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Abstract. High efficiency monocrystalline solar cells
commonly adopts rear point contacts of limited extension and
passivation of the uncontacted bottom silicon surface region in
order to improve performance. Modeling and analysis of
advanced solar cells is strategic to optimize the device design
and to minimize the losses. Several competing physical
mechanisms must be accounted for in order to properly analyze
rear point contact solar cells and a three-dimensional (3D)
analysis of complex geometries is required. In this work we
describe the issues related to the design of the mesh grid for the
3D numerical simulations, the definition of appropriate
boundary conditions and the main adopted assumptions.
Examples of numerical simulations are reported.
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1. Introduction

The recombination losses occurring at the rear contact of
crystalline solar cell significantly limit the conversion
efficiency. Conventional solar cells, which feature a base
contact metalization extended over the whole back
silicon surface, are affected by significant recombination
losses at the metal-semiconductor interface. High-
efficiency silicon solar cells usually feature local point
contacts at the back surface, allowing the passivation of
the uncontacted back silicon surface region (see Fig. 1).
This back-contact scheme is commonly adopted by
PERC (passivated emitter and rear cell) and PERL
(passivated emitter, rear locally diffused) solar cells and
enables the fabrication of single-junction cells featuring
record conversion efficiency well above 20% [1], [2].

As discussed in [3], the optimum design of rear point
contact solar cells requires a trade-off between several
effects such as the reduction of the surface
recombination velocity at the passivated back interface,
the larger bottom effective internal reflectivity of
passivated surface compared to metal-contacted region

and the enhancement of series parasitic resistances that is

mainly due to the back contact-resistance and to the base
spreading resistance associated to 3D conduction paths
occurring when the extension of the contacted region is
much smaller than the cell area.
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Fig. 1 Sketch of a rear point contact solar cell. On the top side,
Wg,p denotes the front contact pitch ang. J\the front contact
finger width. The figure on the bottom highlights the rear side
of the device featuring the holes equally distributed with period
p. The interface that is not contacted by the metallization is
passivated by silicon nitride (SiN) or silicon oxide.

Typical rear point contact solar cells feature circular
contacts uniformly distributed on the bottom surface with
diameters and repetition period (pitctp (see Fig. 1). In

the following we denote by the metallization fraction at

the rear side, defined as the ratio of the contacted area to
the total cell area and expressed by Equation (1):

2
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The non-metalized rear surface is typically passivated by
using silicon nitride or silicon dioxide in order to reduce
the density of surface defects and suppress
recombination [3]. Given the complex 3D geometry,
modeling of rear point contact solar cells is fundamental
in order to optimize the device design.

Previous works were limited to two-dimensional
numerical simulation approaches [4] or relied on quasi-
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RE&PQJ, Vol.1, No.9, May 2011



3D approaches based on 1D simulation coupled to semi-
empirical analytical models for the calculation of the
spreading resistance and of an effective back surface
recombination velocity (BSRY) as function of the rear
suface contact geometry, the surface recombination
velocities at passivated interface, the surface
recombination velocity at metal-silicon interface and the
electric properties of the base such as its resistivity [5].

Since rear point contact solar cells feature a three-
dimensional pattern, it is necessary to perform a truly
three-dimensional (3D) simulation to properly model
physical mechanisms like the current crowding occurring
close to the contacted regions that cannot be fully
appreciated by limiting the analysis to simple two-
dimensional domains. On the other hand, 3D analysis
requires a large mesh grid for numerical discretization
and very long computation time on high-performance
workstations to carry out the simulation task.

In this work the 3D analysis of of rear point contact cells

is performed by using Sentaurus Sdevice by Synopsys [6]
coupled to an in-house developed optical simulator based
on the propagation of electromagnetic waves for the
calculation of the optical generation rate map inside the
semiconductor.

Wsub

Simulation Domain

Fig. 2. Top-down two-dimensional representation of a rear
point contact solar cell. The simulation domain is highlighted in
red. In our simulations the front contact fingers are aligned to
the holes of the rear surfaces=Q). The front contact and the
hole pitches are denoted M, andp, respectively. In this
figureWg,, > p.

2. Simulated device and modeling approach

The simulated device is a monocrystalline solar cell with
a 65 Q/sq homogeneous emitter and a rear point contact
geometry (Fig. 1). The front contact pite#,,, and width

W, are set to 20Q0n and 10@um, respectively. Both
front and rear uncontacted surfaces are passivated by
70nm thick silicon nitride layers. The wafer thickness is
180um while the resistivity of the p-type base is @5m

as suggested in [3] in order to avoid the rectifying action
of the Al/p-Si interfaces.
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The physical models adopted for the numerical
simulations include the high-field and doping dependent
mobility model as well the Schenk Band Gap narrowing
[7]. Fermi statistics is adopted in order to correctly deal
with high-doping concentration regions in the emitter.
Minority carrier lifetime in the silicon bulk and surface
recombinations velocities at passivated interfaces and
contacted interfaces have been set so as to investigate the
dependence of the cell efficiency on the material quality
and process conditions.

