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Preface

Crystalline silicon solar cell technology currently can produce commercial modules at prices
well below 2€/Wp. This is based on a cell design that has been developed and refined over the
past approximately 30 years. As the industry grows, economy of scale and optimization of
production processes will result in significant further price reductions for modules based on this
standard technology.

In addition, the silicon pv industry has recently entered into a phase of strong interest in
development of alternative, higher efficiency cell designs, still based on silicon wafers. The
rationale is that cell processing cost (also called 'cell conversion cost': converting wafer to solar
cell) is only a small part of the cost/Wp. Much of the cost/Wp is proportional to area (e.g. cost
of the wafer, module construction, and part of the system installation). Therefore, increased
efficiency will reduce the cost/Wp, if the cell conversion cost is not increased too much. High
efficiency is particularly important where area is scarce (as on Japanese roofs) or system
installation is expensive (in western countries). Higher efficiency also makes silicon solar cells
perform better at high temperature, and usually also in indirect light, increasing the annual yield
(the KWh/Wp per year).

Higher efficiency, at affordable cell processing cost, is probably necessary for a module price
significantly below 1€/Wp.

The standard cell technology at this moment results in efficiencies around 16% for
multicrystalline wafers, and around 17 to 17.5% for monocrystalline wafers. The practical
efficiency limit for silicon wafers is expected to be about 26% (based on the theoretical limit of
29%, and including realistic best achievable optical and bulk recombination losses, and very
small surface recombination losses). Thus there is still much potential gain to be made by
increasing cell efficiency.

There are two keys to achieving a solar cell efficiency close to the limit: passivating the wafer
surfaces, and avoiding optical losses on the front side, in particular avoiding a metal grid on the
front side. The objective of QCPassi project was the development of a new crystalline silicon
solar cell concept, exactly aimed at these two key points. This is the concept of a back contact
silicon heterojunction solar cell. A silicon heterojunction (SHJ) solar cell offers the best
practical technology for excellent surface passivation. A back contact solar cell is the method to
avoid a metal grid on the front side. The combination of the two, the back contact silicon
heterojunction solar cell, appears to be a public domain idea. Ebara Corporation of Japan filed a
PCT application on the idea in 2002, but as far as known did not pursue it to national patents.

Through collaboration of the QCPassi project with ENEA (Italian Agency for New
Technologies, Energy, and the Sustainable Economic Development) and University of Rome,
Italy, indeed the back contact SHJ solar cell was demonstrated. Recently, a large activity has
developed over the world, and especially in Europe, at institutes, universities, and companies,
working on the same or similar concepts.

It seems that the back contact SHJ solar cell is now internationally regarded as one of the most
promising highest efficiency cell designs for the mid-term future.

The traditional silicon heterojunction solar cell (with front metallization grid, not fully back-
contacted), until now exclusive for Sanyo, also has become subject of intense R&D, with
companies such as Roth&Rau, Jusung, and Kaneka, aiming at production within the next few
years. This traditional SHJ solar cell allows efficiencies in excess of 20%, with simpler
technology than the back-contact cell.

Exceeding the traditional efficiency limit of silicon solar cells (the 26% described above) is also
not out of the question. To this end, QCPassi has investigated down conversion, also known as
guantum cutting, of photons. This process entails creating two IR photons from one UV photon.
Thus more electrons can be generated per incident solar (UV) photon, and the cell efficiency
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can potentially be increased. Also this concept was demonstrated in the project, although not yet
integrated in a solar cell.

We acknowledge the useful and friendly collaboration with the partners of a French national
project on silicon heterojunction cells, also named QCPassi. The technical and scientific staff of
Utrecht University and ECN is acknowledged for assistance with experiments, processing and
for discussions.

This report can be downloaded from the website of ECN. On request, printouts of the report can
be obtained from ECN Solar Energy.

For more information, please contact the secretary of ECN Solar Energy: tel. 0224-56 4761; or
via http://www.ecn.nl/nl/units/zon/contact/

Het project is uitgevoerd met subsidie van het Ministerie van Economische Zaken, regeling
EOS: Lange Termijn uitgevoerd door het Agentschap NL. Projecthnummer EOSLT03011.
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Abstract

The objective of the QCPassi project was the development of a new crystalline silicon solar cell
concept, designed for highly integrated module manufacturing, very high efficiencies (>20%)
and strongly reduced cost (< 1 €/Wp on the module level). The concept is that of a back-
contacted solar cell with hetero-junctions at the rear made on three times thinner silicon
substrates. The concept includes photon conversion.

The back contact silicon heterojunction solar cell was demonstrated in the QCPassi project
through collaboration with ENEA (Italian Agency for New Technologies, Energy, and the
Sustainable Economic Development) and University of Rome, Italy, initially on untextured
wafers with a best efficiency of 11%. By introducing wafer texture and improved mask design,
an efficiency of 15% was reached. The high voltage of 695mV demonstrates the very high
efficiency potential of the concept. The efficiency is so far limited by absorption in front
coating, and by fill factor, which are both subjects for future optimization.

For antireflection coating of back contact silicon heterojunction cells, dielectric coatings which
can be deposited at low temperature offer particular advantage. Low temperature deposition of
silicon nitride coatings by hot wire (HW) CVD was demonstrated (at 230 °C), resulting in films
with minimal light absorption. Also high rate deposition by HW CVD was demonstrated.

The development of heterojunction deposition technology at Utrecht and ECN resulted in
promising traditional (front-grid) devices with >13% efficiency, and clear routes for
improvement. Hybrid cells combining heterojunction emitter with diffused back surface field
yielded an efficiency of 16.4% and a VOC of 623 mV on isotextured n-type FZ c-Si wafers with
diffused BSF. Major points for improvement are the introduction of texture, optimization of the
thickness of a-Si emitter to reduce optical loss, and improvement of the ITO, also to reduce
optical loss. The use of a unique remote rf pecvd tool resulted in good heterojunctions without
intrinsic buffer layer, potentially reducing cost and improving performance of heterojunction
solar cells.

The feasibility of depositing patterned doped layers through a shadow mask for the formation of
interdigitated back contacts (IBC) has been investigated and compared for Hot Wire CVD and
Plasma Enhanced CVD. This has led valuable insight in the differences of the two CVD
techniques and to optimized design of a mask system for IBC solar cell production.

First back contact heterojunction solar cells were also made at ECN. However, due to
insufficient surface passivation and high series resistance, the efficiencies are very low. This can
be solved by optimization of the pecvd process.

At this status of the back contact technology, it was not deemed useful to test mc-Si back con-
tact cells. However, front-grid SHJ cells were made on mc-Si wafers, within the consortium as
well as through collaboration with ENEA and University of Rome, Italy. The results of up to
15% efficiency are the best published value in literature for this concept.

For downconversion, focus was on Lanthanide ions. The energy-level structure of Yb** is ide-
ally suited for use in the downconversion of c-Si solar cells. The Yb* ion has a single excited
state approximately 10* cm™ above the ground state, corresponding to an emission around 980
nm. The absence of other energy levels allows Yb* to exclusively ‘pick up’ energy packages of
10* cm™ from other lanthanide ions and emit photons at 980 nm, which can be absorbed in the
Silicon solar cell. Pr** was chosen as donor ion, to pick up the UV photon energy and transfer it
in two packages to Yb*" ions. SrF2 was used as the host lattice. A highest conversion efficiency
of 140% was obtained, using excitation at 441nm at room temperature.
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Efforts to demonstrate current gain at cell level were not successful. One reason may be that the
absorption band is quite narrow, and without a sensitizer the amount of photons exciting Pr¥* is
relatively small.

Er® and Nd*" were tested as alternative donor ions, however, with limited succes. A relevant
limitation for these donor ions will be their sensitivity for wavelengths of 380nm or lower,
which are less abundant in the terrestrial solar radiation.
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1. Introduction

This report starts with a selection of publications produced by the project, which give a good
overview of the work performed in, and the results of, the project.

Chapters 2-4 deal with the development of the IBC-SHJ cell, in a collaboration with ENEA
(Italian Agency for New Technologies, Energy, and the Sustainable Economic Development)
and University of Rome, Italy. Chapters 5-6 deal with the development of SHJ cells on mc-Si,
within QCPassi, and in the same collaboration with Italian partners. Chapters 7-8 deal with the
development of silicon heterojunction layers. Chapters 9-10 deal with deposition of antireflec-
tion coating by low-temperature and high rate CVD of SiNXx, respectively. Chapter 11 contains a
review of photon conversion (up- as well as down-conversion). Chapters 12-14 deal with the
investigation of three quantum cutting couples based on Yb**, with Pr**, Er** and Nd** as donor
ions.

Papers which are copyrighted by the publisher are included as abstract.

The final chapter (chapter 15) gives an outlook for the field.

Apart from the collaboration with University of Rome and ENEA, the QCPassi project also col-
laborated with a French sister project QCPassi, in which the French national energy organiza-
tion (CEA-INES), several groups of the French national science foundation CNRS, and the
company Photowatt participated. Regular meetings were held to update each other on progress,
and discuss, for example, new insights in the technology, progress in modelling tools, develop-
ments in the state of the art, or developments in IP.

Het project is uitgevoerd met subsidie van het Ministerie van Economische Zaken, regeling
EOS: Lange Termijn uitgevoerd door het Agentschap NL.
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ABSTRACT

This paper shows how the amorphous/crystalline silicon
technology can be implemented in the interdigitated back
contact solar cell design. The entire self-aligned mask and
photolithography-free process is performed at temperature
below 300 °C with the aid of one metallic mask to create the
interdigitated pattern. An open-circuit voltage of 687 mV has
been measured on a p-type mono-crystalline silicon wafer. We
show that the uniformity of the deposited amorphous silicon
layers is not influenced by the mask-assisted deposition
process and that the alignment is feasible. Moreover, this
paper investigates the photocurrent limiting factors by one-
dimensional modelling and quantum efficiency measurements.

1. INTRODUCTION

Top performing production cells include SunPower’s A-300
cell and Sanyo’s HIT cell [1,2]. We present an innovative
solar cell design demonstrating that the heterostructure
technology can have a chance in the challenge of the IBC solar
cells. We named our device: BEHIND cell (Back Enhanced
Heterostructure with INterDigitated contacts cell).

