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Abstract

Microcrystalline silicon (pc-Si: H) prepared by plasma-enhanced chemical vapor deposition
(PECVD) has been investigated as material for absorber layers in solar cells. The deposition
process has been adjusted to achieve high deposition rates and optimized solar cell perfor-
mance. In particular, already moderate variations of the crystalline vs. amorphous volume
fractions were found to effect the electronic material — and solar cell properties. Such variation
is readily achieved by changing the process gas mixture of silane to hydrogen. Best cell
performance was found for material near the transition to the amorphous growth regime. With
this optimized material efficiencies of 7.5% for a 2 um thick pc-Si: H single solar cell and 12%
for an a-Si: H/pc-Si: H stacked solar cell have been achieved. © 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

For the choice of photovoltaic materials is valid what can be considered a sentence
of believe of the semiconductor industry: if it can be done in silicon, it will be done in
silicon. Silicon is abundant, environmentally inert and is one of the technically and
scientifically most advanced materials. However, standard silicon photovoltaic tech-
nology suffers from several drawbacks: the processes are energy consumptive, too
much material is wasted during processing, the cells are — for technical limitations
- much thicker than what would be needed, and large area and module fabrication is
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awkward. On the other hand, conversion efficiencies are high and as mentioned
above, the technology is well advanced. Therefore, it has ever been the challenge to
improve on those drawbacks while keeping the silicon advantages. One way is the
so-called thin film silicon solar cell on glass. With this device one wants to reduce film
thickness to what is a minimum needed for complete solar light absorption, reduce
process temperatures in order to use low-cost substrate materials and use processes
which allow large area fabrication and integration into modules. This is where
microcrystalline silicon (uc-Si:H) prepared by plasma-enhanced chemical vapour
deposition (PECVD) enters. Being in the field for long in amorphous silicon-based
devices as highly conductive contact layer, recently much progress has been made to
control the process of fabrication in order to achieve improved deposition rates and
high electronic quality such that now pc-Si:H can be used as active layer in solar cells
[1-4]. The present approach is to use pc-Si:H as a low band gap red absorber
together with an amorphous silicon to cell in a tandem (or tripel) cell design. To be
able to further reduce the layer thickness, light scattering becomes important, which is
also subject of ongoing research [5,6].

The present paper addresses aspects of the physics and technology of intrinsic
PECVD microcrystalline silicon. Material properties as well as the performance of
solar cells based on pc-Si:H are discussed.

2. Experimental details

pc-Si: H films and solar cells were prepared in a multichamber PECVD deposition
system with separate diode-type parallel plate reactors for doped and undoped layers
at a plasma excitation frequency of 95 MHz. The substrate temperature was 200°C,
the deposition pressure 300 mTorr. Plasma powers between 5 and 50 W have been
employed. The deposition feed gas for the undoped absorber layers was 2-8% silane
(SiH,4) in hydrogen (H,). Doping was achieved by gas admixture of phosphine (PH;)
for the deposition of n-type layers and trimethylboron (B(CH3);) for p-type layers. To
examine possible effects of oxygen contamination i-layers were prepared with and
without use of a gas purifier.

ZnO covered glass serves as substrate for the puc-Si: H pin solar cells. The ZnO films
were prepared by magnetron sputtering. Distinct light scattering properties were
obtained by texture-etching the ZnO surface in diluted HCI [5,6]. As back reflector
and contact a ZnO/Ag film system was used, also defining the solar cell area of 1 cm?.
The pin structure consists of an approximately 20 nm thick microcrystalline p-layer,
the microcrystalline i-layer and a 30 nm thick amorphous n-layer. For the pc-Si: H nip
solar cells a texture etched ZnO/Ag double layer sputtered on glass serves as diffuse
backreflector [5,6]. Here, the solar cell itself is fully microcrystalline with a 50 nm
thick n- and a p-layer with a thickness of approximately 20 nm. As top contact
a 80 nm thick ZnO film is used, causing a reflection minimum at 4 = 500 nm. An
additional silver grid was applied to the front contact to avoid ohmic losses caused by
the high sheet resistance of the thin ZnO top contact. Thus, the active area of the nip
solar cells is reduced to 0.7 cm?.
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As substrate for the material studies we used glass (Corning 7059) and glass covered
with chromium. Crystalline silicon covered with native oxide was used for the ease of
investigation by TEM (transmission electron microscopy). The phase composition
of the pc-Si: H films was investigated by Raman spectroscopy. To estimate the degree
of crystallinity, the intensity ratio Is;g cm /({480 cm~' + I520 ecm-') Was used as
a measure of the crystalline volume content. Doping levels and impurity concentra-
tions were monitored by SIMS measurements. The conductivity was measured with
a coplanar contact setup under dark (g4, ) and illuminated (o ,0) conditions.

