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Abstract: The conversion efficiency of thin-film silicon solar cells needs to be improved to be
competitive with respect to other technologies. For a more efficient use of light across the solar
spectrum, multi-junction architectures are being considered. Light-management considerations are
also crucial in order to maximize light absorption in the active regions with a minimum of parasitic
optical losses in the supportive layers. Intrinsic and doped silicon oxide alloys can be advantageously
applied within thin-film Si solar cells for these purposes. Intrinsic a-S5iOy:H films have been fabricated
and characterized as a promising wide gap absorber for application in triple-junction solar cells.
Single-junction test devices with open circuit voltage up to 950 mV and ~1 V have been demonstrated,
in case of rough and flat front electrodes, respectively. Doped silicon oxide alloys with mixed-phase
structure have been developed, characterized by considerably lower absorption and refractive index
with respect to standard Si-based films, accompanied by electrical conductivity above 107> S/cm.
These layers have been successfully applied both into single-junction and micromorph tandem solar
cells as superior doped layers with additional functionalities.

Keywords: solar cells; thin-film Si; silicon oxide; mixed-phase materials; plasma enhanced chemical
vapor deposition (PECVD)

1. Introduction

The thin-film silicon solar cell technology is based on a versatile set of materials and alloys, in
both amorphous and microcrystalline form, grown from precursor gases by means of a capacitively
coupled plasma. It is a mature and reliable photovoltaic technology with the advantages of large-area,
low-cost of manufacturing, abundance of raw materials, and aesthetics of products. However, the
conversion efficiency needs to be improved to be competitive with respect to other technologies.
A special attention to light management within the device and the exploitation of multi-junction
architectures are the main aspects under exploration to increase the efficiency. Since the technology
relies on thin-films of a weakly absorbing material, the application of light-management concepts is
crucial in order to maximize light absorption in the active regions with a minimum of parasitic optical
losses in the supportive layers. Various strategies are being investigated, going from improved light
scattering textures to advanced schemes based on nanopillars or plasmonics, accompanied by material
research toward reduced parasitic losses [1]. In addition, for a more efficient use of light across the
solar spectrum, multi-junction architectures have to be considered, by stacking thin component cells
dedicated to the absorption of specific portions of the spectrum. Within the thin-film Si technology
the highest efficiencies are indeed obtained with multi-junction devices, already starting with the
very promising micromorph (amorphous silicon/microcrystalline silicon—a-Si:H/pc-SiH) tandem
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combination, for which a confirmed record efficiency of 12.3% has been demonstrated on large area
modules (1.4 m?) [2].

The highest conversion efficiencies have so far been obtained with triple-junction cells: 16.3%
initial, shown by United Solar with the a-Si:H/a-SiGe:H/ pc-Si:H combination [3], and 13.6% stable,
demonstrated by the AIST group with the a-Si:H/pc-Si:H/ uc-Si:H configuration [4]. In these cases,
a-Si:H is used as top cell absorber. However, theoretical analysis suggests that the highest efficiency for
a triple junction can be actually obtained when the bandgap of the top cell absorber is around 2.0 eV,
owing to the increase in open circuit voltage (Voc) [5]. The development of wide bandgap Si-based
absorber materials is then a crucial factor for exploiting the efficiency potential of multi-junction solar
cells. In this context, hydrogenated amorphous silicon oxide (a-5iO,:H) appears to be a promising
candidate, since its energy gap can be significantly widened by adjusting the oxygen content [6-8].
Silicon oxide alloys can be useful also as more transparent inactive layers, thus helping to reduce the
parasitic light absorption. In this case mixed-phase nanocrystalline doped silicon oxide (nc-5iOy:H)
is demonstrating interesting capabilities, and various versions are now being successfully used as
superior doped layers and/or reflecting layers in multi-junction thin-film Si solar cells [3,9-14].

In the present work, recent progress is reported based on the use of suitably adapted silicon
oxide alloys within p-i-n type thin-film Si solar cells. The development of a promising wide gap
a-5i0y:H absorber for application in triple-junction cells is firstly presented. The material is grown
by plasma enhanced chemical vapor deposition (PECVD) in the very high frequency (VHF) regime.
Since the incorporation of oxygen easily generates defects, different deposition conditions have been
investigated in order to optimize both optical and electrical properties. Afterwards, the development
of doped nc-SiO,:H films as advanced supportive layers is reported, showing that improved light
management is feasible while keeping a simple cell design. In particular, our investigation of
n-type doped nanostructured silicon oxide as dual-function layer both at intermediate and backside
position in micromorph tandem cells is presented, accompanied by a description of the structural and
electro-optical properties of the material used in the devices. The characterization of p-type doped
nc-SiOy:H films and the application of the material as advanced window layer is finally shown.

