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Abstract— Interdigitated Back Contact (IBC) solar cell has
been routinely fabricated with efficiencies exceeding 20 %.
However, due to the requirements of high- resolution alignment
and multiple patterning layers, the IBC manufacturing costs are
still high. In contrast, screen printed IBC solar cell is based on
inexpensive processes utilizing conventional solar cell equipment.
Although the screen printed IBC solar cell is easier to fabricate;
however its efficiency is poor. In this paper, the performance
constraints on screen printed IBC solar cell based on
conventional aluminum metallic diffusion paste were
investigated. Two-dimensional modeling was carried out using
technology computer aided design (TCAD) tool of the
commercial software from SILVACO. Critical process and
device parameters impacting IBC solar cell performance
including fabrication, configuration and material properties.
With suitable starting material, device configuration, and
fabrication process, solar cell efficiency as high as 19% has been
predicted. Higher efficiency is achievable with boron doping,
however, aluminum metallic paste is chosen due to the
fabrication simplification which will lead to inexpensive
manufacturing.

Index Term— IBC, Interdigitated back contact, Silicon solar
cell, Two-dimension solar cell model.

I. INTRODUCTION
It is well known that the efficiency of conventional silicon
solar cell is limited by front surface shadow and series
resistive losses. Ideally, the front grid contact and the busbar
of conventional silicon solar cell must be minimized to reduce
shadowing losses. Unfortunately, reducing the contact grid
and busbar dimensions increases ohmic resistive losses. Also,
the series resistance issues extend to solar modules where
many solar cells are interconnected, this decreasing efficiency
of module as well. The tabbing size for solar cell
interconnection in module fabrication is limited by the busbar
size. Larger tabbing width will produce bigger shadowing
losses. Thicker tabbing may create stress during cell
interconnection, thus affecting yield [1].

The IBC solar cell has all its contacts located at the rear
side. Therefore, there is no trade off between shadowing and
resistive losses. Shadowing losses are eliminated resulting in
higher photocurrent. The finger and busbar dimensions can
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now be significantly increased to reduce resistive losses. All
these factors contribute to high conversion efficiency as
demonstrated by large area IBC modules [2]. Moreover, cell
interconnection becomes simpler since the solar cells can be
connected in co-planar configuration. Other advantages
include higher packing density resulting in a smaller module
footprint for the same output in comparison with conventional
module. Finally, with its uniform black/dark appearance IBC
module is attractive for building integration.

As with other high efficiency structures, a major
disadvantage of IBC solar cell is its complicated fabrication
process. In IBC solar cell fabrication, a number of process
steps and mask levels are needed. For example, separate
process and masking steps are used to precisely define
physically separate emitter, base, emitter contact and base
contact regions. The precise alignment required for the above
processes makes the fabrication process slower and expensive.
As a result, the IBC solar cell is often fabricated using four to
six lithography steps [3]. Lithography is an expensive process
and hard to automate. Reducing lithography steps in the
fabrication process makes an economic sense [4]. In addition,
lithographically-defined emitter and base regions have other
disadvantages as well. They require expensive metallization
process such as vacuum evaporation or sputtering beam to
define the metal contacts.

Recent work has exhibited strong trend towards
lithography-free fabrication process of IBC solar cell [5].
These widely different methods include the use of dielectric
with laser ablation combined with screen printing [6],
diffusion barrier paste [7, 8], diffusion paste [9] and laser
scribing [10]. In terms of terminology, these techniques can
be broadly categorized under the term “ screen printed IBC”
as the majority of the methods use screen printing for metal
contact. While some of these methods have exhibited
reasonable efficiency; others exhibit performance far below
than the lithographically defined process. The reduced
performance of screen printed IBC solar cell could be
attributed to several factors including low lifetime, un-
optimized device configuration, low shunt due to leakage, and
high series resistances.

