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Abstract

Microcrystalline silicon thin film solar cells exhibit optimal PV efficiency when the absorber layer contains similar proportions
of crystalline and amorphous phases. When the crystalline fraction is reduced below 30%, efficiency falls very steeply, from
around 8% to as low as 2%, and does not recover until fully amorphous growth conditions are established. We demonstrate that
an electrical model, comprising two parallel-connected diodes scaled to reflect material composition, qualitatively predicts the
features observed in the PV parameters. However the scale of the reduction in fill-factor is not reproduced. As an alternative
approach, a homogeneous transport model is proposed in which carrier mobilities are scaled in accordance with values
determined by the time-of-flight experiment. This model predicts a large reduction in fill-factor for low-crystallinity absorbers
more in keeping with measurement. A novel carrier transport landscape is proposed to account for mobility variations.

© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of The European Materials Research Society (E-MRS)

Keywords: Microcrystalline silicon; solar cells; computer modelling; carrier transport; mobility

1. Introduction

The structural and optoelectronic properties of thin-film silicon may be controlled by the use of a process gas
consisting of silane diluted in hydrogen. At silane concentrations SC = [SiH,]/([H,] + [SiH4]) typically below 10%
under VHF PECVD conditions, mixed-phase microcrystalline silicon of good optoelectronic quality, consisting of
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similar volumes of crystalline and amorphous material, may be deposited. By careful adjustment of process
parameters, solar cells with optimized PV conversion efficiencies in excess of 8% can be achieved, with open-
circuit voltages Vo in the region of 500-550 mV [1].

As SC is varied either side of this optimum concentration there is a reduction in solar cell efficiency. In the
more crystalline material deposited at low SC, this may be linked to an increase in spin density [2] arising from
silicon dangling bonds at the crystalline column boundaries. Such bulk defects may be responsible for reduced cell
performance [3]. It is believed that the column boundaries are passivated to some extent by the amorphous phase in
mixed-phase material, leading to improved electronic properties. As SC is increased, the crystalline fraction
continues to fall and the optical band-gap of the absorber and V¢ increase. Ultimately a point is reached where
both the fill-factor FF and short-circuit current density Jsc decrease rapidly, and PV efficiency drops to as low as
2%. Further increase in SC yields nominally amorphous films containing no detectable crystalline volume fraction
when analyzed by Raman spectroscopy, and the efficiency begins gradually to improve. By re-optimization of the
deposition conditions in this regime good-quality solar cells may again be obtained, with V- now in the region
850-1000 mV [4]. Thus there are two regimes which, when approached from the microcrystalline and amorphous
‘ends’ of the silane : hydrogen dilution spectrum, may yield efficient solar cells, albeit with quite different spectral
response, short-circuit current and open-circuit voltage.

Why solar cells with ‘low-crystallinity’ or ‘Raman amorphous’ absorber layers, lying between these two
regimes, exhibit such poor PV performance forms the central question of this work. ESR studies [2] have shown
that paramagnetic defects remain at a low level, and thus there is no reason to suspect an increase in defect-
mediated recombination. It has been suggested that changes in growth conditions may instead give rise to local
degradation of the p-i interface [5] and the formation of a space-charge which acts as a barrier to transport. This
view is supported by the improved performance of cells containing buffer layers (see reference [6] for example),
but these appear only to defer the decline in performance. More recently, time-of-flight (TOF) transport
measurements [7, 10] have been carried out which indicate that in the low-crystallinity regime, both electron and
hole bulk mobilities are significantly reduced relative to their values in optimized microcrystalline silicon films
[11]. Indeed, the electron mobility appears even lower than in good-quality amorphous films. These variations in
transport properties with composition were recently investigated by the present authors and their co-workers, by
means of two-beam photogating measurements [12].

