appreciably
modified only if (u1), becomes less than or equal (ut),, However, our data can be used
to absolutely rule out the possibility of (u1), < (ut);, (since then the photocapacitance
signal in the bandtail region actually changes sign). On the other hand, they could be
consistent with a value of (ut),, that agrees reasonably well with other measurements
and yet allows a value of (ut), that is within a factor of 2 to 3 times greater.

If (ut), is indeed this low then we may be able to determine (ut), directly from
the ratio of the photocurrent to photocapacitance signals in the low optical energy limit.
Unfortunately, the signal quality for E;p; <0.8 eV does not permit this at the present
time. However, we hope to pursue this further with better samples in the near future.

43 DETERMINATION OF DEEP DEFECT PROPERTIES

The spectra for a-5i,Ge:H in the defect band region exhibit some qualitative
differences from the corresponding spectra of a-Si:H. At 300K [Fig. 4(a) and 6(a)] we
observe indications of two distinct regions of sub-band-gap transitions: one extending
from Eg/2 to about 1.0eV, and the other form about 1.03eV to 1.23 eV in optical
energies. The most natural explanation for this is in terms of the two kinds of defect
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transitions indicated schematically in Fig. 5. This implies that the lower energy regime
corresponds to optical transitions into the conduction band out of a defect band lying
below Ep (labeled as type 1), while the higher energy region originates from
contributions of transitions of types 2 and 2'. A deep defect density has again been
estimated by comparing these optical spectra with C-V data and indicates a defect
density of about 2 to 3 x 1017 cm™ in a broad band located roughly mid-gap. A more
pronounced narrow defect band appears to be located roughly 1.1 eV above Ey of
magnitude 4x1017 cm=3 with a FWHM of about 0.2eV. The fit to the lower
temperature data obtained for this deep defect structure is indicated for sample 1 by the
solid line in Fig. 4(a).

Increasing the measurement temperature to 320K, one again observes a
significant contribution from hole processes from the deviation of the two types of
spectra. Unlike the a-Si:H case, however, we observe an increase of the ratio of
photocurrent to photocapacitance for sample 1 from 2.0 in the bandtail region to about
2.6 at 1.15eV. This behavior is qualitatively similar for sample 2. Only for optical
energies decreasing below 1.1 eV does this ratio appear to decrease monotonically to
unity.

The free carrier mobilities cannot depend on the details of how electrons and

holes are introduced into the bands. Thus the relative increase of the photocurrent

signal cannot be a result of changes in carrier mobility; rather, it indicates that the
number of electrons arriving into the conduction band is itself relatively smaller in this
energy regime. This seems to imply that the thermalization of electrons into the
conduction band following their optical excitation from the valence band into empty
gap states (transition type 2') is significantly suppressed. This would then tend to
increase the hole current relative to the electron current in this optical energy regime.
We have indicated this hypothesis on Fig. 5 by using a light dotted line to label the
electron thermal emission step for transitions of type 2'. Assuming that the thermal
release of electrons is suppressed is about 25% relative to holes gives the fits to the 320K
data of sample 1 indicated in Fig. 4(b).

Such a significant suppression of the thermal emission rate of electrons at these
temperatures following a 1.1 eV excitation above the valence band mobility edge forces
us to conclude that there must be a significant degree of lattice relaxation for electrons
occupying these deep states above midgap. This finding is quite consistent with very
recent results of the Tauc group [12] in which photo-induced absorption studies of
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a-5i,Ge:H alloys indicate that there exists a defect level above Ep which undergoes a
lattice relaxation of about 0.4 eV.

44 AMORPHOUS GERMANIUM

We have attempted to carry out similar measurements on intrinsic a-Ge:H samples, but
have so far been limited by the large defect density present in those samples. In particular, the
small photo-response prohibited sufficient signal strength for the photocapacitance
measurements in the low energy regime. Thus, we were not able to deduce (}T) products for our
present samples.

The capacitance versus temperature measurements for our a-Ge:H samples show a much
larger activation step than for a-Si:H and a-SiGe:H, which implies the presence of a large defect
band close to the Fermi level. By fitting our data to the capacitance response of a density of
states composed of a gaussian-shaped defect band below E. we deduce a defect density of
Ny =9 x 1017cm™3 located in a defect band at approximately 0.5¢V below the conduction band
edge E.. We are thus tempted to associate this defect band with the feature we deduced in the
a-8i,Ge:H alloys lying 0.4-0.5 eV below Ec. However, the optical spectra exhibit a threshold for
a defect band that are reasonably consistent with the capacitance-temperature data. Hence, this
seems to be inconsistent for a defect possessing a significant contribution due to lattice

relaxation.
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Another interesting observation is that despite the large defect density, we
deduce an Urbach energy of 50meV which is comparable to values found for a-5i,Ge:H
and a-Si:H samples with much lower defect densities. This tends to contradict models
[23] that link the Urbach-tail energy to the density of deep defects.

50 SUMMARY AND CONCLUSIONS

In this presentation we have shown how a comparisoh between transient
junction photocurrent and photocapacitance spectra can yield detailed information not
only about the deep defect distributions and transition energies in amorphous
semiconductors, but also about the carrier mobilities. This comes from the unique
aspect of capacitance measurements to distinguish between minority and majority
carrier processes.

A summary of the properties of the samples discussed in this report are
presented in Table I. Previous results for the best a-Si:H studied by such experimental
methods in our laboratory are included for comparison purposes. We observe that the
minority carrier mobilities appear to scale roughly linearly with the midgap deep defect
concentrations. This is consistent with a (ut), limited by trapping processes into deep
defect at or below Ep.

Our deduced pt products for holes in a-5i,Ge:H were found to be in reasonably
good agreement to those that have been obtained by other techniques on high quality

TABLEI. Summary of electronic properties of the a-5iGe:H and
a-Ge:H samples presented in this report. The correponding properties of
a high quality a-5i:H sample determined in the same manner are included.

SAMPLE Optical Gap Defect Density =~ Urbach Energy Hole put

(eV) (cm3) (meV) (cm2/V)
a-Ge:H 1.07 9 x 1017 50 —
a-SiGeH 128 2.5x 1017 57 3x 1011
a-5i,GeH 135 5x 1016 52 5x 1010

a-Si:H 1.8 4x 1015 42 6 x 109
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material provided we make those comparisons to other methods that are trapping time
rather than recombination time limited. Indeed, in this regard our values obtained on
these photo-CVD alloy samples appear to be as good or superior to the best values
quoted in the literature for this alloy range. One should note, however, that we
obtained our values at relative higher temperature and possibly for higher values of
electric fields than some of those other measurements. Finally, we discussed the
suggestion that electron pt products may be quite low in a-5i,Ge:H. While our data
explicitly rule out a smaller ut product for electrons than holes, we also find that our
results would be consistent with an electron pt perhaps only 2 or 3 times higher than
that for holes in this material.

Regarding the types of defect transitions in a-Si,Ge:H, our results indicate that
there exists a region of optical transitions (near Ep,; = 0.8 eV) between a defect band 0.6
to 0.7 eV above Ey to the conduction band, and another band of transitions (near 1.1 eV)
between the valence band and an empty defect sub-band above Er. Our results also
indicate that electronic transitions from this latter defect band to the conduction band
are significantly suppressed. This behavior implies a significant degree of lattice
relaxation for transitions from this defect, a conclusion which agrees with findings on
a-5i,Ge:H obtained recently by the Tauc group using time resolved optically induced
absorption measurements.
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