The thickness of films and solar cells was measured with a step profiler. Solar cells
were characterized by measuring the I-V characteristics under AM 1.5 illumination
and the spectral response.

3. Material properties

One of the most important features of puc-Si: H is its microstructure, e.g. the volume
fraction and spatial distribution of amorphous and crystalline phase within the film.
Under deposition conditions that favor the formation of a high crystalline volume
fraction, films with columnar grains are found (Fig. 1). The crystalline growth starts at
nucleation centers near the interface between film and substrate. During the competi-
tive growth between the nucleation centers the diameter of the remaining crystallites
increases resulting in a conical shape of the crystallites near the substrate surface. The
space between these crystalline grains can be filled with amorphous silicon and/or
voids, strongly dependant on the deposition conditions and the substrate [7]. Since
there is no grain coalescence at 200°C, from a certain stage on equally fast growing
grains form stable grain boundaries and a columnar structure evolves. Characteristics
like grain sizes and phase composition are then independent of the film thickness.
Disordered network can only be found in the form of grain boundaries between the
crystalline columns. Thus the amorphous volume fraction is low. The diameter of the
crystalline columns depends on the deposition conditions and increases with increas-
ing plasma excitation frequency [8,9]. The sample displayed in Fig. 1 was prepared at
95 MHz yielding a grain size of approximately 50 nm. However, the material within
the columns is not perfectly single crystalline but exhibits a large amount of twin
defects [10], thus the size of perfect single-crystalline domains is smaller.

The crystalline volume content of the films can be varied depending on the
deposition conditions. An easy way to achieve this is the variation of the silane
concentration SC in the source gas mixture [10,11]. Upon increase of the silane
concentration from ~ 2% to 10% the high crystalline volume fraction is maintained
initially but drops sharply in a transition region typically around 6-10%. The
width and position of this transition is sensitive to the remaining deposition para-
meters, e.g. the applied plasma power or the plasma excitation frequency.
Fig. 2 displays the change in the microstructure of pc-Si:H upon decrease of the
crystalline volume fraction. On the left-hand side the highly crystalline structure
as discussed before is shown. In the transition from highly crystalline to predomi-
nantly amorphous growth the column size decreases while more amorphous phase is
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Fig. 1. Dark field transmission electron microscopy micrograph of a pc-Si: H film grown at SC = 2% and
a plasma excitation frequency of 95 MHz.
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Fig. 2. Schematic diagram showing the prominent microstructural characteristics of pc-Si: H. From the left
to the right, the film composition changes from highly crystalline to predominantly amorphous.
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Fig. 3. Properties of pc-Si:H films prepared a various plasma powers and silane concentrations. (a)
Deposition rate. (b) Raman intensity ratio 1./(I. + I,). (c) Dark and photo conductivity. Discharge powers
of 5W (), 30 W (O) and 50 W (A) were used. (after Refs. [4,12]).

incorporated between the crystalline grains, which interrupts the columnar crystalline
structure in the lateral direction. Note that the material on the right-hand side of the
figure is not typical for amorphous silicon used in a-Si:H solar cells, but shows the
transition region between pc-Si:H and a-Si:H. This material is characterized by
columnar growth of amorphous silicon with very small crystalline domains embedded
in the amorphous matrix. It is obvious that the electrical and optical properties of the
material will be affected by such structural changes. This is examined in the following
for microcrystalline i-layers prepared with different silane concentrations SC in the
source gas at different plasma powers.