The influence of the metallization fraction on the main
figures of merit such as the short circuit current density
(Jsc), the open circuit voltage (Voc), the Fill-Factor (FF)
and cell efficiency, is analyzed by varying the contact
size at constant pitch.

In order to minimize the requirements in terms of
memory and processing time, proper simulation domains
and mesh grids should be carefully chosen. Under the
assumptions that the front contact pitch,Ws larger
than the rear contact pitghand that the ratio of the front
contact pitch to the hole pitch is an integer number, the
3D simulation domain is selected so as to exploit the
symmetry of the device (Fig. 2); the length and width of
the domain are set to half of the front contact pitch and to
the hole pitch of the rear surface, respectively, while the
height of the domain equals the wafer thickness.

Fig. 3. Example of 3D mesh for numerical simulation. The
mesh grid is particularly refined in the emitter region and in the
portions of the device close to the holes and the front contact
fingers. In this example the hole pitphand the front contact
pitch Wy, are 20@m and 2000m, respectively.

Concerning the discretization mesh, a refined grid step is
required in the emitter region in the vicinity of the
junction, where carrier/doping gradients and the electric
field intensity are large. The mesh refinement is
progressively reduced while moving away from the
junction, inside the base region. The grid step aloand

y (Fig. 3) must be properly set in the vicinity of the rear
contacts where 3D currents spreading occurs. The typical
number of grid nodes adopted in our simulations is
700.000. Fig. 3 reports an example of 3D mesh grid for a
rear point contact solar cell with p=20@ and s=100m.

The series contact resistance associated to the front

contact fingers is calculated according to [8] by assuming
the finger's length, height and width equal to 3cnyn20
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and 10@m, respectively. The sheet resistivity of the
metal and the contact resistivity for the front fingers are
set to py = 6x10° Qcm and p. = 2*10° Qcn?,
respectively. Concerning the back contact, the only
parasitic series resistance accounted for is that of the
bottom metallization, for which the contact resistivity is
set top, = 2*10° Qcn?

Fig. 4 summarizes the electrical boundary conditions
adopted in the simulations.

3. Optical smulation

Optical generation rate profiles are calculated on the
basis of a simulation of plane-waves propagation in
silicon assuming direct illumination with a standard
AM1.5G spectrum (1000W/f with wavelength within
the range 300nm-1200nm. The surrounding medium is
air.

At the top surface we use a combination of measured
optical spectral reflectivity for textured surfaces and

analytical Lambertian light trapping theory in order to

calculate the carrier generation map which is then
imported in the Synopsys device simulator. The multiple
bounces of light inside the device are described
analytically in terms of a geometric progression of plane
waves.

The shadowing caused by front fingers is assumed ideal
and the internal reflectance is the same for subsequent
light bounces. Since we perform a 1D optical simulation,
the internal bottom reflection coefficient;Rs assumed
uniform at the rear interface and it is weighted on the
metallization fraction according to:

Ri = (Rbi,m — 025f ) 3)

where R, is the internal bottom reflection coefficient of
the silicon-dielectric interface and its value set to 0.9 [9].
According to equation (3), )R equals 0.65 for a fully
contacted back surface (f=1.0).

The adopted optical boundary conditions are summarized
in Fig. 4.

4. Simulation Results

We simulated the rear point contact solar cell by
asuming a minority carrier lifetime in the bulk equal to
20Qusec, a front surface recombination velocity of 1000
cm/sec and BSRV=200cm/s at passivated interfaces. The
recombination velocity for electrons and holes at the
metal-semiconductor interface is set tG ¢@v/s.

The calculated dependence of the output parameters on
the metallization fraction are reported in Fig. 5 for the
casep=50Qum, neglecting the effects of series resistance
in order to emphasize the influence of the base spreading
resistance, the internal bottom internal reflectance and the
effective bottom surface recombination. The reported
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values for short circuit current density, open circuit
voltage, fill-factor and efficiency are normalized to those
of the conventional celf£1.0).