2. EXPERIMENTAL

We have fabricated rear junction, backside contact cells in
which both the emitter and the back contact are formed by
hydrogenated amorphous/crystalline silicon (a-Si:H/c-Si)
heterostructure, using a three chamber 13.56 MHz direct
Plasma Enhanced Chemical Vapour Deposition (PECVD)
system. Our device is formed starting from 1 Qcm p-type,
random pyramids textured, mono-crystalline silicon wafer.
After a standard cleaning, on the complete back side we have
deposit a double layer of a-Si:H, the intrinsic buffer layer
followed by the n-type doped one. By the aid of a metallic
mask, we have selectively dry etched the n-layer and
subsequently we have deposit a p-type a-Si:H layer and
evaporated the aluminum (Al) grid. Then we have rotated the
mask of 180 degrees to evaporate the silver (Ag) grid on the n-
layer, thus forming a comb pattern interdigitated with the
previous one. The grid-less front surface is passivated by a
double layer of amorphous silicon and silicon nitride (a-
Si:H/SiN,), which also acts as anti-reflective coating. The
entire self-aligned mask and photolithography-free process is
performed at temperature below 300 °C with the aid of just
one metallic mask to create the interdigitated pattern. The
process scheme and the process conditions are elsewhere
explained [3].

ECN-E--10-056

3. RESULTS AND DISCUSSION

The experimental 1V data have been measured at room
temperature, calibrated to 100 mW/cm? and AM1.5g
illumination and are shown in the Fig. 1 as symbols.
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Fig. 1 1V light measurements and photovoltaic parameters:
experimental data (symbols) and PC1D simulations (lines).

The 687 mV as open circuit voltage (V) value confirms that
the uniformity of the deposited amorphous silicon layers is not
influenced by the mask-assisted deposition process, the
alignment is feasible and the regions where the doped layers
can overlap are well isolated by the intrinsic a-Si:H. We
remark that at the end of fabrication process the cell
photocurrent was completely dominated by a very high series
resistance. To overcome this problem we have performed a
laser treatment over the Al comb [4], thus producing a less
resistive contact, even if in a narrow region. Although the
absence of front metal shading should reflect in higher short
circuit current (Ji) this does not exceed 32 mA/cm? as
confirmed by integrating the EQE data over the sun spectrum.
The IQE, EQE and reflectance data are reported in Fig. 2 as
symbols. The Js value is less than the expected one due to
both optical and recombination losses. The key issues to
obtain high Js. depends on diffusion length, Ly, and surface
recombination velocity, S,,. To explore the effect of both
parameters we have compared the EQE experimental data
with a PC1D [5] simulation, in which we have simplified our
BEHIND cell into one dimensional crystalline based solar cell
having a back thin n-type a-Si:H emitter layer. We have
obtained a good agreement between experimental data and
simulation by choosing appropriate Ly and S, , values, taking
into account the measured reflectance profile, and considering
the passivation/antireflection coating absorption in the blue
region. The modelling suggest that with S, , down to 10 cm/s
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and L4 up to 1 mm it would be possible to reach the maximum
IQE values of this kind of device.
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Fig. 2 IQE, EQE, Reflectance of the BEHIND cell:
experimental data (symbols) and PC1D simulations (lines).

With the set of PC1D parameters adopted in QE simulation we
have also fitted the IV characteristic under sunlight exposure,
reported in Fig. 1 as continuous line. A series resistance has
been added to simulate the effect of low lateral conductivity of
the n-type a-Si:H emitter that strongly reduces the cell fill
factor. This problem mainly arises from the p-type c-Si /i a-
Si:H / p-type a-Si:H contact in which the carrier transport is
determined by tunneling mechanism, due to the relevant band
offset between the two valence band of p-type c-Si and p-type
a-Si:H [6]. In our samples, these layers could be thicker than
expected, since the need to avoid shunts between the two
amorphous doped layers has wrongly induced to deposit
thicker buffer layer. The series resistance can be lowered by
reducing the thickness of both p-type and intrinsic a-Si:H
layers and increasing the conductivity of the p-type a-Si:H
layer [7]. Moreover a large number of fingers should be
introduced per square centimetre and a treatment to increase
the n-type layer conductivity, forming a thin CrSi layer on it,
can be really useful also on the n-type amorphous emitter [8].
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Fig. 3 IV characteristic at room temperature and
dark conditions. In the inset how to the dark current flows
between rear contacts.
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To exploit the V. value we have measured IV characteristic at
room temperature and dark conditions. The dark current
mainly flows between the fingers shaped back contacts in a
region almost depleted as depicted in the inset of Fig. 4. To
extract information about the recombination in the depletion
region inside the crystalline side close to the heterojunction we
have analytically modelled the dark IV curve. By fitting
procedure, reported in Fig. 4 as line, we have obtained the
values of 1.3x10° A/ecm? and 4.5x107 A/cm? for the diode
reverse saturation current and the recombination current in the
depletion region respectively. We can conclude that the
recombination mechanism limits the V,.. However the built-in
potential, arising from the c-Si/a-Si:H heterojunction, still
remains sufficiently high to determine a V. value of 687 mV.

4. CONCLUSION

In this paper we have shown the BEHIND cell as an
innovative design of the interdigitated back contact a-Si:H/c-
Si heterojunction solar cell. The mask-assisted deposition of a-
Si:H layer is feasible and the entire self-aligned mask and
photolithography-free process is performed at temperature
below 300 °C with the aid of one metallic mask to create the
interdigitated pattern. Even if several technological aspects
have to be optimized a V,, of 687 mV has been reached that
can be considered a good starting point to continue to develop
this low temperature process useful to reduce the PV
manufacturing cost.
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Abstract

This paper shows how the amorphous/crystalline silicon technology can be implemented in the interdigitated back contact solar cell
design. We have fabricated rear-junction, backside contact cells in which both the emitter and the back contact are formed by amor-
phous/crystalline silicon heterostructure, and the grid-less textured front surface is passivated by a double layer of amorphous silicon
and silicon nitride, which also provides an anti-reflection coating. The entire self-aligned mask and photolithography-free process is per-
formed at temperature below 300 °C with the aid of one metallic mask to create the interdigitated pattern. An open circuit voltage of
687 mV has been measured on a 0.5 Qcm p-type monocrystalline silicon wafer. On the other hand, several technological aspects that limit
the fill factor (50%) and the short circuit current density (32 mA/cm?) still need improvement. We show that the uniformity of the depos-
ited amorphous silicon layers is not influenced by the mask-assisted deposition process and that the alignment is feasible. Moreover, this
paper investigates the photocurrent limiting factors by one-dimensional modeling and quantum efficiency measurements.
© 2008 Elsevier B.V. All rights reserved.

PACS: 79.60.Jv; 73.61.Jc

Keywords: Solar cells; Heterojunctions; Photovoltaics
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Abstract—In this paper we investigate in detail how the
heterostructure concept can be implemented in an interdigitated
back contact solar cell, in which both the emitters are formed on
the back side of the c-Si wafer by amorphous/crystalline silicon
heterostructure, and at the same time the grid-less front surface
is passivated by a double layer of amorphous silicon and silicon
nitride, which also provides an anti-reflection coating. The entire
process, held at temperature below 300 °C, is photolithography-
free, using a metallic self-aligned mask to create the
interdigitated pattern. An open-circuit voltage of 695 mV has
been measured on this device fabricated. The mask-assisted
deposition process does not influence the uniformity of the
deposited amorphous silicon layers. Several technological aspects
that limit the fill factor are considered and discussed.

Keywords-component; heterostructure, IBC, amorphous silicon.

I. INTRODUCTION

The tendency towards shrinking wafer thickness to reduce
the photovoltaic cost, is driving solar cell fabrication to reduce
the process temperature. This in particularly for multi-
crystalline silicon where wafer bowing and thermal stresses in
the bulk material can be problematic. On the other hand, an
effective back surface field, usually provided by high
temperature processes, is an increasing necessity with
decreasing substrate thickness. Both of these issues can be
faced with amorphous/crystalline  (a-Si/c-Si)  silicon
heterostructure, which can be deposited by Plasma Enhanced
Chemical Vapour Deposition (PECVD) at temperature below
400 °C. A way to increase PV conversion efficiency is
represented by rear-junction, back-contact solar cell design
interdigitated (IBC) able to collect photogenerated carriers
entirely from the rear of the cell. The advantages of this
structure include no contact grid shading on the sunward side
and use of a thin substrate, [1, 2]. Another useful concept for
increasing c-Si based solar cells is the one adopted by Sanyo’s
HIT structure in which high-quality intrinsic a-Si:H layers
allow an excellent surface passivation of c-Si surface,
resulting in high efficiency, especially a high open circuit
voltage (V,.): almost 730 mV has been reached [3]. This
technology has been demonstrated effective both on n-type or
p-type crystalline silicon [4, 5]. Moreover the temperature
coefficient of a-Si:H / c-Si heterostructure cells is better than
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conventional c-Si solar cells and results in a higher output
power at high temperatures [6]. Finally the implementation of
a-Si:H / c-Si heterojunction as solar cell concept has the
capability of reaching efficiencies up to 25% [7]. Even if such
technology can increase the open-circuit voltage, the a-Si
window layer can still affect the short-circuit current due to
the amorphous silicon absorption in the blue region of the
solar spectrum. To overcome this and to remove any
shadowing effect from a top metal grid, we have developed a
new cell design transferring the emitter and both contacts to
the rear side of the device: the BEHIND (Back Enhanced
Heterostructure with InterDigitated contact) solar cell. Our
approach to BEHIND cell fabrication is based on the idea to
develop an innovative IBC technology entirely performed at
very low temperature (< 300 °C), thus resulting in an
advantage for thinner wafers; involving a self-aligned mask
assisted and photolithography-free process and that could
benefit of the passivation quality of the a-Si:H. If the rear-
junction and backside contact design enjoys reduced optical
shading losses, also requires high bulk lifetime and low front-
surface recombination. In particular this work has been
devoted to overcome several problems that strongly affected
the previously reported structure [8], such as p-type c-Si p-
type a-Si base contact, shunt effect and series resistance, in
order to achieve a reliable solar cell process.

II. DEVICE FABRICATION

Actual BEHIND solar cell has been fabricated starting
from a 4 inch diameter, 200 pm thick, <100> oriented, 1 Qcm
p-type, one side polished CZ mono-crystalline silicon wafer.
After front side alkaline texturing and industrial cleaning, the
front side antireflection passivation coating and the rear side
emitter and back contact have been deposited in a 13.56 MHz
direct Plasma Enhanced Chemical Vapour Deposition
(PECVD) system. In particular a double layer stack of a-
Si/SiN, on the sunward side, acting as passivation and anti-
reflection layer [9] has been deposited using the conditions
reported in table I. Then on the whole polished backside of the
wafer, after an HF-dipping procedure to remove the native
oxide, an intrinsic a-Si:H buffer layer has been deposited
followed by a n-type doped a-Si:H one. Over this film a
chromium silicide (CrSi) layer has been formed to increase the
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Table I. PECVD deposition parameters used in the thin film formation (temperature indicated are effective).

