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Preface

The need to replace conventional energies—coal, oil and nuclear power—by
alternative ones has been emphasised many times and underlined only recently in
the Durban Climate Change Conference. Among these alternatives, photovoltaic
devices play a leading role. This book here deals with one important representa-
tive, the heterojunction solar cell.

As its name points out, it consists of two different materials, crystalline and
amorphous silicon. While the former one was brought to a high standard already
shortly after World War II, amorphous silicon was investigated in detail only in
1968, in Romania. In contrast, heterojunction solar cell production of today is a
flourishing business as seen by the example of Sanyo or Meyer Burger.

This book deals with some typical properties of the heterojunction cell. Its
history, schematic cross-sections, and production tools will be shown. A special
chapter is devoted to the challenges of the cell such as texturization, interface
defects, passivation, lifetime and surface velocity, epitaxial layer formation,
emitter, and back surface field conductivity.

Some important measurement tools are presented.

Today no electronic device will be produced any more before it is not simu-
lated. Thus, we present a few of the simulation programmes available on the
market.

The book is completed with a brief survey of the state of the art as represented
by the efficiencies.

Because China is the strongest emerging market in the solar cell field a col-
lection of related publications and their discussion appeared to be mandatory.

. 0. Rl es

Nanchang, December 2011 Wolfgang Rainer Fahrner
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Amorphous Silicon / Crystalline Silicon
Heterojunction Solar Cells

Wolfgang Rainer Fahrner

1 Introduction
1.1 Basic Structure

Like any other (semiconductor) solar cell, the amorphous silicon / crystalline
silicon heterojunction solar cell consists of a combination of p-type and n-type
material, that is, a diode structure. However, while in the usual case the n-type and
the p-type semiconductors are identical and just differ in the doping, a hetero-
junction is built on two different materials, crystalline and amorphous silicon in
our case. Its basic structure is given in Fig. 1.

A crystalline wafer acts as a substrate for the amorphous layer on its top. In the
following, the abbreviations c-Si and a-Si are used for crystalline and amorphous
silicon, respectively. To obtain the required diode structure, it is evident that the
two materials must be of opposite doping type. The amorphous layer acts as
emitter and the wafer as the base of the solar cell.

During the development of the heterojunction cell, the range of emitter and base
materials has been expanded. For instance, the initially monocrystalline silicon had
been replaced by multicrystalline material of various origins (edge-defined ribbon
growth, block-cast silicon, etc.). Similarly, microcrystalline silicon had been tried
instead of amorphous silicon.

Of course, a cell according to Fig. 1 would not operate very efficiently. For
instance, incoming light would be reflected to a good deal. As a first counter-
measure, an antireflection coating (ARC, cf. Sect. 3.2) is deposited on the a-Si. The
ARC is highly transparent and highly conductive. Together with a texture

W. R. Fahrner (X)) A
Chair of Electronic Devices, University of Hagen, Haldener 182, 58084 Hagen, Germany
e-mail: wolfgang.fahrner @fernuni-hagen.de

W. R. Fahrner
School of Photovoltaic Engineering, Nanchang University, Xuefu Ave. 999, 330031
Nanchang, China

W. R. Fahrner, Amorphous Silicon / Crystalline Silicon Heterojunction Solar Cells, 1
SpringerBriefs in Applied Sciences and Technology, DOI: 10.1007/978-3-642-37039-7_1,
© Chemical Industry Press, Beijing and Springer-Verlag Berlin Heidelberg 2013



2 W. R. Fahrner

(e. g., p-type) amorphous

(e. g., n-type)

monocrystalline silicon

Fig. 1 Basic structure of the amorphous silicon / crystalline silicon heterojunction solar cell

(roughening of the surface, cf. Sect. 3.2), reflection is almost totally suppressed.
Furthermore, we need electrical contacts. The usual solution is an array of metallic
fingers mutually connected by a busbar on the front side and a metal back contact.
However, other solutions with interdigitated contacts at the rear are known
(cf. Sect. 4.2). The application of a conductive ARC serves a second purpose,
namely the improved lateral transport of carriers generated between the fingers.
The a-Si alone offers a very low conductance. Finally, the surfaces of the wafer
must not be neglected. The c-Si surfaces are full of so-called surface (or interface)
states yielding a high recombination and loss in current gain. Thus, it is advisable
to deposit a thin intrinsic layer on either surface of the wafer (cf. Sect. 5.3). As a
rule, the deposition of the backside intrinsic layer is followed by another depo-
sition, namely the so-called back surface field (BSF) layer. The BSF repels
minority carriers trying to reach the recombination centers at the back contact.
Summing up all these improvements, we end up with a cross section of Fig. 2.