2. Results

2.1. a-SiOy:H as Wide Bandgap Absorber

The a-5iO,:H films were grown by VHF-PECVD using silane (SiH4) and carbon dioxide (CO,)
as Si and O sources, respectively. Rather high flow rate of hydrogen (H;) was also included in
the gas mixture in order to reduce the defect density in the material, which increases with oxygen
concentration [6]. The H; dilution has to be carefully controlled to obtain device-quality a-SiO,:H
with a wide bandgap. In fact, too high hydrogen dilution can cause the phase transition from
amorphous to microcrystalline silicon oxide. This is a mixed-phase material consisting of a-S5iO,:H
and microcrystalline silicon (uc-Si:H) phases, where the latter component determines the material
bandgap. While varying the hydrogen dilution, the possible presence of ordered phase has been thus
checked through Raman analysis.

A drawback of the high H, dilution is the low deposition rate, which remains in the range
0.7-1.1 A/s against ~2 A /s for standard a-Si:H deposited in the same process chamber. The large
H, dilution on the other hand also contributes to the desired increase of the material bandgap.
The evolution of the bandgap, parametrized by the energy Eg4 at which the absorption coefficient
reaches 10* cm ™!, as a function of CO; flow rate (at H, = 120 sccm) and of H, flow rate (at CO, = 3 sccm)
is shown in Figure 1. In both the cases, an increase of the bandgap is obtained. However, considering
the range of values investigated for the two parameters (CO, and Hj), as expected oxygen acts more
effectively than hydrogen on the optical properties of the films. Egs up to 2.12 eV has been measured,
that is well above the value of our standard a-S5i:H (1.9 eV). The electrical properties of the samples have
been investigated by measuring the lateral conductivity in the dark (op) and under illumination (op ).
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The op values are in the range 1071°-107!! S/cm and the photoresponse ratio (o1 /op) is ~103-10%.
A decrease of op, with increasing CO, flow rate, and consequently of oxygen content in the film,
has been observed. This can be attributed to the bandgap widening that causes a reduction of the
photogenerated carrier density. However, since oy, is proportional to the mobility-lifetime product of
the generated carriers, its reduction could be also ascribed to an enhanced content of defects acting as
recombination sites, caused by the incorporation of oxygen atoms [6].

H, flow rate (sccm)
40 60 80 100 120 140 160

T T T T T T T

212 om_e-
y
ol

2.08 COp =3scem "/ 1
3 o
3 - i 7
w 2.04re /Ho =120 scem 1

|
4' -/'(
200 w R
0 1 2 3 4

CO, flow rate (sccm)

Figure 1. Bandgap evolution for two sample series: variable CO, flow rate at Hy = 120 sccm (black
symbols, bottom axis) and variable Hy flow rate at CO, = 3 sccm (blue symbols, top axis).

The potentiality of the material as absorber layer has been tested within thin p-i-n single junction
solar cells (150-nm-thick i-layer), grown on commercial Asahi-VU glass substrates coated with textured
transparent conducting oxide (TCO). A solar cell with a-Si:H absorber layer with the same thickness
and identical doped and contact layers has been used as reference cell.

The bandgap variation with oxygen incorporation in the absorber material is evident in the
spectral response of the devices. Figure 2 shows the external quantum efficiency (EQE) of a solar cell
series with intrinsic layer grown with CO, flow rates ranging from 2 sccm to 4 sccm, Hj flow rate fixed
at 120 sccm and discharge power density of 28 mW /cm?. In the same figure the EQE of the reference
cell with standard a-Si:H absorber layer is also reported (black line). The corresponding short circuit
current densities (Jsc) are reported in Figure 3a (right axis). The increase of the bandgap with oxygen
addition leads to a decrease of the EQE, and consequently of Jsc, due to the missing absorption of the
low-energy photons. The Jsc goes from 15.8 mA /cm?, measured on the reference cell, to 6.6 mA /cm?
obtained at the highest CO, value used in this study. The inset to Figure 2a shows in addition the effect
of the discharge power density increased from 28 mW /cm? (solid line) to 40 mW /cm? (dashed line)
for CO, = 3 scem. The short circuit current increases from 8.2 to 8.6 mA /cm? (open circle in Figure 3a),
due to the slightly improved response in the 450-600 nm wavelength range. On the other side, at
28 mW/cm? an EQE enlargement is observed at lower wavelengths. This is likely due to the softened
ion bombardment at the p-i interface when the power is reduced, which determines a better quality of
this interface.