Layer Gas Flow Pressure Temperature RF Poweér Thickness
(sccm) (mTorr) (°C) (mW/cm”) (nm)

Front a-Si:H SiHy/Ar 5% 120 750 250 36 10
side SiNx SiHy/Ar 5%,NH; 120, 10 750 250 36 65
a-Si:H SiH4/Ar 5% 120 750 250 36 5

Rear n-a-Si:H SiH4, PH; 40, 10 300 200 28 20
side a—Si:H SiH4/Ar 5% 120 750 250 36 5
p-a-Si:H SiH,, BoHg 40,4 680 170 28 10

on a-Si:H SiH,, PH; 40, 10 300 200 28 5

emitter conductivity [10] by Cr evaporation and wet
removal. At this stage a metallic mask has been held and fixed
by a particular holder on the rear side of the device. This
mask, fabricated from a 100 um thick Molybdenum foil, has a
comb shaped aperture obtained by Nd-YAG laser ablation. A
dry etching procedure using NF; gas has been performed to
remove the n-type a-Si:H portion not covered by the mask,
using settings defined on the base of previous experiences
[11]. Subsequently, keeping the mask in the same position, the
cell base contact has been formed by an intrinsic a-Si:H buffer
and a p-type a-Si:H layers, followed by a 8n-a-Si:H deposition
useful to increase the amorphous conductivity [10]. All the
deposition conditions of the above mentioned layer in Table I
are summarised. Then another comb shaped aperture mask,
having narrower fingers with respect to the previous mask, has
been held and fixed on the rear side of the device using the
previously used holder. The aperture of each finger of this
second mask is about the half of the first mask leading to not
difficult mechanical alignment with the pattern underneath.
Through these aperture a 30 nm thick Cr followed by 4 um Al
layers have been evaporated. The Cr is used to form the CrSi
layer on the p-type a-Si:H layer [10]. Finally, the mask has
been rotated 180 degrees and 4 um of Ag has been evaporated
to contact the emitter region, creating the interdigitated shape
with respect to the base contact. The total area of the solar cell
is 6.25 cm”. A schematic cross section of the BEHIND cell in
Figure 1 is depicted. At this stage the BEHIND cells have
been characterized in terms of current-voltage (I-V), both in
dark and AMI1.5G conditions, reflectance and Quantum
Efficiency (IQE: Internal Quantum Efficiency; EQE: External
Quantum Efficiency).

p a-Si:H + CrSi

na-Si:H + CrSi Cr
Ag Al > / a-Si:H
S T e, B "
" Yrgg, %
<+—ia-Si:H
< c-Si

‘ ‘ <«—iaSiH
<« SiNx

Figure 1: Schematic cross section of the BEHIND cell.
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III. RESULTS AND DISCUSSION

The experimental IV characteristic has been measured at
room temperature, under Class A calibrated to 1000 mW/cm2
and AMI1.5g illumination and in Figure 2 is shown as
symbols. Taking into account the best result of a silicon based
interdigitated solar cell [1] we can see that the very high open
circuit voltage Voc = 694 mV confirms the effectiveness of
the a-Si/c-Si heterojunction as the way to improve the silicon
based solar cell efficiency. This result also confirms that the
uniformity of the deposited amorphous silicon layers is not
influenced by the mask-assisted deposition process even when
multiple masks are used in the fabrication process. Indeed the
alignment between masks and substrate is feasible and the
regions where the doped layers can unfortunately overlap are
isolated by the intrinsic a-Si:H. The introduction of CrSi on p-
type a-Si:H base contact has allowed to overcome the
necessity of laser treatment to obtain an effective base contact
[8]. This effect is more evident considering the band bending
distribution at the p-S-Si/i-a:Si:H/p-a-Si:H interface, as
simulated with a finite difference software [5] and reported in
Figure 3 before (a) and after (b) the CrSi introduction at 1 sun
illumination conditions. The CrSi layer enhances the
tunnelling mechanism at the interface, resulting in a better
hole collection. Moreover the CrSi formation on n-a-Si:H
layer has produced an equipotential emitter surface that
reflects in a higher cell Fill Factor (FF) by lowering the series
resistance.

T T T T T T T T T T T
35
]
S 30 e BEHIND Cell
E 25 —— PCI1D simulation
2
£ 20 | V_=695mV
; 15k I =353 mA/em’
% FF =60.9 %
O 10k | Eff=15%
Area=6.25 cm’
5+
O 1 1 1 1 1 1
00 01 02 03 04 05 06 07

Voltage (V)

Figure 2: I-V measurements and photovoltaic parameters under AM1.5G
condition: experimental data (symbols) and PC1D simulations (lines).
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Figure 3: Band bending distribution before (a) and after (b) CrSi introduction
simulated at 1 sun illumination condition.

199.980

As expected the short circuit current J is higher than that
collected by a grid shaped front contact cell, but in principle
should be higher, so optical and recombination losses still
affect the cell. To get better inside the limiting factor for J,. a
detailed analysis of the EQE has been performed using PC1D
software [12].

1.0 T T T T

0.8

0.6 |-

04

IQE, EQE, Reflectance

02}

Fooaa, L
Y

4

0.0 1 3 |
400 600 800

Wavelength (nm)

1000 1200

Figure 4: IQE, EQE, Reflectance of the BEHIND cell: experimental data
(symbols) and PC1D simulations (lines).
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Table II Parameters used in PC1D simulation.

c-Si parameters

thickness (um) 200
mobility W, , 1, (cm*/Vs) 1417, 470
bandgap (eV) 1.124
intrinsic conc. n; (cm™) 1107
p-type doping (cm™) 32 10"
diffusion length Ly (um) 680
front surf. rec. S,,S, (cm/s) 80
rear surf. rec. S,,S, (cm/s) 1-10°

a-Si:H parameters
thickness (Lm) 0.015
mobility W, , Wy, (cm*/Vs) 1,0.1
bandgap (eV) 1.65
intrinsic concentration ni (cm™) 110’
ut (cm*/V) 110"
n-type doping (cm™) 510"
n'-type doped (CrSi ) 510"

The key issues to obtain high J,. depends on diffusion
length, Ly and surface recombination velocity, S,,. To
explore the effect of both parameters we have compared the
EQE experimental data with a PC1D simulation, in which we
have simplified our BEHIND cell into one dimensional
crystalline based solar cell having a back thin n-type aSi:H
emitter layer. A detailed description of parameters adopted in
the simulation is reported in Table II. Those parameters have
been fixed on the based of both c-Si and a-Si:H properties and
on geometrical characteristic of the cell. The majority of
parameters reported in Table I are commonly used in literature
for both c-Si and a-Si:H materials [5]. Choosing appropriate
Lq and S,, values, and taking into account the measured
reflectance profile, reported in Figure 4 as symbols, we have
obtained a good agreement between experimental data and
simulation model, except in the region of higher energy
photons, since the simulation does not account for the
passivation/antireflection coating absorption. So at the end of
simulations, EQE, IQE data have been reduced by the a-Si:H
thin layer (d = 3 nm) absorption and reported as EQE*and
IQE* in Figure 4. The model suggests that with S,, down to
10 cm/s and Ly up to 1 mm or the actual Ly = 680 nm and a
wafer thickness thinner than 170 um, it would be possible to
reach the unity IQE value in the spectral range from 400 nm to
900 nm. In this improved version of the cell with respect to the
previously shown in ref [8] the EQE curves does not show any
hump related to the depletion region at the edge of the emitter
in the spectral region ranging from 900 nm to 1000 nm as
commonly appears on rear emitter cell having not sufficiently
high L; and not optimized finger number per square
centimetres in the interdigitated rear geometry. This confirms
the goodness of the actual fabrication process. Moreover the
Reflectance profile measured and reported in Figure 3 remarks
the efficacy of the texturization and antireflection coating,
leading to an effective value of 4.6% if compared with the
sunlight spectrum.
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Figure 5: Experimental (symbols) and modelled (line) I-V characteristic at
room temperature and dark conditions.

The second mask used for the metal deposition over the p-
type a.Si:H base contact has been very helpful to reduce the
shunt effect at the edge of the p and n contact that now are
more pronounced due to increased n-type a-Si:H layer
conductivity. Although this shunt effect is still evident from
the I-V measurement performed in dark condition reported in
Figure 5. In fact the dark current mainly flows between the
fingers shaped back contacts. For this reason the area used in
I-V dark evaluation is only that of the p-type base contact.

The I-V measurement can be modelled by the two diode
model plus a series and a shunt resistance contributes.

\ \
I(V)=1,| e™ =1 [+1,|e™"

\Y
1|4+ —
Rsh

Where I, is the diode reverse saturation current; Ip,
accounts for recombination thermal generation currents in the
depletion region; Ry, is the shunt resistance, n;, n, are the
ideality factors and Vr is the thermal equivalent voltage. By
iterative solution it is possible to evaluate also the series
resistance R;. The parameter values used to fit the
experimental data In the inset of Figure 5 are listed. At high
current injection level the transport mechanism is dominated
by the series resistance, as already seen in the lighted IV
curve. From the latter analysis we can conclude that the
recombination mechanism still limits the V... However the
built-in potential, arising from the c-Si/a-Si:H heterojunction,
still remains sufficiently high to determine a V. value of 695
mV.
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IV. CONCLUSIONS

In this paper we have shown the actual improvement of the
BEHIND cell concept in which a-Si:H/c-Si heterostructures
have been used to form an interdigitated emitter and base
contacts. The grid-less front surface now ensures as high I .
value as 35.3 mA/cm? due to improved diffusion length. With
the aid of a PC1D model we have deduced that front surface
recombination still limits the J,, and we have also evaluated
the effectiveness of CrSi to increase the transport reducing the
series resistance. In turn, to form this layer, a secondary mask
has been needed but this does not reduce the effectiveness of
mask-assisted deposition process. Actually a V,. of 695 mV
has been reached, that can be considered a further
improvement respect to the previous results to continue to
develop this low temperature process helpful to reduce the PV
manufacturing cost.
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ABSTRACT: In this work we report on the emitter optimization on isotextured n-type FZ c-Si wafers for a-Si:H/c-Si
heterojunction solar cells. At ECN, three different types of isotexturing have been developed. From lifetime measurements
performed on passivated isotextured wafers, it was concluded that two of the three types of texturing are compatible with our
silicon heterojunction process. The next step was to optimize the heterojunction emitter on the isotextured wafers. The
emitter structure, consisting of a thin intrinsic layer and a p-layer has been deposited in a medium sized area (30 cm x 40 cm)
PILOT reactor by means of 13.56 MHz RF PECVD. As a p-layer, we found that an a-Si:H p-layer with a thickness of around
20 nm gave the best results. Finally, we performed a thickness series of an already optimized i-layer for the isotextured
wafers. We found that the optimal i-layer thickness on these isotextured wafers (10 nm) is higher than on flat polished
wafers (7 nm). The newly optimized structure finally led to an efficiency of 16.4% with a Vo of 623 mV, a Jsc of 34.2
mA/cm? and a FF of 77%. An important next step in our research will be to extend the results shown in this paper to

isotextured mc-Si wafers.