(@

TCO

emitter: pc-Si:H(p*/n*)

Hii) o

Fig. 2 a Improved structure (left), texture not shown and b a photograph of a typical solar cell
(right)
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Typical geometrical data of the solar cell are Area of 100 x 100 mm, wafer
thickness of 210 pm, finger width of 150 pm, finger distance (center to center) of
2 mm, busbar width of 2 mm, busbar distance (center to center) of 50 mm,
intrinsic layer thicknesses of 5-10 nm, indium tin oxide layer (as ARC) of 80 nm,
emitter layer of 5-10 nm, and the metallization on the back side of a few pum.

1.2 History of a-Si:H/c-Si Device Development

The investigation of the heterojunction between amorphous silicon and crystalline
silicon started more than 40 years ago. The first-reported a-Si/c-Si heterojunction
has been published by Grigorivici et al. [1], by evaporation of amorphous non-
hydrogenated silicon at room temperature on top of n-type or p-type crystalline
silicon with different resistivities and successive annealing of the deposited films at
temperatures of either 290 or 500 °C [1]. This deposition method resulted in a
highly defective amorphous silicon layer, and the study aimed to determine the
transport mechanism in the amorphous silicon layer. The authors concluded that
the a-Si had p-type character from the better rectification, observed in the case of
the a-Si/n-type c-Si heterojunction as compared to the a-Si/p-type c-Si hetero-
junction. The same results had some years earlier found for amorphous germanium
on crystalline silicon heterojunctions [2]. From capacitance—voltage (C-V) char-
acteristics of this heterojunctions, the authors deduced an acceptor density in the
a-Si of 10'® cm ™. Only few years later, good rectification has been obtained on a
similar structure and, using capacitance—voltage measurements for the electrical
characterization, a rather high built-in-voltage of 0.7 V has been measured [3].
The authors attributed the improved characteristics to a better interface, obtained
by heating under vacuum conditions of the crystalline silicon substrate to 400 °C
prior of the amorphous silicon deposition. More than 20 years later, in situ tran-
sient microwave conductance (TRMC) measurements during heating and cooling
of crystalline silicon wafers confirmed the importance of the c-Si substrate heating
before amorphous silicon deposition, measuring directly the change in the
minority carrier lifetime during this heat treatment [4]. In 1974, the first deposition
of hydrogenated amorphous silicon on crystalline silicon has been reported by
Fuhs et al. [5], resulting in an amorphous silicon top layer with a lower defect
density, where electrical transport in the amorphous layer was not anymore
dominated by variable-range hopping [6]. It should be noted that a series of other
types of amorphous semiconductor on crystalline silicon heterojunctions have
been investigated in these early years, for example, with amorphous germanium
[2], amorphous oxides [7], and amorphous chalcogenides [7] as top layers.
Photovoltaic effects observed on these devices are already mentioned in [8].
A detailed analysis of the current transport mechanisms in intrinsic amorphous
silicon on crystalline silicon heterojunction and a detailed comparison with
Schottky diodes have been given for the first time by Brodsky et al. [8]. The
authors discussed already the difference of the barrier heights depending on the
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substrate doping polarity and found a higher barrier for the a-Si/p-type c-Si
junction. In the beginning, all a-Si/c-Si heterojunctions have been realized using
intrinsic amorphous silicon either on n-type or on p-type Czochralski grown
crystalline substrate. Only in 1975, the possibility of a substitutional doping of
amorphous silicon has been demonstrated [9]. In the following years, the actually
still-used multitunneling capture-emission model, regarding the electronic trans-
port over at the heterojunction in an i-a-Si:H on p-c-Si with different c-Si resis-
tivities, has been developed by Matsuura et al. [10], based on C-V and
temperature-dependent dark I-V measurements. Often, as already mentioned for
the first publications, the heterojunction has been just used to determine the
material parameters of the amorphous silicon top layers, as for example using C-V
measurements, an intrinsic a-Si:H on n-type crystalline silicon structure by Sasaki
et al. [11]. Similar measurements, but in a MOS configuration, have been per-
formed later, where the highly doped c-Si substrate served just as gate electrode
and for the growth of a high-quality thermal oxide [12]. First industrial applica-
tions of the heterojunction focused on the vidicon operation and in this case,
indeed, a top intrinsic amorphous silicon layer is required in order to avoid lateral
current transport and hence “blooming” effects [13].