The effect of hydrogen dilution on the spectral response is shown in Figure 2b for a cell series with
absorber layer grown with CO, flow rate of 3 sccm and different H, flow rates in the range 40-160 sccm.
The corresponding Jscs are reported in Figure 3b (right axis). An initial increase of the EQE is observed,
when H; goes from 40 sccm to 80 sccm, and an increase of Jsc from 8.8 mA/cm? to 9.2 mA/cm? is
registered. Since the a-5iO,:H bandgap increases with the hydrogen dilution (Figure 1), this EQE
enlargement is not related to bandgap variation but is likely due to better material quality when the
hydrogen dilution increases. A further increase of the H, flow rate on the other hand determines
a reduction of the EQE, particularly for the largest value (160 sccm) where a Jsc of 7.8 mA/ cm? is
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evaluated. The Jsc reduction for H, > 80 sccm is mainly due to the enlargement of the bandgap,
although also other material properties could play a role.
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Figure 2. External quantum efficiency (EQE) of a-SiOy:H solar cells: (a) series deposited with
different CO, values, setting Hy =120 sccm; (b) series deposited with different Hy flow rates, setting
CO; =3 sccm. In (a) the black curve corresponds to the reference cell that uses our standard a-Si:H,
with no Hj dilution, as absorber layer; the inset shows the effect of increased discharge power density
for CO, =3 scem.
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Figure 3. Evolution of open circuit voltage (left axis) and short circuit current density (right axis) for
the two cell series of Figure 2: (a) series deposited with different CO; values, setting H, =120 sccm;
(b) series deposited with different H; flow rates, setting CO, = 3 sccm. The open symbols in (a)
correspond to the cell with absorber layer grown at 40 mW /cm?, while in all the other cases the power
density was 28 mW /cm?. The values for the a-Si:H reference cell in (a) are shown in slightly modified
color to remind that the H, dilution is different in this case.

As for the overall photovoltaic performance, the J-V characteristics under AM1.5 illumination
have shown rather poor fill factors (FF), in the range 47%-50%, as opposed to values around 70%
measured for the reference a-Si:H cell. Because of the limited Js. and FF values, globally the conversion
efficiency stays below 5%, versus 9.3% measured for the reference cell. The low FF is caused by large
series resistance values (Rg), which are two or three times higher than the Rg measured for the baseline
cell. The increased Rg could be due to the properties of the doped layers, developed for our standard
a-Si:H cells, likely not appropriate for the high bandgap materials under test. Also the quality of the
absorber layer could contribute to the observed FF drop. Figure 3 (left axes) shows the evolution of the
open circuit voltage (Voc) for the two cell series in Figure 2. As for the series deposited with different
CO; values (Figure 3a), starting from the value measured on the standard a-Si:H cell (860 mV), we
observe a V¢ increase, due to the enlargement of the absorber bandgap, up to 950 mV obtained for
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CO; =4 scem. At CO;, =3 scem, a drop of Voc from 943 mV to 915 mV is observed when the discharge
power density is increased from 28 mW/cm? to 40 mW/cm? (open square in the figure). It is well
known that the open circuit voltage is influenced by the defect density at the interfaces that determines
additional recombination. This is particularly true for the interface which is deposited first, here the p-i
interface [15]. The Voc value and the EQE behavior (inset to Figure 2a) at short wavelengths obtained
using CO, = 3 sccm and plasma power density of 28 mW /cm? thus seem to suggest that this growth
regime favors a better quality of the p-i interface. Figure 3b shows the V¢ evolution for the series with
variable Hj dilution. The Vo increases for H, flow rate up to 120 sccm, as an effect of the enlargement
of the a-5iO,:H bandgap, and then decreases again. The presence of porous zones in the absorber
material [16] and/or the proximity of the transition region between amorphous and microcrystalline
structure [6] can explain the Voc drop when high H, values are used.

The use of 3 sccm and 120 sccm of CO; and Hy, respectively, plus a discharge power density
of 28 mW/cm?, has been finally identified as the most favorable deposition condition within this
study. A ~10% increase of V¢ has been achieved with respect to the reference a-Si:H cell, when using
commercial rough substrates. For triple junction solar cells, where lower currents have to be collected,
smoother substrates are, in principle, feasible. In this case even larger AV is expected as an effect of
the improved material quality, less prone to formation of porous defective zones. The potential AVoc
for the triple-junction application has been estimated by testing the selected a-SiO,:H material in a solar
cell grown on in-house flat front electrode (sputtered ZnO:Al on glass). The J-V characteristic under
solar simulator is reported in Figure 4 (red line). With absence of light scattering the photocurrent is
reduced with respect to the same cell on rough substrate (black line). In addition the FF is inferior,
mostly due to the non-optimized electrical properties of the sputtered ZnO:Al used as front electrode.
The V¢ increase is however remarkable, with a measured value of ~1 V.
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Figure 4. J-V characteristic under AM1.5 illumination for the same a-S5iOy:H solar cell grown at
28 mW /cm? with CO, = 3 scem and H, = 120 sccm on commercial rough substrate (black line) and on
in-house flat ZnO:Al on glass (red line).