Here we consider two alternative modelling approaches to explain solar cell behaviour in the low-crystallinity
region, each based on bulk, rather than interface, properties. The first may be termed an equivalent-circuit method.
This is a more quantitative PSPICE [13] implementation of a proposal by the UniSolar group [14, 15] in which
microcrystalline and amorphous phases in an inhomogeneous absorber layer are represented by two parallel-
connected photodiodes, the photocurrent generation and diode transport parameters being scaled in proportion to
the volume fraction of the constituents. This model was shown to predict qualitatively the observed increase in Ve
with increasing amorphous content, and with light-soaking, and is consistent with conductive AFM measurement
of local current flows in mixed-phase material down to quite low volume fractions. We note that a similar
approach comprising a mesh of discrete diode-resistor elements was proposed by the IPE Stuttgart group [16] to
investigate the related issue of statistical fluctuations in homogeneity in a generalised solar cell. The second
approach used here is based on solution of the transport equations, assuming multiple-trapping kinetics in a model
density of states (DOS) consisting of exponential conduction and valence band tails and a Gaussian distribution of
amphoteric dangling bond mid-gap defect states. Specifically, we investigate the influence of varying the electron
and hole extended-state mobility, in keeping with the TOF results, on the solar cell parameters.

2. Experimental
2.1. Solar cell preparation
Cells were prepared in p-i-n sequence using a cluster-tool system, as described previously [17, 18]. The i-layer

was deposited by PECVD at 20 W VHF power, at a rate of typically 0.3 - 1 nm/s onto a 10 cm x 10 cm glass
substrate held at 200 °C. A series of depositions at SC between 5% and 15% were carried out, with nominal i-layer
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thicknesses of 1 um and 4 um. The cells were completed by deposition of evaporated Ag back-contacts. In the case
of the 4 um series, one half of each substrate was prepared with millimeter dots of sputtered ZnO:Al, enabling
illumination from either the p- or the n-side for TOF measurements. Raman spectroscopy (A = 647 nm) was used
to estimate film crystallinity. The integrated intensities of the phonon bands at 480 cm', associated with
disordered material, and at 505 and 518 cm ', associated with crystalline grains or columns, yield the Raman
intensity ratio, /crs = (Isos + Is13)/(1ago + Isos + I513). Because the crystalline bands in low-crystallinity materials are
small, to improve accuracy a background spectrum of amorphous silicon normalized to the 480 cm™ band was
subtracted prior to integration. Measurements with the laser incident from the film side and the glass side of the
cell [7] were similar, indicating a fairly uniform composition in the direction of growth.

2.2. Equivalent-circuit model

The electrical model used to represent the mixed-phase solar cell is shown schematically in Fig. 1. The sources
I, represent the photocurrents generated by the microcrystalline and amorphous phases, denoted by the additional
subscripts M and A respectively. Similarly, the components D, Ry and Rp embody charge transport through these
phases between the top and bottom contacts. Lateral transport between phases is not included, and carrier transport
paths through both phases are considered uniform. In this model therefore, the cross-sectional area is proportional
to the volume of each phase, and is thus a scaling factor for each circuit element.

The starting point for the simulation requires the equivalent-circuit parameters for the limiting cases of ‘fully
microcrystalline’ and ‘fully amorphous’ cells to be determined. However there is a problem if a ‘100%
microcrystalline” cell is used to define the electrical parameters for the ‘M’ phase. It is well-known that very
highly-crystalline cells (Icgs = 0.8) have poor solar cell efficiencies (2-3%) and a low V¢ around 400 mV,
associated with a high dangling-bond spin-density [19]. Increasing SC towards 6% yields progressively more
efficient cells (~ 8%) and Vyc above 500 mV, prior to the onset of the rapid fall in efficiency described above. As
mentioned above, these improvements are thought to result from passivation of unsatisfied bonds located at
crystalline column boundaries by the amorphous material. This cannot be accounted for in the two-diode model
since the optoelectronic ‘quality’ of the two components is inter-dependent. Therefore, we believe it is more
appropriate to define the *100% M’ limit as the optimum phase mixture of /czs ~ 50%.

The volume fraction used in model scaling will be referred to simply as F. In scaling the ‘M’ parameters, the
diode saturation current /s is multiplied by F, the diode ideality factor N is unchanged, and the series and parallel
resistances Ry and Rp are divided by F. The ‘A’ parameters are scaled similarly, but by the factor (1-F).