Some years later, however, a strong interest in photovoltaic applications of the
a-Si:H/c-Si heterojunction emerged. Initially, n-type a-Si:H on p-type polycrys-
talline silicon as low-cost double-junction cells with a nip a-Si:H top cell [14]
(cf. Fig. 3) or a-Si:H/ribbon c-Si as bottom cell of a TANDEM solar cell with a top
pin-a-Si:H junction [15] has been realized. In the case of the TANDEM device, a
three-terminal configuration has been chosen in order to avoid the top/bottom cell
current matching problem and an initial efficiency of 11 % has been reported.

In this early period, all photovoltaic a-Si/c-Si heterojunction devices are n-type
amorphous on p-type (poly)crystalline devices. As mentioned earlier, the impor-
tance of the interface preparation for this kind of heterojunction was already taken
into account in a very early stage [3]. More emphasis on the interface recombi-
nation influence on the device properties has been given in the moment, when
specific characterization tools have been developed. In particular, the application
of the contactless (TRMC) technique [16] as in situ technique first for the char-
acterization of a-Si:H layer growth on glass substrates [17, 18] and then on
crystalline silicon substrates [19] enabled the monitoring of the interface recom-
bination during the growth of the amorphous layer. In the case of the monitoring of
the heterojunction formation, initially a strong damaging of the crystalline silicon
substrate due to the plasma process, followed by a successive passivation during a-
Si:H growth, has been observed [19, 20]. The combination of the in situ TRMC
technique with in situ spectrally resolved ellipsometry enabled, at the same time, a
monitoring of the electronic properties and of the structural evolution of the c-Si
surface during plasma processing [21]. Another result of the in situ TRMC-mea-
surements is the direct observation of the charge carrier injection from the
amorphous layer into the crystalline silicon substrate. In particular, the dependence
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Fig. 3 a Cross-sectional (a) a-Si poly c-Si

view of the tandem solar cell
by Okuda, Okamoto, and
Hamakawa. b Schematic
band diagram [14]. Copyright
1983 The Japan Society of
Applied Physics

of the injection efficiency on the a-Si:H bulk layer and interface properties has
been investigated [22] and correlated with the electrical characteristics of the
finished heterojunction device [23]. Due to the knowledge that amorphous silicon
layers are as efficient as SiO, layers for the surface passivation of crystalline
silicon substrates, as determined again by the TRMC technique [24]. In 1992, a
new type of a-Si:H/c-Si heterojunction solar cell has been presented by Sanyo—
namely the HIT solar cell, the p-type amorphous on n-type crystalline silicon solar
cell with a thin intrinsic interface layer [25]. Already, the first publications
reported 18.1 % conversion efficiency (30), and nowadays, 23.0 % have been
achieved for a large-area (100 sz) HIT solar cell [26] (note that Sanyo uses the
acronym HIT, “Heterojunction with Intrinsic Thin layer,” for its heterojunction
solar cells).
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1.3 Economic Aspects

It might be helpful to start this chapter with a brief survey on the photovoltaic
installations. Figure 4 shows the repartition of the power production for Germany,
the rest of Europe, and the rest of the world [27].

A more detailed picture is obtained when looking at the annually installed
power. An example'is found in Fig. 5 for the year 2008 [28].