2.2. Doped Mixed-Phase nc-SiOx:H for Improved Light Management

2.2.1. n-Type Material (n-SiOy)

Phosphorus-doped nc-SiO,:H films (n-S5iO,) were grown by PECVD using a mixture of SiHy,
CO;y, Hy, and phosphine (PH3) as doping gas. Different oxygen content can be easily obtained in the
layers by varying the CO,/SiH, flow rate ratio with consequent modification of structural, optical,
and electrical properties. The addition of oxygen in the material interferes with the crystalline growth.
A large H dilution was thus applied to favor the formation of a mixed phase, with Si nanocrystals in
an amorphous matrix containing oxygen, thanks to a growth mechanism like the surface diffusion
model proposed for microcrystalline silicon [17]. The mixed phase structure is desired here because
the larger doping efficiency of crystalline versus amorphous material allows for enhanced conductivity
with respect to amorphous alloys (thanks to the Si nanocrystal component), while keeping significant
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margins for adjustment of the optical constants with incorporation of oxygen in the amorphous matrix.
Figure 5a shows the variation of refractive index (1) and bandgap (Egs) when the CO,/SiH, flow
rate ratio is changed in the range 0-5: n decreases down to 2.2 and Ey4 simultaneously increases up
to ~2.6 eV, while the material becomes more transparent. The conductivity (Figure 5b) decreases of
several orders, from a few S/cm down to the range of 10~10 S/cm with the increase of the amorphous
phase content, where the doping is less efficient. Favorable doped layers for thin-film Si solar cells are
thus obtained at intermediate values of the CO,/SiHy ratio, thanks to the refractive index already well
below the value for microcrystalline Si (~2.5 vs. 3.5 at 600 nm) accompanied by still practical electrical
conductivity values (above 107> S/cm). The pronounced phase separation at nanometer scale of these
layers, which promotes the appropriate electrical properties, is shown in Figure 5b.
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Figure 5. Optical, electrical and structural properties of n-type nc-5iO,:H samples grown with different
CO,/SiHy flow rate ratio: (a) refractive index at ~500 nm (black symbols, left axis) and Eg4 parameter
(blues symbols, right axis); (b) planar electrical conductivity and energy filtered transmission electron
microscopy (EFTEM) plan-view image of the sample deposited with CO,/SiHy = 3 (the Si phase
appears as white and the O-rich phase as dark in the image).

Showing a good compromise between low-7/increased-transparency on one side and reasonable
electrical conductivity on the other, this material can be used as advanced substitute of the n-layer
in thin-film silicon solar cells with the advantage of a better light management. The use of an n-type
layer that (1) is more transparent and (2) has lower refractive index with respect to the standard
n-layer allows both to reduce the parasitic absorption losses within the layer and to give additional
functionalities to the layer. Figure 6 shows the advances that can be achieved with application of
n-5iOy for both the single-junction (a) and the micromorph tandem design (b). For the latter case,
the n-layer of both the top and bottom cell can be replaced with beneficial effects. For single p-i-n
a-Si:H solar cells (a) and for the bottom junction of micromorph devices (b), the n-S5iOy layer allows
simplification of the back reflecting contact by functioning also as appropriate low-# spacer between
the Si layer stack and the metal, in place of the ZnO buffer usually included in the cell design to reduce
the plasmonic losses [18]. The major role played by the ZnO layer is illustrated in Figure 6a,b for the
cells with standard Si based n-layer (black lines: solid and dashed for the cells with and without ZnO,
respectively). When substituting the standard Si-based n-layer with the SiOy-based material, the ZnO
layer is not necessary anymore. The comparison of a-Si:H single junction cells with n-Si/ZnO/Ag
and n-SiO, / Ag back configurations shows indeed similar spectral responses (Figure 6a). With the
enlargement of the usable spectral range when a uc-Si:H absorber is included, as in the case of the
bottom cell of the tandem devices, an even superior EQE with respect to the standard configuration
is obtained with use of n-S5iO, /Ag (Figure 6b). With this application, the ZnO deposition step at
the back contact realization stage can be eliminated, preserving the same (for a-5i:H solar cells) or
achieving an even larger (for micromorph solar cells) spectral response, with a clear advantage at
production level. In the tandem configuration, the n-SiOy layer applied in the top cell can function
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also as intermediate reflector, as shown by the enlargement of the top cell EQE (Figure 6b). This is
achieved without the need of a dedicated additional low-n layer, with the advantage of avoiding
the introduction of further parasitic optical losses affecting the spectral response of the bottom cell.
This application allows for a reduction of the top a-Si:H absorber thickness, with advantages for the
stabilized cell efficiency. Finally, Figure 7 shows the J-V curve under solar simulator of a micromorph
tandem cell with simplified architecture (no ZnO buffer) implementing the developed n-SiOy layer.
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Figure 6. EQE of (a) p-i-n a-Si:H solar cells with Si- or SiOy-based n-layer and (b) micromorph tandem
cells with Si- or SiOx-based n-layer in both the top and bottom junction, completed with ZnO/Ag or
simple Ag back reflecting contact.
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Figure 7. J-V characteristic under AM1.5 illumination for a micromorph tandem solar cell with n-SiOy
layers and no ZnO buffer.