2.3. Transport model

Computer simulation of solar cells was carried out using the SC-Simul program developed at the University of
Oldenburg. This is a one-dimensional numerical simulation which solves the Poisson equation, the continuity
equations for electrons and holes, and the current transport equations including drift, diffusion, and thermionic
emission over barriers, if present, in the valence and conduction bands. The thermal equilibrium and steady-state
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Fig. 1. Two diode equivalent-circuit model



Steve Reynolds et al. / Energy Procedia 44 (2014) 192 — 202

Table 1. Two-diode equivalent-circuit model parameters (for 1 cm? cell area)

d<i> (um) ‘M’ phase ‘A’ phase
W Is (A) N Rs(@)  Re(Q) Is(A) N RE@  Re(Q
1 1.6E-08 1.5 1.0 1500 1.5E-10 1.8 4.0 800
4 4.5E-07 1.7 14 450 8.5E-07 3.0 5.0 350

solutions are obtained by Newton iteration. The semiconductor model is defined in terms of a device file which
references material/optical absorption files appropriate for each layer of the device. For each material the DOS,
capture coefficients, band mobilities etc. are defined. Further details are given in references [20] and [21].

3. Results and discussion
3.1. J-V characteristics — general features

The model parameters yielding best fits to the J-V characteristics at the fully microcrystalline and fully
amorphous ends of the deposition range, for the 1 um and 4 pm series, are listed in Table 1. Representative
experimental (AM1.5) and simulated J-V characteristics over a range of material compositions for the 4 pm
absorber layer series are shown in Figs. 2(a) and 2(b) respectively. It can be seen by comparing the sets of
characteristics that the experimental trends are broadly reproduced by the two-diode model. However, it is not
possible to make a detailed appraisal of the model from these characteristics alone. This may be carried out more
thoroughly in terms of the solar cell parameters Vo, Jsc and FF, which are routinely measured for a number of
cells prepared simultaneously on the same substrate.

3.2. Relation between Vo and Icgg

One distinctive feature reported by many groups is the correlation between Ve and Icgg, illustrated in Fig. 3.
The shape of this curve may be qualitatively understood in terms of the two-diode model as follows. Imagine we
begin with a ‘fully amorphous’ cell, with its characteristic high V¢, in the vicinity of 0.9 volts. Now consider the
effect of a small amount of ‘M’ phase. Since Dy has a ‘turn-on’ voltage around 0.5 volts it becomes strongly
forward-biased by the current generated primarily by the ‘A’ phase. Due to the exponential diode J-V relation, the
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Fig. 2(a). Experimental J-V curves for cells deposited for
SC between 5 and 15%. i-layer thickness in all cases

nominally 4 pm.

Fig. 2(b). Simulated J-V curves computed for F between
0 and 100%. Solid symbols are experimental data to
which F=0 (circles) and F=100% (squares) curves were
fitted.
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Fig. 3. Correlation between crystalline volume fraction and open-circuit voltage for several experimental studies (see references).
Dashed line is simulated using two-diode model. F=100% is aligned with 7czs=60%, as explained in the text.

Dy + Ry series combination acts as a significant shunt across D,. As the proportion of ‘M’ phase increases, the
shunt effect increases and V¢ continues to fall, but less rapidly as Ve approaches the ‘turn-on’ voltage of Dy;.

With further increase in the ‘M’ phase, current is mostly generated by the ‘M’ phase and the ‘A’ phase plays a
diminishing role in the cell characteristics as it neither conducts nor generates much current. As mentioned above,
the ‘A’ phase is believed to improve the electrical quality of the ‘M’ phase by cloaking the dangling bonds and
thereby reducing the defect density, but this cannot be included naturally in our model. It can be seen from Fig. 3
that the fit of the model curve to composite experimental data published by several groups is quite good, although
it over-estimates somewhat the crystallinity of the ‘Raman amorphous’ material in the region Voc > 650 mV.