Keywords: Heterojunction, c-Si, isotexturing, PECVD

1 INTRODUCTION

Heterojunction solar cells based on amorphous and
crystalline silicon are very suitable devices for low cost
and high efficiency energy conversion. Sanyo showed an
efficiency of 22.3% for a-Si:H/c-Si heterojunction solar
cells with a thin intrinsic layer, which clearly
demonstrates its feasibility as a concept for high
efficiency solar cells [1]. This type of cell has already
been brought to the market as well [2,3]. Compared to
conventional (m)c-Si solar cells, a considerable cost
reduction can be achieved because the fabrication process
can take place at temperatures below 200°C. Another
advantage of a-Si:H/c-Si heterojunction solar cells are the
better  temperature  characteristics compared  to
conventional c-Si solar cells.

Wafer texturing is a well-established way to increase the
light trapping and thereby the light induced current
density in c-Si based solar cells. The most common way
to apply texturing to mc-Si wafers is by isotropic
texturing using an acidic solution [4,5]. It has the huge
advantage over alkaline anisotropic texturing that it does
not form steps at the grain boundaries [6]. These steps
make it very difficult to entirely cover the surface of the
wafer with the emitter, which has a total thickness of only
several tens of nanometers, whereas these steps at the
grain boundaries are typically in the order of several
microns [7].

In this work we report on the emitter optimization on
different types of isotextured wafers for a-Si:H/c-Si
heterojunction solar cells. The performance of the cells
on textured wafers is compared to the performance on
flat, double sided polished (DSP) wafers, which are used
as a reference. The emitter structure has been deposited
by means of a very simple process using 13.56 MHz RF
PECVD in the PILOT medium size multichamber
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deposition system [8] at our laboratory with substrate
temperatures not exceeding 200°C.

So far, we have done our research on FZ c-Si wafers
because there is less variation in neighboring wafers
compared to mc-Si. In the future however, we want to
extend this work to a-Si:H/c-Si heterojunction solar cells
on isotextured mc-Si wafers.

2 EXPERIMENTAL

For this research, 2-5 QQcm (100) n-type FZ c-Si wafers
with an area of 5x5 cm”and a diffused back surface field
(BSF) have been used. First, the wafers were dipped in
HF (1% solution in H,0) for 1 min. Thereafter, the thin
intrinsic layer and the p-layer were deposited in a
multichamber medium sized vacuum system, called
PILOT [8]. The a-Si:H layers have been deposited by
means of 13.56 MHz RF PECVD. For the thin intrinsic
layer we have used pure silane. For the p-layer we used a
gas mixture consisting of silane, hydrogen and B(CHs);,
which is also known as TMB. On top of the emitter
structure, an 80 nm thick ITO layer has been deposited by
RF magnetron sputtering. Finally, Ag contacts were
evaporated on both sides of the cells. For the Ag
evaporation on the top side, a mask has been used to
define the grid pattern of the front contacts. On the back
side, the cells were fully covered with Ag. After these
deposition steps, the cells were annealed for 1 h at 160°C
in a N, atmosphere. The performance of the solar cells
has been tested by means of I-V and spectral response
measurements. The quality of the p-layers has been tested
and optimized by means of conductivity (both dark and
illuminated), activation energy and R/T measurements on
Corning glass.
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3 RESULTS AND DISCUSSION
3.1 Passivation Properties of Textured Wafers

In order to increase the light absorption of the wafers
used in this research, three different types of isotexture
(AR and C) have been developed and mnvestigated [7]
First, their passivation properties have been tested in
crder to evaluate their compatibility with the silicon
heterojunction fabrication process and cormpared to the
results on flat, double-side polished (DSFP) wafers. This
has been done by performing QSEPC [9] measurements
cn different device structures. On all samples, the
tertured front side was covered with a standard ermutter,
and the back side with surface passivating SN, H [10].
Ag a reference, a sample with il H deposited on beth
sides has also been provided. Figure 1 shows the
effective lifetime (ze%) and implied Voo at an injection
level of 10° am® ae determined from QSSPC
measurements [7].
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Figrre 1 Effective Lifefime and Implisd Voo as
maasured by QSSPC for different Hipes of fexturization.
The polished wafers are wsed as a reference. Covirtesy af
Y. Komatss [7].

The results n Figure 1 show that the textuning types &
and C show good passivation properties, almost ag good
ag the reference sample For type B, the effective lifetime
of minarity chatrge carriers ig significantly lower than for
the other samnples This ndicates that testuring type B is
not cotrpatible with the silicon heterojunction procese.
Therefore, type B will nct be considered any more in the
rest of this worl

When incorporated  into  finished solar cells, the
igctextured wafers show comparable Voo values and
slightly higher Jsc values cormpared to the results on flat
DEP wafers The higher Joe walues can be asaribed to the
better light abscrption of the testured wafers compared to
the D3P wafers. The results are shown in Table 1.

Table I Cutprt parameters for finished solar cells on
fat DSFP and s otextired K2 n-type o-S1 wafers

Texture Type Voo mV) Jsc (mA/em®)
FlatDEF G613 323
A &17 340
[ 10 340
ECN-E--10-056

The emitter stacture which has been used so far, has not
been optimized for the newly temtured wafers yet
Therefore, the newxt step was to optirmize this structure.

3.2 p-lay er optimization

We tried to develop three different types of p-layers, 1.e
a-31H, a-SiCH and pe-31H and evaluated which
structure ig the most feasible for and comp atible with cur
solar cells.

We have been able to fabricate good a-51:H p-layers for
cur heterojunction solar cells The activation energy was
typically between 035 and 040 eV and when
incotporated into solar cells we obtained proper fill
factors The optimal thickness of our a-5i:H p-layer was
found to be 20 nm.

Compared to standard a-SiH, layers consisting of a-
31C:H are expected to have a higher bandgap and thus a
higher transparency. A disadvantage of a-31C:H layers,
which ig caused by the carbon incorporation, ig an
increasing  defect density which seems to have a
detrimmental effect on the performance of the cells. In
practice, our a-3iC:H layers showed less good results
than our a-31H p-layers The activation energy was
significantly higher and when mcorporated into solar
cells, the fill factor strongly decreased compared to cells
with an a-31:H p-layer. This clearly indicates that this a-
S1C:H p-layer is too defective and that the doping
efficiency 18 low.

Microaystalline silicon usually has a higher conductivity
and a lower absorption coefficient than amorphous
silicon. Both of these properties are in principle
beneficial for good p-layers. The main challenge when
depositing a pe-SitH p-layer in silicon heterojunction
solar cells on top of a thin intrinsic layer consisting of a-
SiH is to achieve (microdarystalline growth without a
long incubation phase This property is very critical
because the optimal p-layer thickness is typically in the
order of several tens of nanometers. First, individual p-
layers have been deposited and optimized on Corning
glass. Cur a-31H layers showed proper results, both on
glass and when incorporated i finished solar cells. The
we-21:H layers, however, showed good results regarding
conductivity and activation energy when deposited on
glass, but did not show good results when incorporated in
a cell. This could indicate that the growth of this layer 1s
microarystalline on glass, but amorphous on top of a ¢-51
wafer with a thin intrinsic layer. In order to test this, we
deposited an i/p structure on glass, so the growth of the p-
layer on top of the thin intrinsic layer could be studied
Eaman spectroscopy showed that the growth of the p-
layer directly on glass was microarystalline, but on top of
a thin intrinsic layer, the layer turned out to be
amorphous. We tried this for an emtensive range of
deposition conditions, but in all cases the result was the
sarmme. The reason that we did not evaluate the
aystallinity of the p-layer on top of a ¢-S1wafer with thin
intrinsic layer ig that Raman spectrum will be dominated
by the wafer in that caze.
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Figure 2: Raman Spectroscopy measurements for pc-
Si:H p-layer on glass with and without thin intrinsic layer

So far we have succeeded to fabricate properly working
a-Si:H p-layers for a-Si:H/c-Si heterojunction solar cells.
For a-SiC:H and pc-Si:H p-layers, this has not been the
case yet. In the case of pe-Si:H p-layers, this is due to the
fact that only a thin intrinsic amorphous silicon layer can
have a large influence on the nucleation of
nanocrystallites. Therefore we decided to continue with
the a-Si:H p-layer, combined with isotexture type C.
Here, in fact, the choice between type A and C was
arbitrary. The next step was to optimize the thickness of
the thin intrinsic layer.

3.3 Thickness optimization of thin intrinsic buffer
layer

The standard i-layer we have used in this research has
been deposited at a relatively low substrate temperature
of approximately 120°C to prevent epitaxial growth onto
the c-Si wafer. A relatively low deposition temperature
combined with a high plasma power is expected to be the
most suitable manner to prevent epitaxial growth onto the
c-Si wafer [11]. In this research, only the thickness of this
layer, combined with the new p-layer, has been
optimized. The deposition conditions of the i-layer have
not been changed.
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Figure 3 OQutput parameters for various i-layer
thicknesses.

From figure 3b, it can be seen that the V¢ increases with
increasing i-layer thickness, as can be expected due to
improving surface passivation. For a thin intrinsic layer,
the best surface passivation is expected to occur at
several tens of nanometers [12]. The Jgc slightly
decreases due to increasing absorption in the i-layer with
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increasing thickness. As can clearly be seen from figure
lc, the FF collapses for i-layer thicknesses above 10 nm.
For such thicknesses, the holes cannot tunnel through the
intrinsic layer any more and the layer acts as a barrier.
The optimal layer thickness turned out to be
approximately 10 nm, as can be seen from figure 3a. This
thickness is higher than observed by most other groups
[i.e.11,13] and previous work [14], which could be
ascribed to the texturing of the c-Si wafers. It has to be
said, however, that in our case the thickness of the thin
intrinsic layer could only be estimated timewise, and
might therefore be slightly overestimated.

3.4 Solar Cell Results

The newly developed solar cell structure, consisting of an
isotextured c-Si wafer with diffused BSF, a 10 nm thick
intrinsic layer and improved a-Si:H p-layer led to an
efficiency of 16.4% with a Vocof 623 mV, a Jgc of 34.2
mA/cm’ and a FF of 77%.
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Figure 4, I-V curve of our present best cell with layers
deposited in the medium-sized reactor.

100
80+
X 60-
N
w
O 401
w
201

0 T T T T T T
400 500 600 700 800 900 1000
wavelength (nm)

Figure 5, Spectral Response measurement of our best
cell.