2.2.2. p-Type Material (p-SiOy)

As already mentioned for the n-type material, both optical and electrical properties are crucial in
the development of p-SiOy as advanced doped layer. Again, a mixed phase structure can be beneficial,
as it gives the opportunity to tune the optical properties by incorporating oxygen in the amorphous
phase, while maintaining a sufficient electrical conductivity thanks to the doped nanocrystalline Si
phase. Boron-doped nc-SiOy films were deposited by VHF-PECVD using CO,, SiHy, Hy, and B(CH3)3
as doping gas. In this case as well the CO,/SiH, flow rate ratio was used as the main parameter to
vary the oxygen content and rather large H, dilution was applied to favor the growth of mixed-phase
material. Similar dependencies as for n-type material between PECVD deposition conditions and
optoelectronic properties have been reported [19], but more extreme H; dilutions seem to be necessary
to maintain the beneficial Si nanocrystalline phase. Lower dilution values seem instead feasible at
VHEF regimes [10]. Here, we have selected an excitation frequency of 40 MHz, often used at production
sites, where we could maintain the Hy /SiH, dilution ratio at a reasonable value of 125, thus avoiding
a too strong reduction of the growth rate.
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Figure 8 shows the optical and electrical properties of the films of two series grown with variable
CO,/5iHy flow rate ratio at two different discharge power levels. When more CO is added to the gas
mixture, as the oxygen content increases in the material, the conductivity decreases by several orders of
magnitude, with a faster drop for higher power (Figure 8a). This disparity with the deposition power
is related to the different structural changes in the two growth regimes and to the different doping
efficiency of crystalline and amorphous material. While at high power, characterized by a larger
growth rate, the material becomes fully amorphous already with low CO, flow rate, in the slower
growth case the ordered phase is preserved in a wide range of CO, /SiH,. Figure 8b shows the values
of refractive index at 635 nm and Eq4 for the most promising sample series (lower discharge power).
The decrease of n down to 2.4 and the gap enlargement AEy4 up to 0.5, as oxygen is incorporated in
the material, open for possible beneficial optical effects in case of application within solar cells.
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Figure 8. Optical and electrical properties of p-type mixed phase SiOy samples grown with different
CO,/SiH, flow rate ratio: (a) in-plane electrical conductivity for two sample series grown at two
discharge power levels; (b) refractive index at 635 nm (black symbols, left axis) and Ey4 parameter
(blues symbols, right axis) for the samples grown at lower discharge power.

The relationship between optical and electrical properties is the central point in the development
of an efficient doped layer. In superstrate-type p-i-n solar cells, the p-layer is a window layer. As high
bandgap accompanied by sufficient conductivity is desired, a proper figure of merit for the material is
the plot of conductivity vs. optical bandgap (Eps4) shown in Figure 9 (here a third sample series has
been included, deposited at even lower discharge power). This shows the growth conditions where
the conductivity can be sustained up to usable values within p-i-n junctions while the film becomes
more transparent with oxygen intake.
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Figure 9. Evolution of lateral conductivity with increasing bandgap (estimated in terms of Egq
parameter) obtained with increasing CO, /SiH, flow rate ratio for three sample series grown at different
discharge power.
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The developed material has been considered as a replacement for the p-type pc-Si:H layer in
single-junction pc-Si:H solar cells, also in view of future application into the pc-Si:H bottom junction
of micromorph devices. Figure 10a shows the EQE of two identical solar cells with standard p-pc-Si:H
and with p-SiOy front layer (same p-layer thickness). Here, the p-SiO; layer grown at 100 mW /cm? and
CO,/SiH4 = 0.75 has been selected. First of all, similar fill factors have been measured for both the cells,
which is a clear indication of the appropriate electronic quality of the developed p-layer. A pronounced
EQE enhancement is measured in the wavelength range up to ~500 nm, which produces a global
increase of the short circuit current by 1 mA /cm?. At the same time the similar spectral response in
the long wavelength region indicates a good nucleation of the i-layer (with negligible amorphous
incubation layer) comparable with that obtained with standard p-pc-Si:H layer. Overall, with the
enlarged EQE accompanied by similar values of Voc and FF, an increase of the conversion efficiency by
~0.3% absolute has been measured. Together with the EQE enhancement, a reduced reflection at short
wavelengths has been observed by reflectance measurements on the cells (Figure 10b). The improved
EQE can be thus ascribed not only to the lower parasitic absorption of the novel p-layer but also to its
lower refractive index that reduces the reflection losses at the TCO/Si interface by index matching.
This second effect depends on the roughness of the front electrode, and is indeed not observed with
rougher TCO [10], where an efficient gradual change of refractive index is achieved.