Changing SC also influences the growth rate of the microcrystalline silicon films.
The deposition rate increases with SC especially at high plasma powers of 30 and
50 W (Fig. 3(a)). In Fig. 3(b) the structural composition of the material is described in
terms of the intensity ratio Is,g em-'/(I480 em-* + I520 em-') In the Raman spectra. This
value can be used as a measure for the crystallinity of the films. At a discharge power
of 5 W we find the transition to amorphous growth regime at SC of ~5-7%. At 30
and 50 W the transition is at higher SCs, e.g. the sample prepared at 50 W and 7%
silane is still highly crystalline. To examine the electrical transport properties the dark
conductivity o4, and photo conductivity o,ue, Of the 5 W series were measured at
room temperature. The results are shown in Fig. 3(c). Both 64, and o, decrease
gradually with increasing SC. This applies to the low SC region, where the structural
composition of the material changes only little and surprisingly also to the transition
region to amorphous growth (see Fig. 2). Since 04, decreases more than o0, the
photosensitivity 6, /T pnoto increases with SC from 10* to 10°. To investigate whether
any residual gas or impurity doping effects are present in our material, as has been
suggested by Meier et al. [13], the influence of microdoping and gas purifiers were
studied. Neither by boron doping (10*#-10%° cm ™) nor by reduction of the oxygen
content of the film from 10'° cm ™2 to below 10'® cm ™2 the dark conductivity could
be further reduced. Therefore the material can be considered as truly intrinsic. Some of
the films were characterized by ESR exhibiting a spin density of several 10'® cm ™3
[14]. This is an indication for the good hydrogen passivation of the grain boundary
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defects. Interestingly the optical absorption above the gap of the intrinsic pc-Si:H
remains largely unchanged upon changes in SC. Only beyond the transition to
amorphous growth noticeable changes of the optical absorption are observed.

It is now a question of major importance, in which way differences in the structural
composition and the related changes in the electrical and optical properties affect the
performance of solar cells with pc-Si:H absorber layers. So far, the connection
between these material properties and the solar cell parameters (V ¢, FF and jgc) are
not understood.

As an example the influence of changes in SC and the discharge power during
preparation of the intrinsic pc-Si:H layers on the solar cell performance will be
demonstrated in the following. In addition the important aspect of light scattering
substrates shall be addressed.

4. Solar cells

For the design of a thin film solar cell using a pic-Si: H the absorber layer thickness
is a crucial point. A minimization of the active layer thickness is desirable, because the
deposition rates in the PECVD process are a few A/s (see Fig. 3a). On the other hand,
a minimum thickness is required for sufficient absorption of light. Fig. 4 shows the
absorption coefficient of intrinsic pc-Si: H as measured by photothermal deflection
spectroscopy (PDS). For comparison data of a-Si: H and ¢-Si are plotted. For energies
above 1.7 eV the absorption of pc-Si:H is higher than for ¢-Si. Possible reasons for
this effect include absorption in disordered phase and internal light scattering. For
energies below 1.7eV pc-Si:H and c-Si show similar values for the absorption
coefficient o, which means the absorption of pc-Si:H is significantly higher in this
region compared to a-Si: H. Thus light with 4 > 700 nm can be absorbed. However,
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Fig. 4. Absorption coefficient o of single crystalline silicon (c-Si), amorphous silicon (a-Si: H) and micro-
crystalline silicon (uc-Si: H), as measured by PDS.
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Fig. 5. Quantum efficiency of a nip solar cell with 1 pm pc-Si: H absorber layer on different back reflectors
as indicated.

o is only 10>~10° cm ™!, so that a thickness of several 10 um is needed for a sufficient
absorption. The concept of light trapping solves this problem by lengthening the way
of the light through the absorber layer. In the ideal case the light is repeatedly reflected
within the multilayered device and is completely absorbed in the pc-Si: H i-layer. An
efficient light trapping can be achieved by introducing diffuse scattering by textured
front and/or back surfaces. Fig. 5 shows the quantum efficiency of a 1 um thick
pe-Si: H nip solar cell with different back reflectors. The chromium back contact gives
an estimation of the single pass behavior due to its low reflectivity. A silver back
reflector covered with smooth ZnO (note the interference patterns) can enhance the
efficiency significantly compared with the chromium back contact. A further increase
of performance is achieved by texturing the ZnO. The diffuse scattering lengthens the
optical distance traveled by the light within the intrinsic layer by causing multiple
reflections and improves the quantum efficiency for 4 > 650 nm further. Comparing
the resulting quantum efficiency to the values on the chromium back reflector one can
estimate a light trapping factor up to 10 in the long wavelength range (4 > 800 nm).
This means adapted light trapping schemes reduce the required pc-Si:H i-layer
thickness from several 10 um to only several pum.

