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Abstract

We have compared different Ag-based back reflectors (BRs) applied to superstrate-type microcrystalline Si devices grown on
Asahi U glass. In particular, substitution of the conventional ZnO:Al layer by MgF,, with lower refractive index and no free-
carrier absorption, has been investigated. As electrical issues can mask the optical performance of the BR when evaluated by
EQE measurements, a purely optical method that compares the intensity of Raman spectra generated with long wavelength
excitation light has been applied. Based on this investigation, MgF,/Ag is potentially superior to ZnO:Al/Ag, even when MgF, is
used in the form of ultrathin layer (few nm, likely island-like). Nevertheless, the novel dual-function n-SiO,/Ag BR outperforms
all the other BRs.
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1. Introduction

Thin film Si solar cells make use of active layers with limited thickness due to poor transport properties and
degradation issues. Proper light-management schemes are then needed to enhance the photo-current and ultimately
the device efficiency. Textured substrates in combination with a back reflector are then employed to trap light in the
absorber layer and different interface morphologies, both random and periodic, are being explored [1-7]. In
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particular, the back reflector has to provide for high reflectivity over a broad wavelength band and efficient
scattering at large angles of the unabsorbed light, to maximize the optical paths back in the thin active layer [8]. One
solution is the use of a metal back reflecting contact, typically Ag with excellent conductivity and good reflectivity.
A thin buffer layer with low refractive index, like doped ZnO, is also inserted between Si and Ag, to avoid losses in
reflected light due to surface plasmon absorption [9]. Back reflectors based on diffusive dielectric materials, such as
white paint coatings or white sheets, are also in use [10]. Here we focus on the Ag-based design. The application of
an alternative non-conductive dielectric buffer with refractive index lower than ZnO has been explored, for the
potential benefit from both the lower n and the absence of free-carrier absorption. In particular evaporated MgF,
with n ~ 1.38 at IR wavelengths has been selected, as also proposed in [11] and in [12] for thin film Si and Si
heterojunction solar cells respectively. Different designs have been tested for the realization of proper local contacts.
The optical performance has been evaluated in terms of reflectance and external quantum efficiency (EQE) with
respect to the conventional BR configuration (ZnO:Al/Ag) and to the advanced dual-function n-SiO,/Ag design
[13,14]. Since electrical issues can affect the EQEs, we have also applied a purely optical method that compares the
intensities of Raman spectra excited at a relevant wavelength (785 nm) as proposed in ref. [15], in order to gain
insight on the full optical capabilities of the different BRs.

2. Experimental

The performance of the different Ag-based BRs has been evaluated when applied on 1 pm thick p-i-n pc-Si:H
solar cells (superstrate configuration). The devices were grown on Asahi U glass with randomly textured SnO,:F
acting as transparent conducting electrode (TCO), including n-type pec-Si:H (n-Si) or n-SiO,, 30 nm thick, as n-
layer. Details on cell fabrication parameters are reported elsewhere [13,16,17]. The devices were completed with
sputtered Al doped ZnO (80 nm thick) followed by evaporated Ag, with Ag only or with evaporated MgF, plus Ag.
The devices with n-Si and completed with the commonly used ZnO/Ag BR were used as baseline. For each design,
1 x 1 cm” cells were defined by using a metal mask at the back contact fabrication step. A thermal treatment was
applied to the finished devices to improve the metal contact (2h at 150°C in air). In addition, samples simulating the
backside of the solar cell [TCO/uc-Si:H(200nm)/n-Si(30nm)/BR] have been fabricated for a purely optical
preliminary investigation of the potential of the MgF,/Ag combination.

Fig. 1. (a) Plan view by optical microscope of MgF, patches (dark squares) realized by photolithography on the backside of a pc-Si:H solar cell;
(b) Stainless-steel mesh used during MgF, evaporation in the shadow mask approach.