T T T T T T T 12 v " '
80} .
601 { &
9 @
== 2
P ©
G40 . 3
D 8
o
0F —psi (4 =18.7 mAlem?) 1 o-Si
—p-Si0, (J_=19.7 mAlcm’) ——p-SiO,
1 1 1 1 1 1 1 6 1 1 1
400 500 600 700 800 900 1000 1100 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

(a) (b)

Figure 10. EQE (a) and reflectance (b) of 1 um thick pc-Si:H solar cells on Asahi/ZnO(20 nm) with
p-uc-Si:H (p-Si in the legend, black line) and p-SiOy window layer (red line).

3. Discussion

Intrinsic and doped silicon oxide alloys can be advantageously applied within thin-film Si solar
cells. As for the intrinsic material, wide bandgap absorber layers can be obtained by adjusting the
oxygen content, thus opening for more options in multijunction solar cells when matching the bandgaps
of the active layers to the solar spectrum. In this study, we have investigated the properties of a-5i0,:H
films grown by VHF-PECVD. Different deposition regimes have been investigated in order to optimize
both optical and electrical properties. As a matter of fact, the challenge is to obtain a material with
sufficiently good electrical properties, since the defect density generally increases with larger oxygen
concentration. Different values of Hy and CO; flow rate have been used to analyze their effect on the
material properties. Egy values in the range 2-2.12 eV have been obtained, whereas the photoresponse
ratio varied from three to four orders of magnitude. When applied into p-i-n solar cells, an increase of
Voc has been obtained with the increase of hydrogen and/or carbon dioxide. For the cells fabricated
on commercial rough substrates, starting from the open circuit voltage of 860 mV measured on the
a-Si:H standard cell, Voc values up to 950 mV have been obtained. However, a reduction of the
fill factor has been registered, likely due to the doped layer properties, not suitable for these wide
gap absorbers. In addition, these results were obtained without dedicated buffer layers at interfaces.
The use of smoother substrates, useful for triple or quadruple junctions, appropriate buffer layers
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at interfaces, and suitable doped layers could improve the device performance in terms of both FF
and V¢, making a-5iO,:H very interesting as absorber material for application in multijunction solar
cells. The V¢ potential for the multi-junction application has been estimated by testing the selected
a-5i0,:H material in a solar cell grown on in-house flat TCO: a Vo of ~1V has been demonstrated.

The reduction of parasitic light absorption in inactive layers is another important aspect for
enhancing the performance of thin-film Si solar cells. The use of poorly absorbing doped layers is
desired and doped silicon oxide is a promising material. The relationship between optical and electrical
properties is crucial in the development of such novel doped layer: a high bandgap accompanied
by a reasonable conductivity is desired, since the layer has to function as proper charge collector.
A mixed-phase material has been developed in this case, whose crucial characteristic is the decoupling
of electronic and optical functionality into two phases: the nanocrystalline Si and the amorphous
oxygen-rich phases, respectively. This decoupling allows for enhanced conductivity with respect
to homogeneous silicon alloys, leaving at the same time margins for adjusting the optical constants
(refractive index n and extinction coefficient k) by incorporating oxygen in the oxygen-rich component.

