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Abstract

To determine the charge collection mechanism in hydrogenated microcrystalline silicon (u.c-Si:H) solar cells, we have
measured the electronic transport properties of p.c-Si:H by time-of-flight and by ac capacitance and conductance on a unique
5.6 wm thick sample. We found the electron drift mobility up=28+0.2 cm? V~! s71, thermally activated with
E, =0.14 + 0.1 eV. Evidence for field inhomogeneity was observed as an initial maximum of the photocurrent transients
and as an increase of capacitance over the geometrical value. The frequency dependence of the capacitance exhibits marked
differences from a-Si:H and is proposed as a tool for studying the effects of microstructure on electronic properties. Changes
of the sample capacitance with temperature and illumination were observed. As a consequence of the inhomogeneity of the
material, several different activation energies were found: 0.14 eV for electron drift mobility, 0.29 eV for ac conductivity,
0.4 eV for steady state dark conductivity and finally > 0.8 eV for the photocapacitance relaxation.
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1. Introduction

Recently, midgap hydrogenated microcrystalline
silicon (p.c-Si:H) has been successfully used in solar
cells with an efficiency of 7.7% (single wc-Si:H
p-i-n) [1]. The fully microcrystalline junction is a
crucia part of so called ‘micromorph’ tandem (a-
Si:H/wc-Si:H) solar cells for which the stabilized
efficiency achieved 10.7% [2]. Compared to aSi:H,
higher charge collection in pc-Si:H junctions was
observed even for devices with thicknesses in excess
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of 3 wm [1] but the mechanism of the carrier collec-
tion is not known. The situation is further compli-
cated by the columnar structure of wc-Si:H [3] and
thus possible anisotropy of the transport properties.
Hall effect, ambipolar diffusion length and photocon-
ductivity measurements performed so far [4,5] mea-
sure properties of transport parallel to the substrate
whereas for solar cells transport perpendicular to the
substrate is crucial. The most promising method is
the time-of-flight (TOF) used to study transport in
aSi:H solar cell structures. However, its use for
pc-Si:H produced contradictory results [6-8]. The
difficulties were related mainly to response time
limitations which we explain here as due to thin
samples and capacitances larger than geometrical.



On the other hand, it is difficult to obtain thicker
samples as these usualy peel off due to internal
stresses. In this study we report results on a unique
5.6 pm thick sample which enabled us to recognize
new features in the transients. In addition we report
on the difference between the geometrical and exper-
imentally observed capacitance of the samples and
we show how the capacitance is changed by illumi-
nation and temperature.

2. Experimental results

For the present study, wc-Si:H layers were de-
posited by very high frequency plasma enhanced
chemical vapor deposition described elsewhere [9].
Unless stated otherwise, we report results for the 5.6
pm thick pc-Si:H layer deposited by glow discharge
at an excitation frequency 130 MHz in silane passed
through gas purifier [9] and diluted by hydrogen (5%
of silanein tota gas flow) on Asahi glass covered by
transparent conductive oxide (TCO) type U kept at
220°C. Semitransparent NiCr pads 1 mm in diameter
were deposited as top contacts. The other samples
included a series of TCO/pc-Si:H/NiCr samples
with thickness around 2.5 p.m deposited with differ-
ent discharge powers and a 4.1 pm thick n-i-p fully
pc-Si:H junction.

Time-of-flight transients were excited by 0.6 ns
pulses at A =500 nm (where the absorption coeffi-
cient of wc-Si:H is a = 5% 10* cm™! [10] and the
absorption depth = 0.2 wm) and recorded on a 50 )
resistor by 500 MHz (2 GS/s) bandwidth oscillo-
scope. The initial current peak caused oscillations in
the measuring circuit which we avoided by numeri-
cal low pass filtering which effectively limits the
bandwidth to 100 MHz. This value corresponds to
the limitation by response time of the circuit which
was estimated as RC = 300 () X 30 pF = 10 nswhere
the contact resistance 300 () was estimated from the
initial current at full laser illumination when the
current is not limited by the sample. The results of
the standard small signa TOF measurements on a
5.6 pum sample are shown in Figs. 1 and 2.