From the spectral response measurement shown in Figure
S, it can be seen that the cell performs very well for
wavelengths between roughly 600 and 900 nm. For lower
wavelengths, we can see that there is still some room for
improvement. Especially the development of a thinner
and more transparent emitter structure could be beneficial
in this case.
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4. CONCLUSIONS

We have investigated the influence of different types of
isotexturing on the performance of a-Si:H/c-Si
heterojunction solar cells. Compared to our results on flat
DSP wafers, the cells on the textured wafers showed a
considerable improvement in efficiency. Furthermore we
optimized the emitter structure for the newly developed
types of isotexturing. This emitter structure consists of a
thin intrinsic layer with a thickness of 10 nm combined
with a 20 nm thick a-Si:H p-layer. The optimal i-layer
thickness was found to be higher than the optimal i-layer
thickness for i-layers on flat wafers. The whole emitter
structure has been deposited by 13.56 MHz rf PECVD.
This finally led to an efficiency of 16.4% and a V¢ of
623 mV on isotextured n-type FZ c-Si wafers with
diffused BSF. An important next step in our research will
be, to optimize the performance of the solar cell structure
described in this paper on textured mec-Si wafers. Also,
the development of a deposited BSF should be
mentioned.
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MULTI-CRYSTALLINE SILICON HETEROJUNCTION SOLAR CELLS
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ABSTRACT: In this work we present the results we obtained by processing 1 Q*cm p-type alkaline textured multi-
crystalline silicon wafers when a double hydrogenated amorphous/crystalline silicon heterojunction is applied to sandwich
the substrate. At the sunward surface to form the emitter and at the rear side to act as back surface field. We investigate the
efficiency limiting factors by evaluating the photogeneration mechanism and we address a way of improvement. Even if the
obtained photovoltaic efficiency is not impressive (15%), it is worth to note that this result is one of the very few results
obtained on hydrogenated amorphous/crystalline silicon heterostructure based on p-type textured multi-crystalline silicon

wafer, and the best published up to now.

Keywords: Silicon, Heterojunction, a-Si.

1 INTRODUCTION

The hydrogenated amorphous/crystalline silicon (a-
Si:H/c-Si) heterostructure have recently attracted new
interest since have been deputed as one of the way to get
close 25% of cell efficiency [1]. While very interesting
results have been obtained on mono-crystalline silicon
substrate, the silicon heterojunction (SHJ) based on
multi-crystalline silicon (mc-Si) wafers still presents
many aspects to be addressed and some questions still
wait an answer [2-4].

Efficiency and carrier transport properties of a-
Si:H/c-Si heterojunction solar cells are significantly
affected by the c-Si surface conditionings prior the
plasma deposition process and, of course, by the
amorphous silicon deposition conditions.

The hydrogen plasma treatment could result in a
useful defect (like dislocations and grain boundaries)
passivation for multi-crystalline silicon. Likewise, if for
mono-crystalline the choice of silane as a precursor gas
for the amorphous deposition could not be the best and
tetrafluorosilane should be preferred, for multi-crystalline
it seems the right choice, again thanks to the hydrogen
defect passivation. Moreover surface treatments, prior the
amorphous silicon deposition, able to reduce the surface
roughness and the steps between individual grains, must
be investigated in order to avoid micro-shunt that can
affect the open circuit voltage of the photovoltaic device.

In this work we present the results we have obtained
processing 1 Q*cm p-type alkaline textured multi-
crystalline silicon wafers when a double a-Si:H/c-Si is
applied to sandwich the substrate. At the sunward surface
to form the emitter and at the rear side to act as back
surface field (BSF). We have investigated on the
efficiency limiting factors, and we have numerically
modeled the solar cell internal quantum efficiency (IQE)
to evaluate the photogeneration mechanism. By that we
were able to estimate the thicknesses of the amorphous
layers, the diffusion length of the minority carriers (L,)
and the back surface recombination velocity (S,). We
have also compared the performances of our
heterostructure device to that of an industrial high
efficiency solar cell, fabricated on sister substrate with a
high temperature process, having a phosphorous diffused
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emitter and an alloyed aluminum/silicon back surface
field (P-diffused and Al-BSF).

2 TECHNOLOGICAL ISSUES
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Figure 1: Simulation with DIFFIN of the ideal band
bending and carrier concentration at the back side of our
heterostructure solar cell in AMI1.5G condition. The dark
lines correspond to the conduction and valence band.

For n-type a-Si:H/p-type c-Si heterojunction surface
passivation is still a challenge in order to obtain high
open circuit voltage (>700 mV). Different approaches
have been investigated to improve the interface with the
c-Si substrate [5]. In addition, considering the p-type
based HIT [3] cell, the band offset at the p-type c-
Si/intrinsic a-Si:H/p-type a-Si:H interfaces, at the rear of
the device, is influencing the photogenerated carriers
collection from the back contact [6]. While the offset in
the conduction band and the band bending can be useful
as back surface barrier against electrons, the higher band
offset in the valence band should behave as a barrier for
the holes collection. A simulation of the back side
behavior of the double SHJ solar cell based on p-type
mce-Si wafer, by DIFFIN program, elsewhere presented
[7], clearly describes this ideal situation, as reported in
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Figure 1.

The key issue for the result of 17% efficiency on the
heterostructure solar cell based on p-type mono-
crystalline silicon, presented by the authors in 2003, was
the chromium silicide (CrSi) [8]. We found that the
formation of a CrSi film occurs at room temperature at
the interface between amorphous silicon and chromium,
and can be obtained by vacuum evaporation of chromium
followed by a wet metal etching, performed with a
solution of 30 g ceric ammonium nitrate, 9 ml glacial
acetic acid and 200 ml deionized water. This process
does not remove the CrSi film, but it just etches the metal
in excess. The extension of this high conductivity layer
inside the n-type doped a-Si:H has been estimated to
about 10 nm [9]. Further investigation reduced this depth
to few nanometers. It is important to note that the CrSi
formation is independent from the electronic properties
of the n-doped a-Si:H. In particular, we have also
observed the presence of CrSi on n-layers grown at room
temperature. Moreover this layer does not introduce any
further absorption to the n-type doped a-Si:H. After
several tests on amorphous silicon films, we found that
the CrSi is formed only on n-type amorphous film, while
its formation unluckily was inhibited on p-type or
intrinsic material. Therefore we have adopted a different
approach by adding a ultra thin n-doped amorphous
silicon film (&n) deposited on the top p-type a-Si:H layer.
This technological step has allowed us to form the CrSi
film on the p-type a-Si:H-layer [10]. Very similar effect
also happens on a p-type doped a-SiC:H. It is worth
pointing out here that the p-dn structure does not behave
as a junction due to the tunneling current caused by the
high defect density of the doped layers. Then, this new
kind of layer can be adopted in the heterojunction solar
cell process technology in order to overcome the problem
of low doping value and high activation energy of the p-
type a-Si:H or p-type a-SiC:H layers used as a window
layer in the heterostructure devices based on n-type
crystalline silicon, or as back contact and BSF formation
in the heterostructure devices based on p-type crystalline
silicon.

3 EXPERIMENTAL

To fabricate heterostructure solar cells we have used
106 cm?, 210 pm thick, 1 Q*cm boron doped, multi-
crystalline silicon as-cut wafer. A cross section of the
solar cell is depicted in Figure 2.

This device presents a double heterojunction with
silicon wafer: one at the front side, as Ag-grid/ITO/Mm-
type a-Si:H/intrinsic a-Si:H; and the other at the back
side, as intrinsic a-Si:H/p-type a-Si:H/TTO/AL. We have
alkaline textured and industrially cleaned the wafer and
then, after an 1% HF dip we have deposited the
amorphous silicon layers in a three chambers 13.56 MHz
RF PECVD reactor, using always the following
conditions:

- 28 mW/cm® RF power density;
- 200 °C temperature;
- 300 mTorr pressure, and
adding the following gas mixtures:
1) 40 scem SiH s flow for the intrinsic layer;
2) 10scem PH; and 40 scem SiH 4 for the n-type layer;
3) 6scem BoH g and 40 scem SiH 4 for the p-type layer.
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On the front side of the wafer we have deposited a 3
nm thick intrinsic a-Si:H buffer layer, and 10 nm thick #-
type doped a-Si:H. On the rear we have deposited 5 nm
thick intrinsic a-Si:H followed by a 15 nm thick p-type
doped a-Si:H layer and a dr doped a-Si:H buffer layer.
Afterwards we have evaporated and subsequently
removed 30 nm thick chromium layer on both sides of
the device to form the high conductivity CrSi layer. By
sputtering system we have deposited the ITO layers, 67
nm at the emitter side and 80 nm at the back side, using
the following conditions: ITO target, 25 scem Ar, 5 scem
0,, 150 °C, 200 W RF power. Finally, by e-beam
evaporator, we have deposited 2 pm of Al on the whole
surface of the cell, as back contact, , and 2 pm of silver
(Ag) through a grid shape mask, as front metal grid. The
total area of the device has been fixed at 4 cm?.

Ag (front contact)

Al(back contact)

Figure 2: Basic structure of our double heterostructure
solar cell (not to scale).

4 RESULTS AND DISCUSSION

The PV devices have been characterized by current
voltage (I-V) measurements at standard conditions (100
mWem®, AMIS5G and 25 (%), and by quantum
efficiency (QE) in the range of 350-1200 nm. In Figure 3
the lighted I-V characteristic of the heterostructure solar
cell is reported together with the evaluation of its
photovoltaic parameters.
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Figure 3: [-V characteristic under standard condttions
(100 miiem®, AMI.5G and 25 C°) and photovoltaic
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parameters of the double heferosiructure solar cell based
on p-type mc-Si wafers.

The photovoltaic efficiency of this cell is still lower
than that of the industrial high efficiency P-diffused and
Al-BSF cell (15% vs. 17%). The fill factor and the series
resistance are still the limiting factors; although the
chromium silicide formation on the top of the amorphous
films results in a series resistance reduction and a better
charge collection.

The shunt resistance is strongly influencing the open
circuit voltage. To prove this we have fabricated a sister
wafer following the same process but chemically
polishing, instead of alkaline texturing, the surfaces. The
measured V., increased 30 mV (from 600 mV to 630
mV). This means that the thickness uniformity of the thin
amorphous layers over a wide and textured silicon
surface still requires further investigations.

Up to now just SANYO [3] has been able to produce
high photovoltaic efficiency on 100 cm® substrate. All
other research groups have obtained good results only on
very small device.

Even if the obtained photovoltaic efficiency is not
impressive, 1t 1s worth to note that this result 1s one of the
very few results obtained on a-Si;H/c-Si heterostructure
based on p-type textured multi-crystalline silicon wafer,
and the best published up to now.
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Figure 4 Internal Quantum Efficiency comparison of
our heterostructure device (red symbols) and P-diffused
+ Al-BSF solar cell (blue symbols) based on sister p-type
me-Si substrate. The line is the fit with an analvtical
madel of the IOE data of the heterostruc ture cell.