We have explored the tunability of optical and electrical properties of PECVD-grown n-SiO, films
through controlled changes of the CO, /SiHy gas flow rate ratio. When increasing the CO, content in
the gas phase, as more oxygen is incorporated in the films, material with reduced refractive index is
obtained. At the same time, the electrical conductivity decreases by various orders while the structure
changes from highly crystalline to fully amorphous. For application as n-type layers in thin-film Si solar
cells, particularly promising are the mixed-phase materials realized with intermediate values of the
CO,/SiHy ratio, characterized by a refractive index already well below the value for microcrystalline
Si (~2.5 vs. 3.5 at 600 nm) and reasonable electrical conductivity (above 1075 S/cm). Substitution of
the conventional Si doped layers with SiO,, based films, still deposited by PECVD, can be beneficial
at (1) reducing the absorption losses, thanks to the lower k with respect to the Si counterpart, and (2)
exploiting positive optical effects related to the lower 7, such as the back-reflection of light toward
active layers (due to index mismatch) and the abatement of plasmonic losses at the metal back reflecting
contact. The material has been indeed successfully applied both into single-junction and micromorph
tandem solar cells as superior n-type layer with such additional functionalities. In the top junction
of micromorph solar cells a mild effect as intermediate reflector is observed. When used in single
a-Si:H cells or in the bottom junction of micromorph devices, the n-SiO, layer also plays the role of
spacer between the silicon absorber and the metal contact, with no need of an additional dedicated
low-n spacer.

Analogously, mixed phase p-type SiOy films have been grown by adjusting the CO, flow rate
and the discharge power density. In this case the material was fabricated by VHF-PECVD at 40 MHz
where reasonable hydrogen dilutions are feasible (H,/SiH, was fixed at 125 in the present study).
We have observed that lower discharge power density is preferred, as the growth rate needs to be
sufficiently low to favor the formation of a mixed phase material. Thanks to the decoupled electronic
and optical functionalities, material with considerably lower absorption and refractive index with
respect to p-pc-Si:H, accompanied by electrical conductivity above 107> S/cm, has been obtained.
When used as window layer in single-junction pc-Si:H solar cells, a significant increase of the EQE in
the blue-green range has been observed with respect to the reference cell with standard p-layer. A Jsc
gain of 1 mA/cm? has been measured, thanks to the lower absorption losses in the p-layer and the
refractive index matching that reduces the reflection losses at the TCO/Si interface.

4. Materials and Methods

4.1. Fabrication Details of Layers and Solar Cells

Single layers and solar cells were deposited by standard PECVD (13.56 MHz) and VHF-PECVD (at
40 or 100 MHz) at a temperature of 150 °C in dedicated process chambers of a commercial cluster tool
system (MVSystems Inc., Golden, CO, USA) onto 10 x 10 cm? substrates. These were Corning Eagle
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XG glass for the single layers and Asahi VU-type glass, which is coated with rough fluorine-doped tin
oxide as TCO layer, for the solar cells. In-house flat TCO-covered substrates have been also occasionally
considered, obtained by depositing a ZnO:Al layer on glass by sputtering.

The a-5iO,:H films were deposited at 40 MHz, using a gas mixture composed of SiH,, CO,, and
Hp, held at a pressure of 500 mTorr. The SiHy flow rate was kept constant at 6 sccm, whereas CO; and
H; flow rates were varied in the range 0.5-4 sccm and 40-160 sccm, respectively. The discharge power
was fixed at 28 mW/cm?. A larger value (40 mW /cm?) was occasionally used.

Phosphorus doped n-type nc-SiOy:H (n-SiOy) films were deposited at 13.56 MHz using Hy, SiHy,
CO,, with the addition of PH3 as doping gas. The CO,/SiH, gas flow rate ratio was varied in the
range 0-5, while keeping the PH3/(PH3 + SiH,) doping ratio fixed at 2%, the Hy /SiH,4 flow rate ratio
at 200, the pressure at 1.9 Torr, and the plasma power density at 40 mW /cm?.

Boron-doped p-type nc-5iO,:H (p-SiOy) films were deposited at 40 MHz using SiHy, CO,, H,
with the addition of B(CHj3)3 (trimethylboron—TMB) as doping gas. The H, /SiH, dilution ratio and
the TMB/SiHy doping ratio were fixed at 125 and 5%., respectively. The CO,/SiH, flow rate ratio was
varied from 0 to 2.25. Three discharge power densities were considered: 170 mW/ cm?, 100 mW /cm?,
and 55 mW/cm?.

The materials were applied into single and/or micromorph (a-Si:H/pc-Si:H) tandem
superstrate-type solar cells (p-i-n). Cells with 1 cm? area were defined by depositing the back contact
(generally 80 nm-thick Al doped ZnO plus Ag, unless otherwise specified) through a metal mask.

The a-SiO4:H layer was tested as absorber layer into single junction cells with the following
structure: 10 nm thick amorphous silicon-carbide p-layer, 150 nm thick amorphous silicon oxide i-layer,
and 30 nm thick microcrystalline Si n-layer. Standard doped layers were applied and no buffer was
included at the p-i interface in order to evaluate the absorber quality without possible influence coming
from other factors. For comparison, standard a-Si:H p-i-n solar cells were fabricated with absorber
layer grown at 100 MHz from SiH, alone. More details about the deposition conditions used for doped
layers and a-Si:H are reported elsewhere [20].