To examine the effect of intrinsic pc-Si: H absorber layers prepared with different
silane concentrations on the solar cells performance a series of 1 um thick nip devices
has been prepared. Fig. 6 shows the solar cell properties (a) efficiency 7 (b) open-circuit
voltage V¢ (c) fill factor FF and (d) short-circuit current density jsc as measured
under AM 1.5 illumination. As a striking result V¢ increases continuously with the
silane concentration from 400 mV up to more than 520 mV. This increase in Vg is
reflected in the dark I-V characteristics of the solar cells. The diode quality factor
stays almost constant, while the saturation current j, decreases with increasing SC.
This could be related to the observed decrease of the dark conductivity with increas-
ing SC. However, a physical model describing this correlation does not exist up to
now.
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Fig. 6. Results of the I-V measurements of 1 um thick nip solar cells prepared at a plasma power of 5 W (a)
efficiency # (b) open-circuit voltage Vo (c) fill factor FF (d) short-circuit current Igc. Lines are guide to the
eyes.

Though a higher silane concentration causes the beneficial effect of a higher
Voc there is a sudden decrease of FF and jsc when a certain silane concentration is
exceeded. At this point the columnar crystalline growth collapses and a noticeable
amorphous volume fraction is produced. Deposition conditions with a low silane
concentration also lead to a decrease of FF and jsc. The reason for the limitation of
carrier extraction in the highly crystalline material is not yet understood. Possible
reasons are breakdown of the electrical field, recombination losses (e.g. at poorly
passivated grain boundaries) or interface effects between doped and intrinsic layers.
As a result of the described trends the combination of highest FF, highest jsc and
highest Vo is obtained near the transition to the amorphous growth regime yielding
an efficiency of 7%. The high current density of nearly 20 mA/cm? for a 1 pm ab-
sorber thickness is only possible by the use of the highly efficient diffuse scattering
backreflector.

The quantum efficiency of the solar cells shown in Fig. 7 give deeper insight into the
Jjsc behavior. At conditions found optimum for the solar cell efficiency (near the
transition to a-Si:H growth) the jsc reaches its maximum values at SCs of 4-6%
yielding a similar quantum efficiency. The solar cell produced with SC of 7% (dashed
line) has a significantly lower long wavelength spectral response (4 > 700 nm), which
can be attributed to the high amorphous volume content. The efficiency for short
wavelengths 4 < 600 nm is also reduced. This may be related to a different structure of
the p-layer grown onto this i-layer, containing a higher amorphous volume fraction.
The solar cells prepared at SCs of 2% and 3% exhibit a carrier extraction problem.
The quantum efficiency is strongly reduced, especially at SC = 2%, and shows
a characteristic bend around 4 = 600 nm.

Material studies have shown, that higher discharge powers shift the transition to
the amorphous growth regime towards higher silane concentrations. To investigate
the corresponding influence on the solar cell properties a series of 1 pm thick nip
devices has been prepared at different plasma powers and silane concentrations for the
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Fig. 7. Quantum efficiency of 1 pm thick nip pc-Si:H solar cells. The silane concentrations used for the
deposition of the absorber layer are indicated. The corresponding short-circuit current densities are given in
Fig. 6(d).
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Fig. 8. Deposition rate for i-layers in pc-Si:H solar cells as a function of the applied plasma discharge
power.

i-layer. Fig. 8 shows the deposition rates as function of the discharge powers for
different SCs. For each SC the deposition rate saturates at high power. This can either
be attributed to a power coupling effect, i.e. the increased power fed in by the
generator is not dissipated within the plasma (losses in other system components) or
to a depletion of silane within the gas phase. This means even higher deposition rates
can be expected after improving the reactor design, which will be of technological
importance in view of an industrial process. In our experiment deposition rates up to
6 A/s have already been achieved.