Ac capacitance and conductance were measured
by an impedance analyzer HP 4192A in a frequency
range 6 Hz to 13 MHz and the results are shown in
Figs. 3-5.
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Fig. 1. Time-of-flight electron transients for 5.6 wm thick pw.c-Si:H
sample at (&) room temperature and (b) at 200 K and for different
applied voltages. The insets show the fits used to obtain mobility.

2.1. Discussion

The results of the standard small signa TOF
measurements on a 5.6 wm sample are shown in Fig.
la (room temperature) and Fig. 1b (at 200 K). At
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Fig. 2. Temperature dependence of the electron time-of-flight
transients a Uy, = 2 V. The inset illustrates the thermally acti-
vated behaviour of the electron mobility together with a fit

corresponding to activation energy E, = 0.14 eV.
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Fig. 3. The frequency dependence of ac conductivity and effective
relative permittivity eg; = C-d/(gy-S) for the 5.6 pm pc-Si:H
sample (a). The data on &Si:H (O with line to guide eye) are
shown for comparison [11]. The arrows mark the plateaus of
conductivity where the influence of contacts is minimized.
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Fig. 4. Temperature dependence of the capacitance (open circles,
left axis) and conductance (full diamonds, right axis) of the 5.6
pm pc-Si:H sample measured at f =100 kHz. Experimental
points are connected by dotted lines as a guide to eye. At low
temperatures the capacitance approaches the geometrical value
(dashed line calculated for eg = 11). The increase of capacitance
with T seems to be related to the simultaneous increase of the
thermally activated conductance (see inset with the conductance
data replotted in log scale together with a fit by a sum of
exponentia with activation energy 0.29 eV and temperature-inde-
pendent conductivity).
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Fig. 5. Increase of the capacitance due to illumination by light of
halogen lamp (@) or HeNe laser (O) measured on 5.6 um
wc-Si:H sample (lines are included as guide to eye). An inset
shows that after the light is switched off the capacitance relaxes to
the dark value with characteristic time on the order of seconds.

room temperature (Fig. 1a) and at small applied
voltage the photocurrent decreases after the initial
maximum to a plateau which we assume to be due to
the real transit of the electrons to the opposite elec-
trode. At higher voltages the transit becomes so short
that it merges with the initial current peak. Even so
the fit of d?/t; vs. applied voltage, U, was possible
(see top part of the inset) and the deduced electron
mobility is2.8 + 0.2 cm? V! s 1,

The transients recorded at 200 K (Fig. 1b) show
that the initial current peak is still present even
though less pronounced than at room temperature.
The photocurrent, following a power law, shows that
the electron transport becomes dispersive. Mobility
of the electrons at this temperature was ~ 0.2 cm?
v-is i

The temperature dependence of the mobility can
be found from Fig. 2 showing the transits at 2 V for
different temperatures. An Arrhenius plot shows that
the electron drift mobility is thermally activated with
the activation energy 0.14 4+ 0.1 eV.

What is the origin of the initia current drop
which we usualy do not observe on device grade
aSi:H? The drop could be due to extraction of holes
to the illuminated contact, capture of the electrons
into traps, or to an inhomogeneous electric field near
or in the region of the charge photogeneration.

To gain insight into this problem we measured the
frequency dependence of ac conductivity and capaci-



tance. The results are shown in Fig. 3 and compared
with typical data for aSi:H [11]. Note the specia
plot of capacitance in a form of effective relative
permittivity &4 =C-d/e,S where C is the ob-
served capacitance, d and S are the sample thickness
and ares, respectively, and &, is the vacuum permit-
tivity. If the sample capacitance approaches the geo-
metrical value e4; should be about 11, typical for S
regardless of its structure.