The n-5iOy, layer was applied as alternative novel n-layer into both single a-Si:H and micromorph
tandem solar cells. The thickness of the absorber layer was 350 nm for the single cells, while 250 nm
and 1.7 um were used for the a-Si:H top and pc-Si:H bottom junction in the tandem cells, respectively.
In both the cases, identical devices including n-SiOy or standard pc-Si:H n-layer (n-Si) were deposited,
with thickness set to 35 nm. For these cells in some cases the ZnO spacer was omitted when defining
the back contact.

The p-S5iOy material was tested into single pc-Si:H solar cells. These devices, with 1 pum thick
absorber layer, were grown on Asahi glass coated with an additional thin ZnO layer (20 nm) to
protect the tin oxide layer against the hydrogen rich plasmas. Standard 35 nm-thick pc-Si:H n-layer
was applied.

4.2. Characterization Techniques

The material characterization has been carried out on ~200-nm-thick films for the a-S5iO,:H layers
and ~100 nm for the doped layers. Reflectance and transmittance spectra have been measured with
a UV-Vis-NIR PerkinElmer A-900 spectrophotometer (PerkinElmer Inc., Waltham, MA, USA) equipped
with an integrating sphere. The refractive index n has been estimated from the interference fringes at
wavelength of about 500 nm in the transmittance spectra, knowing the layer thickness. From optical
reflectance and transmittance, the absorption spectra have been extracted to evaluate Ey (energy at
which the absorption coefficient is equal to 10* cm™!). The optical properties of mixed-phase materials
have been also investigated by spectroscopic ellipsometry. The measurements have been carried
out at incident angle of 70° with a UVISEL phase-modulated ellipsometer from HORIBA Scientific.
The raw data, I = sin 2¥ sin A and I = sin 2¥ cos A, where ¥ and A are the ellipsometric angles
(amplitude ratio and dephasing between p- and s-polarizations of light), have been treated in the
Bruggeman effective medium approximation [21]. The bulk of the material has been described with
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a mixture of the tabulated optical constants of fine-grained c-Si [22], for the Si nanocrystal component,
and an adjustable mixture of a-5i:H and/or SiO and/or SiO; [23], for the non-stoichiometric silicon
oxide matrix. The surface roughness has been accounted for by including a thin top layer with voids
(~10-nm-thick from the fitting procedure). The bulk of the standard pc-Si:H films was described
instead as a mixture of fine-grained c-5i, a-Si:H, and voids.

The electrical characterization has been accomplished by coplanar conductivity measurements
under dark and 100 mW /cm? illumination. The structural investigation has been performed with
a Renishaw in Via Reflex Raman spectrometer using the 514 nm line of an Ar+ laser.

The solar cells have been characterized by measuring the current-voltage characteristic under
illumination in standard test conditions (25 °C, AM1.5¢ spectrum, and 1000 W/m?) using a dual lamp
WACOM solar simulator and the EQE with a Bentham PVE300 setup. The short-circuit current density
(Jsc) of the solar cells has been calculated by integrating the product of EQE times the incoming photon
flux of the AM1.5g solar spectrum. In addition, the reflectance of selected cells was measured with
a Perkin Elmer A-900 spectrophotometer.

5. Conclusions

Intrinsic and doped silicon oxide alloys can be advantageously applied within thin-film Si solar
cells. As for the intrinsic material, a promising wide bandgap absorber layer for multi-junction
architectures has been demonstrated. Doped silicon oxide alloys, with mixed-phase structure
have been developed, characterized by decoupling of electronic and optical functionality into the
nanocrystalline Si and the amorphous oxygen-rich phases, respectively. These n-type and p-type layers
present considerably lower absorption and refractive index with respect to standard Si-based films,
accompanied by electrical conductivity above 107> S/cm. The n-SiOy layer works as an excellent
substitute for the n-layer in both single and tandem cells with additional functionalities. In the top
junction of micromorph solar cells, a mild effect as intermediate reflector is observed. When used in
single a-Si:H cells or in the bottom junction of micromorph devices the layer also plays the role of
spacer between the silicon absorber and the metal contact. This gives the opportunity to simplify the
cell architecture by eliminating the dedicated ZnO spacer in the back reflecting contact, at the same
time achieving even larger spectral response in case of micromorph solar cells. For the p-5iOy layer,
when applied as window layer in single-junction uc-Si:H solar cells, enhanced EQE in the blue-green
range has been demonstrated. These results prove the strong potential of mixed-phase doped SiOy
as superior n- and p-layers in thin-film Si solar cells allowing for improved light management while
keeping a simple device structure.
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