With the highly resistive MgF, buffer layer, manufacturing issues have been firstly tackled, as proper local
contacts are needed in order to achieve good electrical performance. Both photolithographic techniques and use of
fine metal meshes acting as shadow mask have been tried (fig. 1). Photolithographic lift-off type masks have been
realized such that 80-85% of the cell back-surface would be covered with square MgF, patches with side varying
from 200 to 400 um and contact openings from 25 to 35 um wide. Stainless-steel meshes available in the lab were
used for a preliminary test in the shadow mask approach. The mesh had 1.06 mm aperture side and 220 pm wire size
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that provides a MgF, coverage of only ~69% and a likely too large pitch between contacts with impact on the series
resistance (R;) of the solar cells. Also the application of ultrathin island-like MgF, layers has been tested, as recently
proposed by Tokyo Tech [11], where the local electrical contact is achieved through the native openings in the non-
continuous film. In this case a low growth rate has been selected (0.3 A/s versus 2 A/s for thicker layers).

The characterization included reflectance measurements with a PerkinElmer A-900 spectrophotometer equipped
with an integrating sphere, EQEs with Bentham PVE300 setup, current density-voltage characteristics under dual
lamp WACOM solar simulator. In addition, Raman spectra were collected on the solar cells with a Renishaw inVia
Reflex Raman spectrometer equipped with motorized xyz sample stage. The measurements were carried out in
backscattering configuration with a long working-distance objective by using a 785 nm diode laser and focusing the
beam through the substrate (glass + TCO) on the Si stack. In particular, the intensities of the Si optical phonon band
at 520 cm™ for different samples were compared. In order to obtain reliable absolute intensities, spectrometer
settings and laser intensity were kept constant and z scans were acquired to avoid the inaccuracy in the optical focus
definition. The microscope stage was scanned in the vertical direction so that the surface passed through the plane of
focus of the laser beam. The spectra were recorded as a function of z position and a maximum was obtained for a
certain z value (easily evaluated by plotting the integrated intensity in the 430 - 540 cm™ range vs. z, as shown in
fig. 2). As the sample is moved away from the focal plane, a larger area is being excited by the laser beam, so that
the signal is a convolution of losses due to the surface not being in focus, and gains due to a larger volume being
illuminated. The maximum is however expected for all the samples in the same focus condition in the present
experiment with no variation of front TCO morphology in the solar cells. The spectrum with maximum intensity
within the z scan set has been finally extracted for each sample.

Integrated intensity (x10° counts)

z (pm)

Fig. 2. Example of Raman depth profile on a pc-Si:H solar cell at excitation wavelength of 785 nm. The integrated intensity of the Raman signal
in the range 430 - 540 cm™ is plotted versus the vertical position (the position of visual focus was set as z=0).

3. Results

The potential of MgF, as buffer layer in Ag-based BRs has been firstly evaluated by studying the reflectance of
samples simulating the backside of the cell, i.e. stacks with reduced pc-Si:H thickness with respect to real solar cells
followed by the n-type layer and the BR, grown on the same TCO-covered glass as the solar cells to maintain the
same rough interface morphologies. Fig. 3 shows the reflectance of such [TCO/pc-Si:H(200nm)/n Si(30nm)/BR]
samples with different BRs as explained in the legend. For the MgF, buffer layer, the same thickness as the ZnO:Al
layer has been considered or only few nanometers. With a thin pc-Si:H absorber, rather large reflectance is expected
at long wavelengths as this portion of light is poorly absorbed. The very low reflectance obtained with the Ag BR
(dashed line) is indication of the strong plasmonic absorption losses at the textured Si/Ag interface [9]. The insertion
of the 80 nm thick ZnO:Al buffer layer significantly reduces these losses. Even larger reflectance is achieved with
MgF,(80nm)/Ag BR and interestingly with ultrathin MgF, layers (4-8 nm) the reflectance is already similar to the
values measured with conventional ZnO:Al(80nm)/Ag BR.
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Fig. 3. Reflectance of TCO/uc-Si:H(200nm)/n-Si(30nm)/BR samples, simulating the backside of the solar cells, with different BRs.