As well as forming a test of the model, the correlation between V¢ and s is particularly useful because it
justifies plotting other PV parameters versus Ve, which is available for every cell, as a substitute for /s, which
would require extensive Raman measurements to be made, one at least per cell. Also, an absorber may show no
discernible crystalline Raman peaks, yet systematic variations in Jgc and FF with Vo may continue to occur [7].
Thus while it is accepted that the relationship between V¢ and Icxs is not in general necessarily precise nor unique
— for example, Vo is slightly reduced in thicker cells [22] — for our purposes it forms a convenient parameter
through which to compare the two-diode model with experiment, as we present below.
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Fig. 4. Measured variation of short-circuit current density with open-circuit voltage for cells prepared over a range of SC, and
corresponding simulations using the two-diode model. Nominal i-layer thicknesses 1 pm in (a), and 4 pm in (b).
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3.3. Relation between Jsc and V¢

We now consider whether the two-diode model can correctly reproduce the behaviour of Jgc in the low-
crystallinity region. Figs. 4(a) and 4(b) illustrate this for the 1 pm and 4 pm series, respectively. The
experimental data show a rapid fall in Jgc with increasing Vpc in both cases, which then plateaus out. The
simulation reproduces to some extent the observed fall in current on approaching the low-crystalline regime,
suggesting that a linear superposition of the currents generated by the microcrystalline and amorphous fractions is
a realistic assumption. However, the experimental relationship falls somewhat more steeply, and reaches a plateau
which lies below the model prediction. This may be an indication of additional carrier loss due to increased
recombination in the low-crystallinity material, which is not included in this model.

Considerable variation in solar cell parameters across the substrate occurs within each deposition. Under the
growth conditions used in the present work, material deposited on the central region of the substrate is more
crystalline than at the edges, and this typically yields cells with lower V¢, as is explored in more detail in
reference [7]. This is a beneficial side-effect in this study, since each single deposition on to a 10 x 10 cm glass
substrate can provide up to eighteen 1 x 1 cm? cells of intermediate crystallinity. Yan et al [15] report a similar
effect, but in their case the central region of the substrate appears more amorphous.

3.4. Relation between FF and V¢

Figs. 5(a) and 5(b) show the experimental and model variations in FF with crystallinity. For the 1 um film, the
pattern of change is quite well reproduced, though the experimental FF values lie somewhat below the predicted
values. For the 4 pm film, the strong dip in the experimental FF, from 65% to below 40%, is not reproduced by the
model. The simulation predicts a minimum in FF, but it is in the wrong position and is also far too shallow. As
discussed above, the reason for the minimum in FF in the two-diode model is the loss of current available to an
external load due to the internal shunting effect of the microcrystalline phase. This appears insufficient to explain
the experimental results. Given that the 4 pm absorber is more strongly in disagreement, one might suggest that the
poor performance of low-crystallinity absorber material has its origins in a bulk, rather than a surface, effect.

3.5. Relation between PV conversion efficiency and Voc

Figs. 6(a) and 6(b) compare the experimental and simulated efficiencies. While the simulation bears the correct
general shape, it is not in good quantitative agreement with experiment. This is not surprising, given the efficiency
relies upon the correct treatment of the other PV parameters, for which there are a number of discrepancies as
discussed above.
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Fig. 5. Measured variation in fill-factor with open-circuit voltage for solar cells prepared over a range of SC, and the
corresponding simulations using the two-diode model. Nominal i-layer thicknesses 1 um in (a), and 4 pm in (b).
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Fig. 6. Measured variation in conversion efficiency for solar cells prepared over a range of SC, plotted vs. V¢, and the
corresponding simulations using the two-diode model. The nominal i-layer thicknesses were 1 pm in (a), and 4 pm in (b).

3.6. Transport simulation — mobility model

As previously discussed, microcrystalline silicon is a mixed-phase material whose structure, composition and
optoelectronic properties are strongly influenced by deposition conditions. The two-diode model assumes that it is
possible to separate the microcrystalline and amorphous phases into a lumped equivalent circuit, and then to apply
a mixing coefficient ‘/” which enables the constituents to be reassembled in the appropriate proportions. We have
seen that this model is successful in certain respects, and less so in others. The transport simulation approach,
however, views the p, i and n layers as homogeneous and assigns effective physical parameters to them, as listed in
Table 2. This procedure requires further elaboration.