The objective of this paper is to investigate the potential of
screen printed IBC solar cell by modifying conventional solar
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fabrication process based on Aluminum back surface field
(BSF). In this paper, effect of doping processes, device
configuration, and starting materials will be addressed. To aid
this investigation, TCAD tools from SILVACO were
employed . TCAD tools were selected due to their ability to
simulate two-dimensional (2D) and three-dimensional (3D)
configurations. IBC solar cell structure has interdigitated grid
of the p- and n-doped regions on the rear surface. This
configuration creates both vertical and lateral movement of
photo-generated carriers, therefore 2D simulation capability is
needed [11-13].

The work presented in this paper has been divided into three
parts. The first part is focused on the fabrication process. In
fabrication process, the doping profiles of the Front Surface
Field (FSF), Emitter, and Base doping were investigated. The
second part is focused on optimization of the geometrical
configuration of the screen printed IBC solar cell. In this part,
performance variation as a function of emitter fraction, base
fraction, and emitter-based separation were investigated. The
third part examined material characteristics including minority
carrier lifetime, bulk doping, and wafer thickness.

Il. DEVICE MODEL AND PARAMETERS

A. Base Unit Cell Structure and Parameters

The TCAD tools consist of two separate programs; Athena
and Atlas. Athena allows simulation of 2D and 3D
configurations. Relevant semiconductor fabrication processes
such as diffusion, ion implantation and etching can be
modeled. Atlas, on the other hand, is a device simulator. It
allows simulation of the electrical, optical and thermal
behavior of semiconductor devices [14]. Results in Atlas can
be represented as graphical plots such as photogeneration,
doping profile, IV response, and electric potentials. The
overview of simulation process is described in Fig. 1.

Although there are many papers covering simulation of IBC
solar cell, many of the models do not represent low cost
device. Most of the simulation models use boron dopants for
base region and back surface field (BSF) formation. Boron
provides a superior p* region and BSF, however, it does not
conform with the conventional screen-printed IBC. The boron
diffusion process, not only requires very high temperature, its
application needs masking layers as well, therefore making
fabrication process more challenging and difficult. The model
presented here uses Aluminum (Al) or a mixture of Silver and
Aluminum (Ag/Al) pastes to provide p* dopants and create the
BSF.

IBC model presented here is represents extension of the
work of Baraona [11], Hacke [7] and Meier [15]. A common
feature of their IBC solar cells was diffusion of metallic
contact. Diffusion of metallic contact is an attractive concept
because of the simplification it brings to the manufacturing
process; it is also a standard process in conventional solar cell
manufacturing. In this concept, ohmic contact as well as
dopants are introduced together and are self-aligned.
Therefore, the fabrication steps are reduced resulting in
elimination of the alignment process. At present, only
Aluminum is used widely as the self-doping base contact. The
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use of Aluminum as diffusion metallic paste is well-
established in literature [13, 16-19].

During the IBC solar cell simulation, higher density meshes
were placed in high recombination areas including front
surface, contacts regions, and the rear surface. This ensures
rapid simulation process without compromising performance
accuracy. The starting material used was p-type with substrate
resistivity of 2 Q-cm and a thickness of 200 um; unit size
length was 3000 um. A p-type wafer was chosen since it is
readily available and inexpensive. P-type wafers are also
widely used in the Si solar cell industry, which can lead to
rapid transition to industrial manufacturing [20]. Same
methodology can be applied to n-type wafers, and will be
reported in the future.

The modeled screen-printed IBC is schematically described
in Fig. 2. The emitter or n* regions and front surface field
(FSF) layer (floating junction) were created by phosphorous
implantation. The uses of floating junction instead of FSF
simplify the fabrication process since it can be formed
simultaneously with emitter in phosphorous Trichloride
(POCI5) furnace. Floating emitter helps passivate the front
surface and reduces carriers recombination by preventing
minority carriers to flow to the surface [21].

The emitter metal contact was Ag. The contact dimension
was chosen to be 1-mm wide, although finer contact
dimension is desirable in order to reduce carrier recombination
near the contact region. For the base region, Al was selected
for the contact as well as dopant source. Al provides p*
dopants that were self-aligned to the base contact width. The
use of Al enables an evaluation of the performance of a low-
cost and simplified IBC structure.