Front Contact Finger (S,=S,= 10°cm/s)
R=1.0

N
Front interface (FSRV = 1000cm/s)
70 nm SiN

rear passivated surface
(BSRV = 200cm/s)
R=0.90
Metal Holes ( S,=S,= 10°cm/s)
R=0.65
Fig. 4. Electrical and optical boundary conditions adopted for
the simulations. The internal bottom reflection coefficient is
function of the metalization fraction. The front contact finger is
assumed ideal in terms of reflectivity coefficient and
shadowing. On the side interfaces of the device the ideal
Neumann boundary condition is assumed. At electrodes the
recombination velocity is set to 16m/s for both electrons (S
ard holes (§).

Both Voc and Jsc feature a monotonic trend as a function
of the metallization fractior; this trend is due to the
reduction of the effective surface recombination velocity
at the rear interface and the increase of the effective
internal bottom reflectance as the metallization fraction
decreases. As consequence of the reduction of the
metallization fraction, the base series spreading
resistance increases and this leads to a degradation of the
fill-factor. An optimum valuef, of the metallization
fraction can be found and its value is within the range
1%-3% as shown in Fig. 6, where the effect of the
contact resistance is included.

Table I. — Summary of results with the hole pitphas
parameter. The minimum hole size is|2%5.
p S fo Jsc Voc FF Eff

[um] | [pm] | [%]

100 | 1.000] 1.000 1.000 1.000
200 25| 1.23 1.080 1.03p 0.995 1.113
500 | 75| 1.77) 1.083 1.040 0996 1.124
1000| 200 | 3.08| 1.087 1.040 0.997 1.126

The base spreading resistance -as reported in [5]-
depends both on the rear contact size and pitch; this
translates into a weak dependence of the efficiency on the
contact pitch (Fig. 6). Table 1 shows the results from
simulations with the rear contact pitghas parameter
assuming as minimum hole siz&=25um; for each
considered value of the pitcp200um , p=50Qum and
100Qum), the optimum value of metallization fraction f

is reported with the associated values of the main figures
of merit. The largest enhancement of efficiency relative
to the conventional cell predicted by simulations is about
13% for the casp=100Qum, s=20Qum, f=3.14%; for the
optimum configuration the Fill-Factor is lower (0.997)
than that of the reference cell (normalized to 1.00) but
both Jsc and Voc are larger (the normalized values are
1.087 and 1.040, respectively), leading to larger
conversion efficiency.

RE&PQJ, Vol.1, No.9, May 2011



L1 1 1.03
Q A Q ¢ B
2108 1 Lok
= ° > ']
g ." e} °
Q1.06 1 Q1mf e
N ° N
= N .
S04 - 1 Sk e
£ g °
[=] ° =
1.02] 1 E
Z ZO 1.01 "
L °
1.020 . 5,115 ‘
= 9
£ oo )
Sioisf @@ . i = 5 [ D
P o — L)
5 o 14 "
F 1010 E 2
= 4|
N 1.005F ‘8 .
E K105
RGO s i s i = °
2 — CONVENTIONAL CELL <
_— & Point Contact Cell (p=500um) E ‘ ) ‘ o
o 20 40 60 30 100 E 10 20 40 60 80 100

Metalization fraction f [%] Metalization fraction f [%]

Fig. 5. Simulation of rear point contact cells with500um,
Wg,p,=200Qum. From the upper left side: (A) short circuit
current J, (B) open circuit voltage ¥, (C) Fill-Factor FF and
(D) Efficiency versus the metallization fractidn Results are
normalized to the values calculated for the conventional cell
(f=1.0). Parasitic contact series resistances are not included.

The current crowding effects occurring at the back
contacts are illustrated in Fig. 7, that reports the total
current map at OV bias (short circuit) under illumination
by a monochrome wave (1200nm).
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Fig. 6. Results from simulation of the rear point contact cells
with Wg,,=200Qum. The hole pitctp is a parameter. All results
are normalized to the conventional cell and the contact series
resistance is taken into account.

4. Conclusion

An approach to model and optimize the design of the
base of high performance monocrystalline silicon solar
cell is presented. In particular the dependence of the
conversion efficiency on the rear contact geometry is
investigated for rear point contact solar cells. Numerical
simulations have been performed by assuming a 3D
simulation domain showing that the optimum
metallization fraction value, which depends on a trade-off
between several competing mechanisms like the surface
recombination, the internal reflection of the light at the
bottom interface and the series parasitic spreading
resistance, is within the range 1%-3%.
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7. Total current map at OV bias conditions for a

Fig.
monochrome wave (1200nm). The point contact geometry is
defined byp=500um, s=75um.

The enhancement of efficiency with respect to the
conventional cell predicted by our simulations is about
13%. The developed simulation procedure will allow
further activities including an accurate modeling of the
rear passivated interfaces, the analysis of the influence of
several electrical parameters like the back surface
recombination velocity, the substrate resistivity, the bulk
minority lifetime and a detailed analysis of the main loss
mechanisms.
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