The interesting point in this figure is the absolute numbers in some segments.
Spain, for example, has installed a capacity of 2,400 MW which is more than the

5.3

Il Germany
I Europe (without Germany)
[E1 World (without Europe, Germany)

Fig. 4 Repartition of the total installed solar power (in GW) up to 2009

Italy France
220MWp; 3,8% 150MWp; 2.6%
Portugal
42MWp; 0,7%
Belgium
20MWp; 0,3%
Czech Republic
Spain 20MWp; 0,3%
2600MWp; 44.5% RO Europe
53MWp; 0,9%

Canada
20MWp; 0.3%
_L— Japan
230MWp; 3.9%
China

50MWp; 0.9%
South Korea
290MWp; 5,0%
India

70MWp; 1.2%
RO World Australia

195MWp; 3,3% 40MWp; 0.7%

Fig. 5 Worldwide installed solar power in 2008
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Table 1 Technical data of a typical Sanyo module [31]

Maximum power (P,y) 225 Wp*

Voltage at maximum power point (Vi) 339V

Current at maximum power point (/p) 6.64 A

Open-circuit voltage (V) 418V

Short-circuit current (/) 7.14 A

Power tolerance +10/—5 %

Maximum system voltage 1,000 V

Dimensions (L x W x H, mm) 1,610 x 861 x 35 mm
Weight 16.5 kg

Performance guarantee 20 years for 80 % of the minimum power
Product guarantee 2 years

output of the Three Miles Island Reactor with an output of 800 and 900 MW of
both blocks. It is anticipated that the 2020 installation will amount to 44 GW
resulting in accumulated power of 269 GW.

This situation is reflected in the field of heterojunction solar cells. Because
Sanyo Company is the only commercial supplier, it is sufficient to use its pro-
duction data. While in 2009, 340 MW are anticipated, this number will increase to
2 GW in 2020 [29, 30].

Finally, we reproduce some technical data of a typical heterojunction module
(Table 1).

It is clearly seen that its minimum efficiency of 16.2 % is one of the best of all
commercially available modules. A further advantage consists in the fact that
heterojunction modules exhibit a lower open-circuit voltage temperature coeffi-
cient (<—1.78 mV/K) than crystalline modules (—0.2 mV/K) [32, 33]. This
coefficient essentially determines the temperature coefficient of the efficiency.
Recently, Sanyo has repeated these measurements and given more precise data.
Temperature coefficients of —0.5 and —0.3 %/K for crystalline and HIT solar
cells, respectively, were given [34].

2 Useful Material Parameters
2.1 Useful Data of Monocrystalline Silicon

The crystal structure of the most frequently used semiconductor material, namely
monocrystalline silicon, is that of the diamond lattice. It is arranged in the form of
two interwoven face-centered cubic lattices with one silicon atom placed on each
lattice point [35] (Table 2, Fig. 6).

The two elementary cells are displaced against each other by a quarter of the
body diagonal. The bonds are purely covalent.

Monocrystalline silicon is an indirect semiconductor. The resulting absorption
coefficient is seen in Fig. 7.
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Table 2 Some material properties of crystalline silicon [35, 37]

Crystal properties

Atoms/cm > 5.0 x 10%
Atomic weight 28.09
Density (g/cm’) 2.24

Melting point (°C) 1,415

Vapor pressure (Pa) 1 at 1,650 °C,

107 at 900 °C
Thermal properties

Coefficient of thermal expansion (°C~") 2.6 x 107°
Specific heat (J/g x °C) 0.7
Thermal conductivity (W/cm x °C) 1.5
Thermal diffusion coefficient (cm?/s) 0.9
Dielectric properties

Dielectric constant 11.9
Electric properties

Bandgap (eV) 1.12
Intrinsic carrier concentration (cm ™) 1 x 10"
Intrinsic Debye length (pm) 24
Intrinsic specific resistivity (Q cm) 23 x 10°
Effective state density in the conductance band, N, (em™) 2.8 x 10"
Effective state density in the valence band, N, (cm_3 ) 1.04 x 10"
Electron affinity, y (V) 4.05
Breakdown voltage (V/cm) ~3 x 10°
Minority carrier lifetime (s) (intrinsic material) 25 %1073
Drift mobility (cm2N x 8) electrons/holes 1500/450

Fig. 6 Lattice structure of
the silicon and the diamond
lattice

Table 1 shows a compilation of some silicon data subdivided according to
crystalline, thermal, electric, and dielectric properties. As to the temperature-
dependent characteristics such as thermal conductivity and dielectric properties,
room temperature (300 K) is assumed.