In Figure 4 the Internal Quantum Efficiency (IQE)
data of the heterostructure solar cell are reported (red
symbols) together with the simulation obtained by a
simple analytical model (black line). This model takes
into account the absorption coefficients (a(i)), the
thickness of the materials, the depletion width, and the
diffusion length in the crystalline silicon bulk. OFf course,
the photocurrent is as a sum of the two main components:
drift at the depletion region and diffusion in the bulk. The
carrier transport at the a-Si:H/c-Si interface, limited by
the defeet density, 1s restricted by the pt product of the
amorphous silicon, that has been fixed at 10" [em®/V].
By fitting procedure in the blue region of the spectrum
this simple model 1s able to verify the thicknesses of the

amorphous silicon layers not easy to control, since they
are very thin. Indeed we have found that the n-type a-
Si:H is 8 nm and the intrinsic a-Si:H is 5 nm. The value
of the effective diffusion length of the minority carriers
has been obtained by the linear behavior of the IQE vs
OLo.gi(A) at the edge of the silicon bandgap absorption and
has been evaluated as 350 wm. Tunneling effect and
other series resistance losses are not considered.

In the Figure 4 are also showed the IQE data (blue
symbols) of the industrial high efficiency solar cell
realized by a standard high temperature process (P-
diffused and Al-BSF) using a sister substrate and having
an efficiency of 17%.

In the blue region of the spectrum the IQE of the
diffused cell 1s higher than one of the heterostructure.
Even if the thicknesses of the amorphous silicon lavers
are very thin, their absorption represents a limiting
factor. One way to improve the blue response is to
ophimize the front transparent conductive oxide (TCO)
layer characteristics, like increasing its transparency and
its conductance.

Since in the spectrum region between 900 nm and
1000 mm the IQE of both cells 1s almost equal we can
assume an equal effective diffusion length (L,). It is
worth to note that the back contact of the diffused cell 1s
ensured by the high temperature Al diffusion, able to
produce a gettering of the bulk impurities and an
effective surface field as well. Then we can deduce that
also the heterostruchure device has a similar effect.
Probably the intrinsic a-Si:H laver is able to passivate the
back side of the silicon wafer and the p-type a-
S1:H/CrSYITO stuck lavers are able to promote a good
extraction of holes. Moreover the heterostruchre device
prasents a quite higher internal reflectance, as evident
comparing the IQE of both cells in the spectrum region
between 1050 nm and 1200 nm. This means that the
mirronng effect of the a-S1: H/ITO/AL structure deposited
on a fextured surface is befter than that of Si/Si-Al-
alloy/Al

. Mirror

TEMy Nd YAG 1064 nm Q-Switched Laser

I Focus lens

2
//
- - = -
Ao
front
Figure 5:. Basic structre of owr alternative

heterostructure solar cell having a SHJ as emitter and at
the back the stuck lavers : (intrinsic a-Si:H/SiN/B-
SOD/AL + processed by laser to get the localized BSF
(rot to scale).

To increase the holes collection at the back metal
contact a thickness reduction of the deposited a-Si;H
layer at the rear is needed together with a reduction of the
activation energy of the p-type doped a-Si:H layer. The
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application of CrSi layer at the back side of the cell
before the ITO deposition goes in this direction and can
also reduce the contact resistance between the p-type
doped a-Si:H and the ITO layers.

To further increase the infrared response of our
device we are investigating a new back side scheme (see
Figure 5) that replaces the rear heterostructure with the
following stack layers: intrinsic a-Si:H/SiNx/B-SOD/AI.
After the deposition of these layers the rear side has been
treated by a laser assisted process to get localized back
surface field [11]. The results in terms of IQE are showed
in the Figure 6.
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Figure 6:. Internal Quantum Efficiency data comparison
of the double heterostructure device (red symbols), of
the P-diffused + AI-BSF solar cell (blue symbols), and of
the solar cell having a SHJ as emitter and the stuck
layers intrinsic a-Si:H/SiNx/B-SOD/Al + laser assisted
process at the back. The devices are based on sister p-
type mc-Si substrates.

The first obtained results are very good in terms of L,
(from 350 pum to 450 um), and Js. (an increase of about 4
mA/cm?). The S at the back has been evaluated as 20
cm/s, but there is enough room to improve this parameter
by optimizing the surface pre-treatment prior the
amorphous silicon deposition. Finally it is worth to point
out that the entire process still remains performed at low
temperature.

5 CONCLUSION

We have fabricated double amorphous /crystalline
silicon heterojunction solar cell on 1 Q*cm p-type
alkaline textured multi-crystalline substrate with 15% of
efficiency. In order to increase the hole and the electron
collection, respectively, at the back side and at the front
side of the cell; we have deposited a chromium silicide
film between the amorphous silicon and the transparent
conductive oxide layers. The role of this buffer layer has
been detailed investigated. We have discussed the
transport mechanism at the rear side of the device by
modeling the heterostructure device. Even if the PV
performances we have got are still below that one
obtained by using the high temperature technology (15%
vs. 17%); it is worth to note that is the best published
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result on multi-crystalline silicon HIT structure up to
now. Finally we have introduced a new promising low
temperature design for SHJ solar cells based on p-type
mc-Si wafers, having an a-Si:H/c-Si heterostructure as
emitter and a stuck layer of intrinsic a-Si:H/SiNx/B-
SODJ/AI at the rear of the device, followed by a laser
assisted process to get localized back surface field.
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Abstract

A pt ue-Si:H layer for the use as deposited back surface field (BSF) has to be highly doped in order to achieve a truly functioning
BSF. We optimized a p** pc-Si:H deposited on glass in terms of activation energy by varying the deposition parameters. The activation
energy of the 30 nm thick pc p* " layer on glass reaches an optimum at E, = 0.15 4 0.01 eV at a flow ratio TMB/SiH, of 0.016. To obtain
a measure of the value of the activation energy of the p* pc-Si:H layer on wafers, the layers were deposited on highly crystalline intrinsic
pe-Si:H layers due to which the incubation layer of the pc p-layer can be avoided. The optimum TMB flow is higher on the microcrys-
talline i-layer, simulating the wafer, and the activation energy is greatly reduced to E, = 0.08 4 0.01 eV. The best bifacial silicon hetero-
junction cell (SHJ) using such a low activation energy layer as the deposited BSF has an active area efficiency of 14.87%. This is high
compared to the efficiency of 11.86% for the cell without BSF, due to a 22.4 mV higher ¥V, and a 4.6 mA/cm? higher J,., demonstrating
that the deposited BSF performs successfully.
© 2006 Elsevier B.V. All rights reserved.

PACS: 85.30.De; 81.07.Bc; 81.15.Gh; 84.60.Jt

Keywords: Solar cells; Heterojunctions; Photovoltaics; Electrical and electronic properties; Band structure; Films and coatings; Chemical vapor depos-
ition; Plasma deposition; Microcrystallinity
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ABSTRACT

In this paper, we report on deposition and
properties of high quality boron doped p-type
amorphous Si (a-Si:H(p)) layers on n-type float
zone Si(100) wafers by remote linear radio
frequency plasma-enhanced CVD. The a-Si:H(p)
layers show excellent surface passivation that is
comparable to the one of a-Si:H intrinsic layers (a-
Si:H(i)), and high stability of the passivation when
stored in the dark . Additionally, the measured dark
conductivity of deposited a-Si(p) is increased up to
>7x10® S/cm by annealing. In a Si heterojunction
cell structure, the a-Si:H(p) layer will be the emitter
on an n-type base wafer. The effective lifetime of
test structures of a-Si(p)/c-Si(n)/a-Si(n) has
approached 1 ms, and a high pseudo fill factor
and open circuit voltage have been obtained from
a SunsVoc measurement. We conclude that these
a-Si:H(p) layers are very promising for the
application in high  performance silicon
heterojunction solar cells without using an
intermediate a-Si:H(i) layer.

INTRODUCTION

The silicon heterojunction solar cell (SHJ),
with a record efficiency of 22.3% reported by
Sanyo in 2007 [1], has attracted extensive
attention all over the world. Recently 23% have
been reached (http://www.pv-
tech.org/news/_a/sanyo_a_hit_with_23_solar_cell_
efficiency_record/)

So far, many efforts have been made in order
to understand the role of the amorphous Si layer in
the heterojunction solar cell such as: 1) modeling
the surface passivation of the amorphous silicon
layer on the crystalline silicon wafer to understand
its fundamental physical mechanism [2]; 2)
studying and engineering the electronic band
structure in order to improve the charge transport
across the silicon heterojunction structure [3]; 3)
experimentally optimizing the amorphous silicon
deposition condition aiming at a high quality layer
and device [4, 5].

The SHJ process is already well-known for its

outstanding  properties compared to the
conventional solar cell process: 1) the SHJ
formation is a process carried out at low

temperature (< 200°C) with a very short deposition
period; 2) doped a-Si:H for emitter and back
surface field (BSF) can be produced via tuning the
dopant species and deposition parameters; 3) a-
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Si:H(i) was demonstrated to result in excellent
surface passivation [6].

High quality a-Si:H(i) thin layers (thickness of
around 5 nm) play a very important role in the
performance of the usual SHJ cells. To achieve
such extremely thin and homogenous layers with a
high surface passivation is not an easy task and
the characterization of such kind of layers ex-situ is
almost impossible due to their instability in
ambient. Olibet et al. found that the surface
passivation of a-Si:H(i) varied with the layer
thickness and the best surface passivation was
obtained at a layer thickness of 40 nm. The
passivation degraded both with decreasing and
increasing thickness, due to either less layer
relaxation or mechanical stress respectively [7].
Therefore, for passivation, the intermediate a-
Si:H(i) layer with a thickness of 5 nm is not the
best choice. However, with increasing layer
thickness, such insulating layers can greatly
reduce the charge transport between silicon wafer
and amorphous doped layer, and also increase the
light absorption.

Depositing a-Si:H(p/n) directly on the Si wafer
is another option but there is usually an inferior
surface passivation due to the recombination via
the interface defects, which are produced by the
dopant species. So far, there was only one report
of succeeding in the high performance Si
heterojunction cell produced without intermediate
a-Si:H(i) from K. V. Maydell et. al.[8].