A difference between p.c-Si:H and aSi:H is evi-
dent from Fig. 3. For wc-Si:H the measured capaci-
tance exceeds the geometrical value (g4 > 11) even
at 1 MHz. This excess indicates charge accumulation
inside the sample and concentration of the field to a
fraction of the sample thickness. The field concentra-
tion would explain the high capacitance values and
also the photocurrent decrease in TOF experiment
(Fig. 1) as due to the dow-down of the carriers after
they traverse the higher field regions and move into
regions of lower electric field.

We believe that the higher field regions are re-
lated to ‘grain boundaries between crystalline grains.
Therefore the frequency dependence of the capaci-
tance (or £4) should alow us to get information,
e.g., about the size distribution of crystallites in
pc-Si:H. Moreover, the study of ac conductivity also
offers us a possibility to separate different transport
mechanisms and /or contact effects. At medium fre-
quencies the ‘true’ bulk (band-like) conductivity,
Oang [11], free from contact effects, can be deduced.
At higher frequencies (see Fig. 3) and/or lower
temperatures (Fig. 4, see below) we may observe the
evidence of hopping conductivity almost indepen-
dent of temperature and increasing with frequency
(=fh.

We have observed that the capacitance of the
pc-Si:H samples changes with temperature and bias
voltage. The temperature dependencies of the capaci-
tance and conductance measured at 100 kHz on the
5.6 pm sample are shown in Fig. 4. The fit of an
Arrhenius function to the conductivity indicates two
different mechanisms of conductivity: thermally acti-
vated ‘ band-like' with E, = 0.29 eV and a tempera-
ture independent hopping o0 i, =5-107° Q1
cm™ L.

Even larger changes of the capacitance may be
observed under illumination. When illuminated by
halogen lamp (roughly corresponding to standard

4

AM1 illumination) the wc-Si:H sample capacitance
increases more than 10 times (see Fig. 5) while for
aSi:H the change is negligible. This change would
correspond to shrinkage of the higher field regions.
After the light is switched off the capacitance relaxes
back to its dark value. The plot of the photocapaci-
tance AC(t) = C(t) — Cy, Shows that the relaxation
process has a time constant on the order of several
seconds. The magnitude of AC(t) depends on the
light intensity. The underlying mechanisms of this
relaxation is not known. We may only hypothesize
that it is due to the carriers trapped in the deep states
when the higher field region shrinks and which have
to wait until they are thermally emitted after the high
field region expands to its dark value again. There-
fore the underlying physica mechanism would be
similar to post-transit photocurrent [12]. If we used
the attempt-to-escape frequency v, = 10" Hz typi-
cal for aSi:H the depth of traps corresponding to the
time =1 swould be = 0.8 eV. So deep states can
hardly be expected in the crystalline Si grains with
gap 1.1 eV, however, they may exist in the amor-
phous component or they may be related to the
intergrain barriers caused by charges trapped at the
boundaries [13,14] or to the band edge discontinu-
ities between amorphous and crystalline components
[15].

It is interesting to note that severa activation
energies were observed in this study: 0.14 eV for
electron drift mobility, 0.29 eV for ac conductivity
compared to 0.4 eV for steady state dark conductiv-
ity and finaly > 0.8 eV for AC relaxation. This
finding corresponds to wide and strong frequency
dependence of measured capacitance, probably due
to distribution of crystalite sizes.

3. Conclusions

Results of both time-of-flight and capacitance
study indicate high field regions in p.c-Si:H, possibly
related to crystallites and their boundaries. Different
activation energies for drift mobility, dc and ac
conductivity and photocapacitance relaxation show
that the material inhomogeneity leads to severa pos-
sible transport mechanisms. The ac response mea-
surements are suggested as a perspective new tool



for studying pc-Si:H which could separate different
transport mechanisms from the contact effects and
characterize the distribution of crystallites.
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