It is generally accepted that microcrystalline silicon has an ‘energy gap’ which may vary, depending on
composition, between 1.1 eV (the silicon crystal indirect gap) and 1.8 eV (the nominal value for amorphous
silicon). This is expected to result in an increase in V¢ and a decrease in Jgc in moving from more crystalline to
more amorphous cell deposition conditions. However there is no obvious reason why this should give rise to the
poor transport properties of low-crystalline material, as evidenced by the low fill-factor. To simplify matters in our
simulations we assume a fixed mobility gap of 1.3 eV, and a fixed absorption spectrum, similar to that of the
optimum phase mixture, independent of composition.

Our model approach combines the microscopic effects on transport associated with changes in composition into
the lumped parameter ‘mobility’. The motivation for doing so is that the TOF mobility [10, 11] appears to follow
these changes, as shown in Fig. 7. A speculative picture of the electronic energy landscape in microcrystalline
silicon is shown in Fig. 8. We envisage that the total density of states is composed of an admixture of states
associated with amorphous silicon, namely extended (transport) states, localised band tail states, and dangling bond
defects in mid-gap, and with crystal silicon, which furnishes conduction and valence band states. When the

Table 2. Absorber layer model parameters used in solar cell simulation

Eg Hoe Hon Nc Ny kTc kTy Ep Np U
V)  (em*(Vs)) (cm*(Vs)) (cm™) (em™) (eV)! (ev)! (eV) (em™)? (eV)
13 varied varied 10% 10% 0.02 0.035 0.7 3x10" 0.2

Key: Eg energy bandgap; 1. free electron mobility; s, free hole mobility; Nc effective density of CB states;

Ny effective density of VB states; kT¢ CB tail slope; k7 VB tail slope; Ep defect peak energy; Np defect density;
U correlation energy. All energies measured relative to £, = 0. Simulation temperature 7= 300 K throughout.

! Electron and hole capture coefficients into CB and VB tail states: 10 cm’s™

?Electron and hole capture coefficients into (i) neutral defects: 5x10™ cm’s™, (ii) charged defects: 5x10™ cm’s™
p-layer: thickness 30 nm, Fermi-level 0.2 eV; n-layer: thickness 30 nm, Fermi-level 1.1 eV.
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Fig. 7. Variation in electron and hole TOF mobility vs. Fig. 8. Proposed density of states landscape in low-
crystalline volume fraction, after reference [10]. crystalline microcrystalline silicon.

crystalline fraction is high, transport proceeds via these states. Frequent scattering in the band states reduces
mobility to well below single-crystal values (1 to 100 ¢cm?(Vs)). The structural disorder associated with grain
boundaries plus amorphous material [23, 24] contributes localised tail states which capture free carriers and slow
their progress via multiple-trapping [25], but the mobility of both electrons and holes is enhanced over amorphous
silicon by virtue of the faster band transport. As the crystalline content is reduced (silane concentration in the
process gas increased) enhanced mobility persists until the crystalline states are no longer sufficiently overlapped.
At this point, these states become localised in character, and essentially add to the density of shallow trap states,
superimposed on the band tails. This reduces the electron mobility significantly, to below the value in amorphous
silicon. For holes the mobility also falls, but it remains above the much lower value in amorphous silicon. Further
increase in silane concentration deposits material having the properties of amorphous silicon. Higher hole mobility
has also been reported in amorphous silicon deposited by the expanding thermal plasma technique [26], which is
thought to be due to enhanced medium-range order in the amorphous phase resulting in a steeper valence band tail.

This picture envisages radical and complex changes in the density of states. Rather than attempt in a simulation
to implement these in detail by introducing changes in band tail densities and slopes, capture properties, band
offsets etc. we have maintained the localised DOS profile associated with the optimum phase material throughout,
and simply varied the extended state mobilities for electrons and holes. In line with the TOF mobility data, we fix
the electron to hole mobility ratio to be a factor of three, and treat this as the variable parameter in our simulations.