In this work, we apply a new method, remote
linear radio frequency plasma-enhanced CVD (rf-
PECVD), to produce high quality a-Si:H(p) layers
directly on the mono-crystalline silicon (100) wafer.
It not only results in a very good surface
passivation that is comparable to its intrinsic
counterpart, but the layers also posses a high dark
conductivity. The surface passivation of such a-
Si:H(p) as a function of layer thickness and applied
dopant flow rate is investigated. The lowest
surface recombination velocity Se ~7 cm/s is
obtained at a layer thickness of ~70 nm. A range of
dopant gas flow rates for achieving both good
surface passivation and conductivity has been
defined. A stable effective lifetime (terr) is
demonstrated for a thin (~20 nm) a-Si:H(p) layer.
The surface passivation of various cell structures is
investigated and the pseudo fill factor and open
circuit voltage (Voc) are studied by using the
SunsVoc measurement.

EXPERIMENTS
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N-type float zone silicon (100) wafers
(diam.=100 mm) with a thickness of 250 um and a
resistivity of 2.3 Qcm were used as the substrates
for the amorphous silicon layer deposition. Prior to
the deposition, chemical cleaning and a short HF
dip were performed. After the HF dip, the wafer is
transported into the high vacuum chamber of the
rf-PECVD within a short time to avoid surface
degradation.

For studying the single a-Si:H(p) layer, we
deposit a thick, passivating a-SiNy layer [9] on one
side of the wafer by using a separate Microwave
PECVD system. This assures a good surface
passivation, which normally yields tet > 1 ms. The
a-Si:H(p) is deposited on the other side for this
study.

The a-Si:H(p) layer deposition is carried
out in the p-chamber of rf-PECVD system
equipped with a rf plasma source (13.56 Mhz) [10].
The PECVD chamber has a layout as shown in
figure 1. This system is able to deposit layers with
mild ion energy, which would not easily damage
the wafer surface. Beside SiH4 and H; gas, a (B2Hs
+ Hy) gas mixture was introduced in the deposition
for the p-type doping process. The ratio B:Si was
varied by tuning the gas flow rate.

web
plasma

electrode(s)

Hr
e 3 H—
RF generator
- 13.56 MHz

Figure 1: schematic drawing of the remote linear
radio frequency plasma enhanced CVD system.
The web carries the wafers (face down).

In the formation of the cell structure of a-
Si:H(p)/c-Si(n)/a-Si:H(n), a-Si:H(n) layers were
deposited in the n-chamber of rf-PECVD system
with the same plasma source. (PHs + Hy) gas
mixture was used as dopant gas for the n-type
doping.

Post annealing was commonly applied
right after the deposition in our experiments. It was
performed in a conventional box furnace in air. The
Teff Was measured by the Sinton WT 120 in the
transient mode and it was extracted at a charge
carrier density of 10"%/cm?®. The stability of surface
passivation as a function of time was measured for
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a thin a-Si:H(p) layer (~20nm), which was kept in
the dark and in the air. ex-situ ellipsometry
(SE850, Sentech Instrument Gmbh) was used to
determine the amorphous nature of the deposited
layers. The dark conductivity measurement was
carried out by the two probe method using a
Keithley 595 Quasistatic CV Meter. The
conductivity samples were  simultaneously
deposited on glass substrates; coplanar aluminum
contacts were later evaporated by using the e-
beam. To quantify the SHJ p/n/n cell structures,
ITO layers were sputtered on both front and rear
sides of wafer and a Ag layer was sputtered on the
rear side as the back contact. SunsVoc
measurements resulted in the pseudo fill factor
and open circuit voltage (Vo).

RESULTS AND DISCUSSIONS

Figure 2 plots the surface recombination
velocity s of the a-Si:H(p) layers on Si(100) as a
function of layer thickness. As shown in the inset of
figure 2, the samples include a-Si:H(p) layer
deposited on the front side of wafer and a high

15
- e a-Si:H (p)
E L] | | c-Si(n)
o o SiNx
S 12
g
7 ®
-1
-
= 94
® ]
£ )
5 64
@ After annealing
T T
0 50 100 150
Thicknes of a-Si:H (p) layer (nm)
5,010 -
after annealing
E 4,0x10° 1
o
= 1 -
2 ]
% 3,0x10 -
g [
% 2,0x10° 4
o ]
1,0x10° .
T T T T
0 30 60 920 120 150

Thicknes of a-Si:H(p) layer (nm)

Figure 2: surface recombination velocity of
annealed a-Si:H(p) layers as function of layer
thickness (upper); dark conductivity obtained for
the same a-Si:H(p) layers as function of layer
thickness (lower).
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quality SiNx layer deposited on the rear side of
wafer, which can secure a very good surface

passivation. The recombination velocity is
converted from measured 1 and is approximated
1 1
by the equation — = —— 4+ ——, in which tpuk
Tor  Touik

is the bulk lifetime assumed to be infinite; S is the
recombination velocity and W is the wafer
thickness. S is thus practically the average of the
respective S of the SiNx and the a-Si(p):H. It is
noticed that the smallest recombination velocity is
obtained for the layer with a thickness of ~70 nm.
Furthermore, it shows a comparable surface
passivation to that of the a-Si:H(i) layer reported
by Olibet et al. [11]. When reducing the layer
thickness down to 20 nm, the recombination
velocity increases to 2 times higher than that at 70
nm indicating the degradation of the surface
passivation for thinner a-Si:H(p) layer. This shows
a similar trend as the behavior of a-Si:H(i) and it is
attributed to the insufficient relaxation of the thin
layer [7]. In the lower part of figure 2, the dark
conductivity has been extracted by using two
probe measurements. Clearly, all the results are
well above 1x10° S/cm strongly demonstrating
that the deposited layers are effectively doped.

To investigate the structure of the deposited
layer, we applied an ex-situ ellipsometry
measurement. As shown in figure 3, layers with
high e show the typical curve for amorphous Si.
However, for the one with very low ter = 35 ps, as
shown by the blue dashed curve, a crystalline-like
step is found. These results are well consistent
with previous ellipsometry studies [12,13].

a-Si:H{p) 20nm, LT=909,s
35 a-Si:H(p) 40nm, LT=947s s 1
30 ] #-SiH(P) 75nm, LT=1687,8 i =
y a-Si:H(p) 142nm, LT=1157ps “
25 a-5i:H (p) 70nm, LT=35us |

1,5 20 25 30 35 40
Energy (eV)

Figure 3: typical amorphous layer property is
demonstrated from the ellipsometry measurement
of the dielectric constant (imaginary part) as a
function of wavelength.

Stability of surface passivation as function of
time is another important issue because it can
strongly impact to the performance of
heterojunction solar cells. In this study, the surface
passivation stability was investigated by means of
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measuring the te for an annealed a-Si:H(p) layer
with a thickness of ~20 nm, which does not have
any protecting capping layer and is stored in the
dark, and in air. tef was measured after every 10
days as shown in figure 4. Only slight fluctuations
of the measured lifetime of less than 5% are
noticed. There is no obvious degradation of
surface passivation for the deposited thin a-Si:H(p)
layer even for more than a month after the initial
annealing. So far, we don’'t have the results
concerning to the passivation stability of such kind
of p-layer storing under the light yet.

1100
after annealing
e 1000 ! L 1
5 .
© gpo{ @ e ¢ o .
e
ié
800 4
i o
g. as deposit
+= 700+
g
£ 600
2
5001, . : . a-Si'.lH (p) [‘-20|r|m]
'] 10 20 30 40 50
Time (days)
Figure 4 investigation of lifetime stability of

deposited a-Si:H(p).

The influence of the dopant flow rate in the
deposition on the surface passivation was also
studied. The surface recombination velocity and
dark conductivity after the annealing process,
plotted as a function of dopant gas flow rate, are
indicated in figure 5. The surface recombination
velocity and dark conductivity both decrease with
reduced flow rate of dopant gas. These results
qualitatively suggest that reducing the dopant
concentration in the deposited layer can suppress

20+ &  [20x10°
7 181 o .
- £1,5x10
L 2
<16 —0 £
w -1,0x10°S
$ 141 o & 2
= i Fa
E 12. 5,010

<&
104 e -0,0
6 2‘0 4‘0 E‘ﬂ ﬂ.ﬂ

Flow rate (B,H, +H,) (sccm)

Figure 5 surface recombination velocity and dark
conductivity of a-Si:H(p) [thickness
indicated as function of applied dopant gas flow

rate.

50 nm] are

29



the density of defects which induce charge
recombination at the interface. However, with a too
low flow rate (i.e. <15 sccm), although the surface
passivation is enhanced, there is a large decrease
of the dark conductivity of deposited a-Si:H(p).
Based on these results, we suggest that: 1) with
very low flow rate in terms of very low dopant
concentration, a higher quality amorphous layer,
which is comparable to the a-Si:H(i), can be
achieved. This is possibly assisted by the so called
“microdoping”, which may cause the field effect
passivation at the interface [2]; 2) to achieve a
reliable surface passivation and good conductivity
simultaneously for the deposited a-Si:H(p) layer, a
compromise doping process should be considered.
High quality doped a-Si:H(p) layers with and
without a-Si:H(i) buffer layers were deposited as
an emitter on the polished front surfaces of n-type

a-Bi:H (p) [16nm]
a-8i:H (i) [bnm]
1 ¢-5i(n)

a-Si:H (i) [bm]
a-3i:H (n) [15nm]

U

tAnority-Carrier Lifetime (no Auger correction] ws. Carrier Density

Tau =721 psat 1.0E+15 cm-2
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Figure 6 schematic drawing of stack layer 1 and
corresponding minority charge carrier lifetime
(upper); schematic drawing of stack layer 2 and
corresponding minority charge carrier lifetime
(lower).
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float zone Si(100) wafer as shown in the schematic
drawings of figure 6. An a-Si:H(n) layer was
deposited on the rear side of wafer as BSF, also
with and without intrinsic buffer layer. Stack 1 is
formed by a-Si:H(p) /c-Si(n) /a-Si:H(n) and stack 2
is formed by a-Si:H(p) /a-Si(i) /c-Si(n) /a-Si:H(i) /a-
Si:H(n). The a-Si:H(i) layers in stack 2 were
introduced to improve the passivation and
produced separately in either n or p chamber; the
doped layers were deposited on top without
breaking the chamber vacuum. The surface
passivation quality of each stack is indicated
accordingly in figure 6. A better surface passivation
(tert= 1.0 ms) is observed for stack 2 than for stack
1 (tefr = 0.74 ms). The surface passivation
achieved for stack 2 is comparable to the single a-
Si:H(p) shown in figure 4 indicating a consistent
layer quality. The lower surface passivation for
stack 1 is apparently related to the very thin (~5
nm) a-Si:H(i) layer.

In table 1, we compare the dark conductivity
measured for single a-Si:H(p) layers with the
a-Si:H(p)/a-Si:H(i) stack. After annealing, the
conductivity is increased for both cases, but the
conductivity of the i/p stack is about 2-3 orders of
magnitudes lower than those of the single a-
Si:H(p) layers. This indicates that the conductivity
can be greatly improved by removing the
intermediate a-Si:H(i) layer. Whilst still keeping a
good surface passivation, such kind of a-Si:H(p)
layer will be favored for the device fabrication.