The reflectance measurements in fig. 3 demonstrate the good potential of MgF, as very efficient buffer layer
between Si and Ag. As for the actual cells however, both strategies for the application of relatively thick MgF,
layers showed flaws. In the photolithographic approach, the witness cells (standard devices with no MgF, layer but
going through all the process steps) revealed deteriorated performance. Adjustment of the process is then needed.
With use of metal mesh, the cells showed inferior performance than the baseline devices due to both the non-optimal
mesh geometry and shadowing effects (non-trivial perfect contact of mesh and sample is needed). With both the
approaches the main impact was on the series resistance that showed additional deterioration after the final thermal
treatment routinely applied to improve the metal contact. Also reduced J;, relative to the corresponding baseline cell
was measured, likely due to poorer charge collection, while the Vs were around 500 mV for all the devices. Also
for the ultrathin approach, the present cells suffered from very large R, and degraded charge collection, even when
reducing the MgF, thickness to nominal 2 nm (based on the growth rate). After annealing, in this configuration the
current flow was fully blocked in most cases. We suppose that the actual layers might be thicker than the designed
values or coalescence of the islands in the discontinuous film may happen at a rather early stage with the selected
growth technique, so that the layers do not present enough openings. In addition, the thermal treatment might have
the effect of closing the gaps. Thickness control and formation of proper island-like patterns is very critical and
might favour the use of sputtering, as in the Tokyo Tech approach [11], instead of thermal evaporation, as available
in this investigation.

For the comparison of the optical performance of the MgF,-based BRs EQEs were measured. Fig. 4 shows the
spectra for selected pc-Si:H solar cells, with n-Si as n-type layer, from the set that was completed with
MgF,(80nm)/Ag with the shadow mask approach (blue line) or with ultrathin non-intentionally patterned MgF,
layer (magenta and dark-cyan lines). The EQEs before and after thermal annealing, when available, are compared to
the baseline cell with standard ZnO:Al(80nm)/Ag BR and to the cell with the novel n-SiO,/Ag BR where the n-SiOy
layer simultaneously plays the role of n-layer in the p-i-n junction and buffer layer between Si and Ag [13,14]. No
EQE could be measured after thermal annealing for the cells with 2 and 4 nm thick MgF,, while an improvement in
the EQE was achieved for the cell completed with the MgF,(80nm)/Ag BR, although the treatment had negative
impact on R,. Nevertheless in this preliminary test none of the BRs with MgF, reaches the performance of the
standard BR, likely because of collection issues. The non-ideal MgF, coverage obtained with the shadow mask also
contributes. In addition superior performance is again demonstrated with the n-SiO,/Ag BR, as in previous reports
[13,14].
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Fig. 4. EQEs of pc-Si:H solar cells completed with 80 nm-thick MgF, patterned with shadow mask plus Ag, ultrathin non-intentionally patterned
MgF; (2 and 4nm) plus Ag, standard ZnO:A1(80nm)/Ag BR, dual function n-SiO,(30nm)/Ag BR. BR and n-type layer are specified in the legend.
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Fig. 5. EQEs of pc-Si:H solar cells with MgF, buffer layer in the BR patterned by photolithography compared to cells completed with standard
Zn0O:Al(80nm)/Ag BR and dual function n-SiO,/Ag BR. BR and n-type layer (n-Si or n-SiOy) are specified in the legend.