The effect on fill-factor for a 1 um and a 4 um cell is shown in Fig. 9, simulated under AM1.5 conditions. Both
cells show a reduction in FF with decreasing mobility values, but the thicker cell is more strongly affected. The
bars marked ‘OPM’ and ‘L-C’ correspond to the FF values measured in cells deposited in the optimum phase
mixture and low crystalline regimes, respectively. With reference to Figs. 5(a) and 5(b) we see that the model
correctly predicts the size of the reduction in FF for a 1 pm cell (from around 70% to 60%) and for a 4 um cell
(from 65% to 40%). We have also simulated the spectral dependence of short-circuit current, to construct the
quantum efficiency curves parametric in mobility for a 4 pum cell, shown in Fig. 10. These predict a strong
reduction in QF in the blue-green part of the spectrum in passing from OPM to L-C regimes, by around a factor of
20. The reduction in the red part of the spectrum is a factor of 2 or less. This is in good agreement with the
experimental data shown in Fig. 11, where the short-circuit currents recorded in filtered AM1.5 are plotted against
Voc which, to enable a consistent comparison to be made, is the value measured under un-filtered AM1.5. The
experimental measurement of photo-response will also be subject to changes in optical absorption coefficients,
particularly in the red/IR region of the spectrum, as discussed above. Overall then, by adjusting the extended-state
mobility in the transport simulation it is possible to reproduce certain experimental features associated with
optimum phase mixture and low-crystalline thin-film silicon solar cells.
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Fig. 9. Simulated dependence of fill-factor with mobility fraction for I pm and 4 um absorber layers. OPM and L-C denote the
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4. Conclusions

A simple two-diode equivalent-circuit model of a mixed-phase microcrystalline silicon pin solar cell has been
evaluated with regard to its ability to reproduce the PV parameters of experimentally-measured test cells prepared
in the low-crystalline content absorber region. It is demonstrated that this model is able to reproduce quite well the
relationship between open-circuit voltage and crystalline content of the absorber layer. It is proposed that the open-
circuit voltage may thus be used as a means of estimating crystalline content in the cell series studied here. Within
the two-diode model, the short-circuit current is a simple addition of the currents generated by the amorphous and
crystalline fractions. While there are some discrepancies in detail, the general features in a plot of short-circuit
current versus open-circuit voltage measured over a range of crystallinities are fitted quite well by this model,
although generally the short-circuit currents in the low-crystallinity absorber region are lower than predicted by the
model. The fill-factor is predicted to decrease in this region, but the dip observed experimentally for a thick
absorber is far larger than the model indicates. A lack of quantitative agreement suggests that this simple model is
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Fig. 10. Simulated quantum efficiency curves for several Fig. 11. Normalised short-circuit current vs. Voc for 4 um
mobility fractions. Regions A and B correspond absorber layer cells. AMIL.5 illumination through long-pass
approximately to illumination conditions under which 590 nm filter (OG590, curve A, open symbols) and blue-green

measurements in Fig. 11 were taken. (370-550 nm) bandpass filter (BG7, curve B, filled symbols).
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somewhat incomplete. This may be because it over-simplifies the system, for example by not including lateral
interactions between absorber layer regions.

Electrical power dissipation due to internal shunting by more highly-crystalline material, at least in the manner
embodied in the two-diode model, may therefore be insufficient to account for the observed behaviour in detail.
Bearing in mind that there is no evidence for an increased bulk density of defects in low-crystalline material, we
have investigated the possible consequences of variations in carrier mobilities measured by time-of-flight
experiments. By introducing changes in band mobility into a transport model of the solar cell, in proportion to the
observed variations in time-of-flight mobility, we are able to reproduce the magnitude of the dip in fill-factor, the
larger dip in cells with a thicker absorber layer, and the observed spectral dependence in quantum efficiency.

A tentative density of states picture has been proposed to account for variations in mobility with composition. In
the optimum phase mixture, the crystalline states participate as high-mobility transport states. In low-crystalline
material they contribute additional shallow localized states which have a deleterious effect on mobility since they
act as carrier traps and reduce the fraction of free carriers in extended states.
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