Isolation between emitter and base region can be achieved
by many methods including laser ablation or etching.
Alternatively, isolation can be achieved with the help of
diffusion barrier prior to emitter diffusion. In an actual device,
the choice of isolation will has a strong influence on the
performance because it determines the shunt resistance. In this
IBC model, isolation between emitter and base regions was
assumed perfect. Other simplifications made in the model
include finite chmic contact resistance and planar front surface
(no texturing).

SiNy layer was deposited as passivation and anti-reflective
coating. The front surface recombination velocity (FSRV) of
SiN, layer and oxide passivated surface can reach as low as 14
cms™ [22]. In this work, a more realistic value of 500 cmswas
chosen for FSRV. For back surface recombination velocity
(BSRV), the value was set slightly higher at 1000 cms™ due to
the high recombination in screen printed contact region [23].
Another distinct feature incorporated in the IBC structure was
symmetrical design as shown in Fig. 3 (left). The solar cell
parameters used for simulation have been listed in Table 1.

For ATLAS simulation, Boltzmann and Fermi-Dirac carrier
statistic models were employed. For mobility, the
concentration dependent model based on simple power law
temperature dependence was applied. Shockley Read Hall
(SRH) concentration dependent was used for recombination
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model [14]. An AM1.5 light was used to generate photo
response of the solar cell.

I11. RESULTS AND DISCUSSION

A. Doping Concentration of Front Surface Field, Base and
Emitter

The objective of these simulations is examine how the
doping profile influences the performance of screen printed
IBC. Figure 5 plots the response of the open circuit voltage
(Voo), current density (Js), Efficiency and Fill Factor as a
function of the doping concentration of the emitter, base and
FSF regions. At each point the doping concentration
corresponding to other three regions are maintained the same.
Figure 5 (a) plots the V, against the doping concentration. It
is observed that V. increases until it levels off after the doping
concentration in the emitter reaches 1x10*cm?. Sufficient
doping of emitter is required to form built up potential in
junction region. The V. is however not affected by changes in
concentrations of the base and FSF.

In contrast, current density, Js, increases significantly with
the increase in the front surface field doping as seen in Fig. 5
(b). The significant effect of the front surface field is due to
the high number of photogenerated carriers generated near the
front surface as seen in Fig. 4. The electric potential created by
the FSF layer repels minority carriers, which reduces the front
surface recombination velocity [13]. The Ji also increases
with increase in the base doping concentration. The base
doping creates a BSF that reduces the carrier recombination at
the rear side [24], which is beneficial especially for a back
contact structure in which all the photo-generated carriers
created at the front surface are collected at the rear side.

From Fig. 5 (c), it can be inferred that the cell efficiency
was dominated by the FSF doping. The efficiency increase is
also appreciable with base doping; this effect is least impacted
by emitter doping. Therefore, achieving good FSF doping is
essential for superior performance of the IBC solar cell. Figure
5 (d) shows that the fill factor of the solar cell is barely
influenced by doping concentration of the FSF and base
doping. There is only slight increase in fill factor due to the
surface field created on the front surface, BSF, and emitter
region. The fill factor of the cell is related to the bulk doping
and contact resistance. Since bulk doping and contact
resistance are fixed; no appreciable variation in fill factor was
observed.

Doping process also enhances conductivity of a
semiconductor. This is requirement for formation of ohmic
contacts to emitter and base regions. Doping concentration of
1x10" c¢m™ corresponding to 0.002 Q /square/ or lower are
necessary for ohmic contacts. However, overdoping increases
recombination, creates a dead layer reducing the cell response
to short wave photons [25].

B. Geometrical Design of Cell

1) Pitch Dimension

The pitch of the cell is the size from emitter to emitter
contacts or the equidistance between similar patterns that
comprise the cell (Fig. 6). A smaller pitch results in finer
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pattern. The pitch size also determines the methods used for
fabrication of the solar cell. Finer pitch requires a
photolithography-based pattern resolution, whereas larger
pitch allows more versatile, inexpensive equipment such as
screen printing. In this paper, pitch dimension was varies in
order to examine the effect on the solar cell output
performance.