Fig. 5 shows the EQEs of cells from the set with MgF, patterned by photolithography. Examples with
MgF,(80nm)/Ag BR both in the case of n-Si (blue solid line) and n-SiOy (purple line) n-type layer are included. The
EQEs in fig. 4 and 5 cannot be directly combined in a joint comparison because of non-intentional variation of the
crystalline phase fraction in the pc-Si:H absorber layer caused by slightly different conditions in the deposition
chamber for the two sets of cells. Here the MgF,-based BR performance is compared again to the standard
Zn0O:Al1(80nm)/Ag BR and to the novel n-SiO,/Ag BR from the present set of cells. Also in this case the BRs with
MgF, do not reach the performance of the standard BR, although similar EQE values at large wavelengths as for the
reference cell have been measured when using n-SiO, as n-type layer. Again superior performance has been
observed with the n-SiO,/Ag BR.

225



226

L.V. Mercaldo et al. / Energy Procedia 84 (2015) 221 — 227

7 T T T T T T T T

I n-Si(30)/Zn0(80)/Ag ]
n-Si(30)/MgF ,(80)/Ag

(o]

a
T

—— n-Si(30)/MgF ,(4)/Ag 1
n-SiO, (30)/Ag |

H

4

Intensity (x 10° counts)
N w

N

O " 1 " 1 " 1 " 1 "
400 430 460 490 520 550
Wavenumber (cm'1)

Fig. 6. Raman spectra at excitation wavelength of 785 nm measured on 1um-thick pc-Si:H solar cells with different BRs (solid lines). BR and
n-type layer are specified in the legend.

As electrical issues might have likely masked the optical performance of the MgF,-based BRs, the full potential
has been finally estimated by means of absolute Raman intensity measurements through the entire cell structure with
excitation wavelength of 785 nm, where the effect of the BR is relevant. As pointed out in ref. [15], the peculiarity
of this technique is to overcome the collection issues that affect the EQE and to look at the contribution of the Si
layers only, differently from the reflectance measurements that include parasitic absorption in the contact layers. For
measurements with weakly absorbed light, the Raman signal for Si is proportional to the optical thickness of the Si
layer, which depends on the BR scattering ability. Also, more Raman photons and then larger Raman intensity is
measured if more light is available, as in the case of reduced parasitic absorption losses in the BR. Relative changes
of the intensity can be then used to compare BR capabilities at providing improved absorption into Si, as here front
TCO and physical i-layer thickness are unchanged. Fig. 6 shows the Raman spectra for relevant solar cells from the
set shown in fig. 4, acquired as explained in the Experimental section in order to obtain reliable absolute intensities
(solid lines). The lowest intensity of the Si peak is obtained with the conventional ZnO:Al(80nm)/Ag BR (black
line). An increase is measured with the MgF,(80nm)/Ag BR (blue line) and, interestingly, nominal 4nm of MgF,
(magenta line) provide an equivalent effect as the thicker layer. The Raman investigation confirms then the expected
superior performance of MgF,/Ag BR thanks to low n and no free-carrier absorption and establishes in addition the
good potential of the ultrathin approach. Nevertheless, both the designs with MgF, do not surpass the performance
of the dual-function n-SiO,/Ag BR (orange line in fig. 6), which remains a very efficient BR despite the simplicity
of the design.

4. Conclusions

The light-management potential of different Ag-based BR configurations applied to pc-Si:H solar cells has been
explored. In particular, evaporated MgF, with lower refractive index and no free-carrier absorption has been
investigated as a potentially more efficient buffer layer between Si and Ag with respect to standard ZnO:Al. The
novel dual-function n-SiO,/Ag BR has been also included in the comparison. No clear conclusions have been
reached from EQE spectra due to collection issues caused by the still non-optimal electrical contacting schemes.
However, thanks to complementary Raman intensity measurements at long wavelenghts, where the effect of the BR
is relevant, improved absorption of the long wavelength light into Si has been observed with MgF,/Ag BR versus
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the standard BR. In addition the strong potential of ultrathin (few nm) non-continuous MgF, layers has been
established. Nevertheless, the novel dual-function n-SiO,/Ag BR outperforms all the BR configurations in this work.
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