In Fig. 9 the properties of the corresponding solar cells are shown. The filled circles
show the data for a silane concentration of 5%. This material has good properties at
a low power of 5 W (see Fig. 6). At higher discharge powers all performance values
decrease (circles and solid lines). This effect can be partly compensated by increasing
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Fig. 9. Results of the I-V measurements of 1 um thick nip solar cells prepared at different plasma powers
and silane concentrations. (a) Efficiency 5 (b) open-circuit voltage Ve (c) fill factor FF (d) short-circuit
current Igc. (silane concentrations: (@) 5%, ((J) 6%, (A) 6.5%, ( +) 7%)

the silane concentration. At SC = 6% (open squares and dashed lines) V¢ and fill
factor are maintained at a high level up to a power of 30 W (arrow markers). As result
a good efficiency of 6.2% is achieved at a deposition rate of 5 A/s A further increase of
SC up to 6.5% (triangles) results in a further improvement of Vo (494 mV) and FF
(70.7%). However, the short-circuit current density is reduced and thus the effi-
ciency is not further improved. This loss of jsc with increasing SC is not fully
understood yet. Since the electrical properties of the solar cells (V¢ and FF) are
still good, this effect might be caused by a loss of absorption volume due to
a significant amorphous volume fraction within the intrinsic absorber layer. This is
consistent with the observation, that at even higher SC = 7% (cross markers)
jsc breaks down to approximately 12 mA/cm?. In this case also Voc and FF are
strongly reduced indicating that the transition to amorphous growth has already been
crossed.

So far all solar cells had a thickness of 1 um. For an efficiency optimization the
thickness of the active layer was varied. As we reported before [4] in our experiment
an increased thickness results in reduced FF and V¢, which is probably caused by
limitations of the intrinsic material. As a second effect jsc increases due to enhanced
light absorption. These two contrary effects cause only a weak thickness dependency
of the solar cell efficiency. Fig. 10 shows the I-V curves of as-deposited solar cells,
prepared at a SC of 5% and a plasma power of 5 W with optimized thickness. The pin
pe-Si: H solar cell with a thickness of 2 pm shows an efficiency of # = 7.5%, which is
slightly more than the 7% obtained at 1 um i-layer thickness.

The most promising application of pc-Si:H solar cells is their incorporation as
infrared absorber in stacked solar cells. As an example pc-Si: H solar cells, prepared
under the conditions found optimum as described above, were applied to prepare
a-Si:H/uc-Si: H tandem cells. In this type of device the thickness of both component
cells has to be adapted to achieve the maximum efficiency.
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Fig. 10. I-V curves of the best performing pc-Si: H pin single solar cell and a-Si: H/uc-Si: H pinpin stacked
solar cell.

In Fig. 10 the I-V characteristics of a pinpin tandem device with 3.2 pm pc-Si: H
bottom and a 320 nm a-Si:H top cell is shown. The initial efficiency is 12%.

5. Summary

Microcrystalline silicon prepared by VHF-PECVD has been investigated as a ma-
terial for active layers in solar cells. Its structural composition, e.g. volume content
and spatial distribution of amorphous and crystalline phase within the thin film
strongly depends on the preparation conditions. By increasing the silane concentra-
tion the structure can be changed from highly crystalline dominated by columnar
crystallites towards mainly amorphous growth with small crystalline embeddings.
Though the transition is rather abrupt, transport properties change gradually. A de-
crease of dark and photo conductivity is observed, while the photo to dark conductiv-
ity ratio increases. When the material is used as an active layer in pc-Si: H solar cells
Voc and FF increase with silane concentration. As an important result the deposition
conditions near the transition to amorphous growth have been found to be most
beneficial to the solar cell properties. A further increase of silane concentration results
in a drastically decrease of short-circuit current Igc and fill factor FF, probably caused
by amorphous growth. On the other hand a decrease of silane concentration also
reduces FF and jsc and results in lower Ve values. Quantum efficiency measure-
ments indicate, that the carrier extraction is limited in this case. Hence it follows, that
the pe-Si: H films exhibiting the highest crystalline volume fraction are not necessarily
the most suitable for solar cell applications. At higher plasma powers, which have the
advantage of higher growth rates, it is even more important to approach the transition
to amorphous growth, since high open-circuit voltages are only achieved there.
Finally optimized material was used in a 2 um thick pin solar cell with an efficiency of
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7.5% and as 3.2 um thick infrared absorber in the bottom cell of an a-Si:H/uc-Si: H
stacked solar cell yielding an initial efficiency of 12%.
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