Fig. 7 plots the efficiency of the IBC solar cell with
increasing pitch dimension. The pitch size effect can be
described in terms of electrical shading [26]. If minority
carriers are generated above the base region, the carriers have
to travel in vertical and lateral dimension to be collected at the
nearest emitter region. Increasing the pitch size increases the
lateral dimension of the carrier. As a result the minority
carriers have to travel a longer distance before being collected.
Some of these carriers might recombine due to longer
traversing distance before being collected. This will reduce the
carrier collection, therefore reducing the efficiency of the
devices as the pitch is increased.

2) Emitter Fraction

The emitter fraction is the percentage of the emitter region
over the base plus the compensation regions on the backside.
The emitter of the solar cell is where the photogenerated
carriers are separated. In theory, a larger emitter area results in
larger junction area, and thus, more photogenerated current
can be collected. In this structure, we vary the emitter region
and fix the base region. Higher emitter fraction and smaller
pitch size reduce the effect of electrical shading. Fig. 8 plots
efficiency with respect to emitter fraction variation. As
expected, a larger emitter faction results in higher efficiency
of the IBC solar cell

C. Material Properties

1)  Minority Carrier Lifetime

Minority carrier lifetime is the duration within which a
photogenerated carrier will recombine. The lifetime t of
minority carrier is equal to the number of generated carrier An
over the recombination rate, R (please see Eq. 1). The bulk
lifetime of wafer Ty, iS the sum of the radiation lifetime Ty ,
auger lifetime T, g and SRH lifetime T4y, as described in Eq.
2. For indirect bandgap such as silicon, the influence of Tager
and Ten IS more significant. The T,ug, iNcreases as doping or
impurity introduces to silicon material are reduced while Ty iS
related to the defect in the crystal structure of the material.
The lifetime is also an indication of diffusion length L,, of
minority carrier according to Eq. 3 where D is diffusivity of
silicon material. L, determines how far the minority carrier
travels before they recombine.

r=4 1)

=—+

Thulk Trad

@

Tauger Tsrh

L, =Dt 3)
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Placing all the contacts to the rear side not only changes the
physical configuration of the device but also the way it
functions. In IBC solar cell, the junction or emitter region is
located at the rear side in an interdigitated arrangement with
the base region. Therefore, photogenerated carriers have to
travel through the bulk before they are collected by the emitter
and base region contacts. The photogenerated carriers have a
greater chance of recombining in IBC solar structure. The
importance of good passivation [27], [28] and FSF [13, 29] to
reduce recombination have been discussed previously.

Simulation results in Fig. 9 show that for poor minority
carrier lifetimes, the majority of the photogenerated electron-
hole pairs recombine before reaching the contacts. As lifetime
increases, the Voc, Jsc, and efficiency also increase
accordingly with greater gains in the current density. However
the gains are less substantial as the lifetime increases to more
than 1e* s, which suggests that as long as the wafer has
sufficient minority carrier lifetime for electron-hole pairs to
reach the rear side contacts, the efficiency of the IBC solar cell
will remain satisfactory.

2) Wafer Thickness

The cost of Si material is significant in solar cell
manufacturing. In industrial Si solar cells, Si thickness is
currently in the range 150 um to 200 um based on existing
wafering capabilities [30]. Innovative cleaving techniques
capable of producing thickness in the range of 10 um to
50 um exist, but such thin wafers require special handling that
cannot be obtained with conventional screen printing methods
[31].

To obtain an insight on how the thickness of the wafer
influences the performance of screen-printed IBC solar cell,
screen-printed IBC with varying thicknesses is evaluated.
Two sets of simulations were performed. The first set of
simulations was for high carrier minority lifetime wafer and
the second set for low minority carrier lifetime wafer. The
effect of thickness on high and low quality substrates is
examined. Using diffusivity of silicon as 27cms™, lifetime of
1 ms and 10 ps corresponded to diffusion length of 164 um
and 1643 pum (Eqg. 3) for low and high lifetime wafers.