Gpark (S/cm) [ opark (S/cm)
before after anneal
anneal

p-layer 1 [20nm] 2.0E-7 8.3E-6
p-layer 2 [20nm] 7.2E-7 3.7E-5
i[5nm]/p[15nm] 1.0E-9 6.8E-8

Table 1 dark conductivity measured on a-Si:H(p)
layer and on a-Si:H(p) / a-Si:H (i) stack,.

By using the SunsVoc measurement, we
further demonstrate the advantages of depositing
the a-Si:H(p) layer directly on the Si wafer. In
figure 7, pseudo J-V curves show the high quality
silicon heterojunction without indicating any
obvious shunt for both kinds of the stack layers.
Pseudo fill factor and V.. are extracted by
averaging measurements on 5 different points on
the wafers. As seen in figure 7, a high Vo (> 670
mV) has been obtained for both stacks. It indicates
that the surface passivation of both stack layers is
still good after ITO deposition and Ag back contact
deposition. A much higher pseudo fill factor FF =
0.84 is obtained for stack 2 than that (pseudo FF =
0.80) of stack 1. These results indicate that the
stack layer without intermediate a-Si:H(i) has a
better behavior than the one with the a-Si:H(i)
when neglecting the series resistance. Hence, we
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believe, also in the real solar cell, a better
performance will be achieved on the stack layer 2
since it has also been demonstrated to have a
better conductivity in the doped layers, and contact
resistance can be expected to be further reduced
in the absence of intrinsic buffer layers [14].

CONCLUSIONS

High quality a-Si:H(p) layer has been
successfully deposited directly on the n-type float
zone Si(100) wafer using remote linear rf-PECVD.
The thin a-Si:H(p) layer (~20 nm) results in an
effective surface passivation, which is comparable
to that of the conventionally used a-Si:H (i) layer. It
also shows stabilty of the good surface
passivation with time, in the dark, and in air.
Furthermore, the conductivity of the a-Si:H(p) layer
has been greatly improved by annealing without
losing the high surface passivation property. This
indicates a potentially reliable application of the a-
Si:H(p) layer for the silicon hereojunction solar cell
resulting in a better conversion efficiency
performance. Future studies will mainly be focused
on front contact optimization and series resistance
improvement.
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High-density silicon nitride deposited at low substrate temperature with high
deposition rate using hot wire chemical vapour deposition
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Abstract

For application as barrier coatings in (opto-)electronic devices, it is important to deposit transparent silicon nitride (SiN,) films with high mass
density at low substrate temperatures. By using hot wire chemical vapour deposition (HWCVD) we were able to deposit transparent SiN,, coatings
at temperatures below 230 °C. As determined with elastic recoil detection (ERD), these films have a density of 2.8 g/cm®, which is only slightly
lower than the density of 3.0 g/cm3 obtained for samples deposited at 450 °C. The low 16BHF etch-rates of 18 nm/min and 7 nm/min,
respectively, confirm the high compactness of the films. An interesting feature of these films is that the composition at which a maximum in mass
density is obtained changes from slightly Si-rich towards stoichiometric when lowering the substrate temperature. The deposition rate of these
high-density films is 3 nm/s. Moreover, these high-density films have very low absorption for the visible wavelength region, which enables the use
in optical devices. Since this high transparency is obtained in combination with the high mass density and a high deposition rate (3 nm/s), we
conclude that these HWCVD deposited SiN, films have great potential for application in barrier coatings.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Silicon nitride; Hot wire CVD; Low substrate temperature
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Deposition of device quality silicon nitride with ultra high
deposition rate (>7 nm/s) using hot-wire CVD
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Abstract

The application of hot-wire (HW) CVD deposited silicon nitride (SiN,) as passivating anti-reflection coating on multicrystalline silicon (mc-Si)
solar cells is investigated. The highest efficiency reached is 15.7% for SiN, layers with an N/Si ratio of 1.20 and a high mass density of 2.9 g/cm”.
These cell efficiencies are comparable to the reference cells with optimized plasma enhanced (PE) CVD SiN, even though a very high deposition
rate of 3 nm/s is used. Layer characterization showed that the N/Si ratio in the layers determines the structure of the deposited films. And since the
volume concentration of Si-atoms in the deposited films is found to be independent of the N/Si ratio the structure of the films is determined by the
quantity of incorporated nitrogen. It is found that the process pressure greatly enhances the efficiency of the ammonia decomposition, presumably
caused by the higher partial pressure of atomic hydrogen. With this knowledge we increased the deposition rate to a very high 7 nm/s for device
quality SiN, films, much faster than commercial deposition techniques offer [S. von Aichberger, Photon Int. 3 (2004) 40].
© 2007 Elsevier B.V. All rights reserved.

Keywords: Silicon nitride; Hot-wire CVD; Multicrystalline solar cells; High deposition rate
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Lanthanide ions as spectral converters for solar cells

Bryan M. van der Ende,**® Linda Aarts” and Andries Meijerink**
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DOI: 10.1039/b913877¢

The use of lanthanide ions to convert photons to different, more useful, wavelengths

is well-known from a wide range of applications (e.g. fluorescent tubes, lasers, white light LEDs).
Recently, a new potential application has emerged: the use of lanthanide ions for spectral
conversion in solar cells. The main energy loss in the conversion of solar energy to electricity is
related to the so-called spectral mismatch: low energy photons are not absorbed by a solar cell
while high energy photons are not used efficiently. To reduce the spectral mismatch losses

both upconversion and downconversion are viable options. In the case of upconversion two

low energy infrared photons that cannot be absorbed by the solar cell, are added up to give one
high energy photon that can be absorbed. In the case of downconversion one high energy
photon is split into two lower energy photons that can both be absorbed by the solar cell.

The rich and unique energy level structure arising from the 4f" inner shell configuration of the
trivalent lanthanide ions gives a variety of options for efficient up- and downconversion.

In this perspective an overview will be given of recent work on photon management for solar
cells. Three topics can be distinguished: (1) modelling of the potential impact of spectral
conversion on the efficiency of solar cells; (2) research on up- and downconversion materials
based on lanthanides; and (3) proof-of-principle experiments. Finally, an outlook will be given,
including issues that need to be resolved before wide scale application of up- and downconversion
materials can be anticipated.
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Downconversion for solar cells in NaYF,:Er,Yb
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(Received 8 April 2009; accepted 19 June 2009; published online 24 July 2009)

Downconversion is a promising avenue to boost the efficiency of solar cells by absorbing one higher
energy visible photon and emitting two lower energy near-infrared (NIR) photons. Here the
efficiency of downconversion for the (Er**, Yb**) couple is investigated in NaYF,, a well-known
host lattice for efficient upconversion with (Er’*, Yb**). Analysis of the excitation and emission
spectra for NaYF, doped with 1% Er** and codoped with 0%, 5%, 10%, or 30% Yb** show that
visible to NIR downconversion is inefficient. Downconversion by the scheme based on the reverse
of the upconversion process is hampered by fast multiphonon relaxation from the *F, level (the
starting level for downconversion) to the *S;, level. Energy transfer from the *S5, level of Er’* to
Yb* is shown to be inefficient. Efficient downconversion from the *G 112 of Er** level is observed,
resulting in emission of two photons (one around 980 nm and one around 650 nm) after absorption
of a single 380 nm photon. © 2009 American Institute of Physics. [DOI: 10.1063/1.3177257]
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Condensed Matter and Interfaces, Debye Institute for Nanomaterials Science, Utrecht University, Princetonplein 5,
3584 CC Utrecht, The Netherlands
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(Received 9 October 2009; published 12 January 2010)

Energy losses inherent to the conversion of sunlight to electricity in solar cells are mainly due to the
so-called spectral mismatch: low energy photons are not absorbed while the energy of high energy photons is
only partly used by the solar cell. The losses can be significantly reduced by adapting the solar spectrum. A
promising avenue is the use of a downconversion material where one higher energy visible (blue-green) photon
is “cut” into rwo lower-energy near-infrared photons that both can be used by the solar cell. Here the efficiency
of downconversion for the (Nd**,Yb**) couple in YF; is studied to investigate if efficient two-step energy
transfer occurs from the *Go,, level of Nd** (situated around 21 000 cm™" or 470 nm) exciting two neighbor-
ing Yb3* ions to the *Fs), level (around 10 000 cm™" or 1000 nm). Optical measurements of YF; doped with
Nd** and Yb3* show that there is efficient energy transfer from Nd** to Yb**, but downconversion from the
4Gg/2 level does not occur due to fast multiphonon relaxation. Relaxation from this level to lower-energy levels
populates the 4F3,2 level of Nd** from which efficient one-step energy transfer to Yb** occurs. Analysis of the
luminescence decay curves for different Yb**-concentrations using Monte Carlo simulations reveals a high
nearest neighbor transfer rate (3.3 X 10> s~!) through a dipole-dipole interaction mechanism. Downconversion
is observed from the 4D3,2 level (situated in the UV, around 28 000 cm™' or 360 nm) with an estimated
quantum efficiency up to 140%. For application in solar cells this UV to 2 NIR downconversion will only
result in a marginal reduction of spectral mismatch losses.
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15. Outlook

The proof of principle for back contact silicon heterojunction devices has been demonstrated.
The potential for very high efficiency is demonstrated, based on a Voc of upto 695 mV and a
design that should significantly reduce the optical losses compared to traditional SHJ cells.
Proof of concept and proof of feasibility for industrial production will require a scaled-up effort
on, among other aspects:

- analysis of the efficiency-limiting factors in the current back contact SHJ devices

- development of heterojunction deposition technology at the state-of-the-art (Sanyo) level

- test and development of process steps which allow low cost production

In this way, back contact SHJ devices offer the possibility of reaching 25% cell efficiency in the
mid-future, higher than any other crystalline silicon technology presently known can be ex-
pected to deliver.

Also the proof of principle for photon multiplication by quantum cutting has been demonstrated.
Follow-up research will have to work on sensitizers, in order to use more of the available UV
spectrum, and on methods to incorporate the phosphors in cell design.

If this follow-up development is successful, quantum cutting can enhance the efficiency of crys-
talline silicon solar cells significantly beyond the fundamental limit of 25-26%.

A "public-private” consortium has been formed to address the remaining issues in the field of
fully back-contacted silicon heterojunction solar cells and a Perspectief proposal (acronym
Flash) has been submitted to STW.

The Stichting FOM is further pursuing the science and technology of photon manipulation (in-
cluding photon conversion) in several projects in the Joint Solar Programme (see www.fom.nl).
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