For wafers of lifetime 1 ms, the highest efficiency is 15 %,
as shown in Fig. 10, corresponding to 250 and 300-um
thicknesses.  With decreasing thickness, the efficiency is
slightly reduced due to the presence of less Si substrate to
capture all the incident photons. Therefore, some of the light
going into the Si is not absorbed because of the less bulk
region. Higher wavelength of light, such as photons near the
infrared region, confirm this tendency. The effect can be
reduced by employing good anti-reflective coating and light
trapping such as texturing.

For the low lifetime wafers, the highest efficiency cell is
10.55 % corresponding to a thickness of 20 um. As thickness
increases to 50 um or higher, there is significant drop in
efficiency even though this thickness is within the diffusion
length of minority carriers. The drop in efficiency is due to the
shorter diffusion length of the photogenerated carriers, which
leads to recombination of most of the carriers before they can
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be collected at the rear side. In general, diffusion length of
three times the wafer thickness is required for sufficient carrier
collection.

For screen printing applications, the current wafer thickness
in the market is adequate as long as the carrier lifetime is
reasonable. A wafer with thickness below 200 um is fragile
and susceptible to cracking during screen printing and
handling processes.

3) Wafer Bulk Doping

Another important wafer characteristic is its bulk doping
level. Impurities such as P, B, or arsenic are added to reduce
the resistivity and defined the type of the semiconductor.
However, increased impurity level degrades the electronic
properties of silicon. Increasing dopant concentrations reduce
minority carrier lifetime because of the increase in SRH and
Auger recombination [25]. Figure 11 illustrates that the
poorest performance of a IBC solar cell is from a low
resistivity substrate exhibiting an efficiency of less than 1 %.
As resistivity increases, gain in efficiency is observed.
Considering the data in Fig. 11, an optimum efficiency can be
achieved for substrate resistivity of about 5 Q-cm. Within this
resistivity, edge recombination can be suppressed [32]. For
higher resistivity substrate, the efficiency decreases because of
lower fill factor attributed to higher bulk resistivity.

4)  Aluminum and Boron dopants.

With an optimized doping process, device configuration,
and wafer material properties, an efficiency of 19.1 % screen-
printed IBC solar cell is achievable. Considering the planar
front surface, an efficiency gain of more than 20% would be
expected if the front surface was textured. Interestingly, when
Boron was used to replace Aluminum dopants for the base
contact, a higher efficiency was obtained as seen in Fig. 12.

To investigate this effect further, profiles of Aluminum and
Boron concentration were examined as shown in Fig. 13. The
Aluminum doping profile has very shallow high concentration
dopant region at around 0.5 pum thick. As depth increases,
there was very steep decline of aluminum concentration with
depth. On the other hand boron profile exhibits much deeper
high concentration region of about 1.2 um. Boron doping
profile exhibits less steeper decline in concentration with
depth resulting in deeper diffusion profile. Part of the reason
of shallower aluminum doping profile is the larger particle
size of Aluminum compared to Boron. Boron with smaller
particle size can diffuse deeper with silicon.

Fig. 14 plots the surface potential of Boron and Aluminum
dopants. It can be seen that although Aluminum produces
higher surface potential, the field is very shallow and
concentrated near the surface region. Boron dopant in the
other hand created much deeper electric potential. This results
in more effective BSF than Aluminum hence higher efficiency
device. The superior performance of Boron than Aluminum is
well-established in literature [16].

Nevertheless, the use of Aluminum or Ag/Al provides a
simpler fabrication of screen printed IBC solar cell. A recent
research indicate that the quality of the Aluminum BSF can be
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enhanced by mixing with Boron [33]. In the study Boron was
added to Aluminum metal paste to provide better BSF in
conventional silicon solar cell. Therefore, this technique can
be applied to screen printed IBC solar cell as well.

IV. CONCLUSION

In this paper, a 2D model of screen-printed IBC solar cell
has been investigated. The model was based on Aluminum
metallic paste diffusion. A detailed analysis based on doping
concentration, device configuration and wafer material
characteristics was carried out. Achieving an optimal doping
profile of FSF, emitter, and base doping is critical to highest
performance. Regarding the pattern configuration, the limit
will depend on screen printing accuracy since fine pitch and
higher emitter fraction are desirable for better IBC
performance. Regarding the starting material, high minority
carrier lifetime is perhaps the most critical factor dictating the
performance of IBC. With optimized solar cell parameters, an
efficiency of 19% can be achieved for an inexpensive, screen
printing-based solar cell. Efficiency is, in part, limited by the
metallurgy of Aluminum when diffused with Si. Aluminum
and Boron co-diffusion could further enhance efficiency;
further research is required. In summary, Aluminum provides
simplified fabrication process exhibiting performance good
enough for industrial manufacturing.
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Fig. 1. Modeling IBC solar cell structure process in SILVACO TCAD tools.
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Fig. 2. Cross section of screen printed IBC. The base region was doped with Aluminum dopants to simulate screen printing. Aluminum produces the p+ dopants
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for the back surface field (BSF) and also acts as the base contact.
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Fig. 3. Cross section of unit cells used in the simulation. The unit cell mapped the entire structure by repeating the symmetrical geometry. Symmetrical structure
is shown on the left while unsymmetrical structure is shown on the right. Unsymmetrical structure resulted in inaccuracy in the representation of the whole

structure.
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Fig. 4. Photogenerated carriers density in an IBC and conventional screen printed (left) solar cell during illumination. Highest fractions of photogenerated
carriers are located near the front surface. Shadowing losses can be observed in SP conventional solar cell.
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Fig. 5. Variation of (a) Voc, (b) Jsc, (c)Efficiency and (d) Fill factor of Front Surface Field, Base and Emitter doping as a function of the doping concentration.
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Fig. 6. Rear view of IBC solar cell. Low pitch (left) and high pitch (right) structures of the IBC solar cells.
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Fig. 7. Variation of efficiency of IBC solar cell for different pitch dimensions. As the pitch size is reduced, the probability of carrier collection increases resulting
in higher efficiency cell.
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Fig. 8. Variation of efficiency of IBC solar cell for different emitter fractions. Bigger emitter fraction results in higher efficiency IBC solar cell.
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Fig.9. LIV response of IBC solar cells as function of minority carrier lifetime. As the lifetime increases more photo generated carriers have higher chances to be
collected.
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Fig. 10. IBC solar cells efficiency against wafer thickness. For high lifetime wafer, increasing the thickness results in increased efficiency. On the other hand,

poor carrier lifetime wafer would result in reduced efficiency as the thickness is increased due to limited diffusion length, L.
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Fig. 11. IBC solar cell efficiency against substrates base resistivity. Selection of a good base substrate resistivity will ensure good performance IBC solar cell.
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Fig. 12. Shown above is the IV curve of IBC solar cell with optimized doping, geometrical and substrates (red). This is compared to similar structure but with

IMAGE SIZE: 88 mm/181 mm
RESOLUTION: 300dpi
FONT: Times New Roman

boron as dopant for base region (blue).
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Fig. 13. The doping profile of Aluminum dopants (left) and boron dopants [34]. Aluminum dopant shows shallower profile with high concentration near the
surface region.
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Fig. 14. The electric potential on the base region from Aluminum dopants (left) and boron dopants [34]. Boron dopants show much deeper electric potential
compare to aluminum dopants.
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TABLE |
SOLAR CELL PARAMETERS USED FOR SIMULATION OF SCREEN PRINTED IBC SOLAR CELL

Serial Parameters Value
No.
1. Wafer Thickness 200um
Type p-type
Resistivity 2Q.cm
Width 3000pm
2. Front Surface Field Dopants Phosphorous
(Floating Junction) Concentration Varied
3. Emitter Dopants Phosphorous
Concentration Varied
Width 1000um
4, Back Surface Field (BSF) Dopants Aluminum
Concentration Varied
Width 1000pm
5. Back Surface Recombination Value 1000cm/s
Velocity (BSRV)
6. Front Surface Recombination Value 500cm/s

Velocity(SRV)

148002-9292-1JET-1JENS © April 2014 IJENS

80

IJENS





