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Geometric Analysis of Solar Cells With Partial Rear
Contacts: Comparison to 3-D Simulations

Andres Cuevas, Senior Member, IEEE, and Jan H. Petermann

Abstract—A geometric approach to analyze solar cells with local rear
contacts has been proposed in a recent paper. This brief presents an exten-
sion to it based on numerical iteration that permits us to determine I−V
characteristic curves and conversion efficiencies. A good agreement with
3-D Sentaurus Device simulations is observed.

Index Terms—Modeling, partial rear contact solar cells.

I. INTRODUCTION

In a recent paper [1], one of us proposed to study silicon solar
cells with localized rear contacts using a geometric approach which is
based on subdividing the device into two main regions: one close to the
contact and the other peripheral to it. The approach was used to derive
the open-circuit voltage Vo c and the series resistance Rs and found to
be in good agreement with a prior analytical model by Fischer [2].

In [1], it was mentioned that an iterative procedure would be needed
in order to study cases where the minority carrier concentration is not
uniform at the front surface of the solar cell. A further enhancement to
the geometric approach is presented here, using numerical iteration to
better account for recombination in the peripheral region of the device.
As a bonus, the iterative method makes it possible to determine the full
I−V curve of the solar cell and its conversion efficiency. To assess its
validity, we compare the iterative version of the geometric model with
the 3-D simulation program Sentaurus Device [3], finding both in good
agreement.

II. SUMMARY OF THE GEOMETRIC MODEL

The elementary solar cell can be divided into two regions: one
directly above and near the contact and a second region peripheral to
the first. For details, see [1].

A. Near-Contact Region

Except for those that recombine at the front surface or in the bulk,
minority carriers converge toward the contact through a shrinking cross-
sectional area A(x). An appropriate function to describe it is

A(x) = πa2 + π2a(W − x) + 2π(W − x)2 (1)

where x is the vertical distance from the front junction, a is the ra-
dius of the contact, and W is the wafer thickness. We can determine
the minority carrier concentration at the front pn-junction nf by the
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Fig. 1. Schematic diagram of the geometry used to analyze the lateral region.

integration of the diffusion current

nf = nb +
A0

qDn

∫ 0

W

Jn

A(x)
dx. (2)

In (2), Jn and Dn are the electron current density and diffusivity,
respectively, and A0 is the aperture area of the unit cell, with A0 = P 2

for a square arrangement of contacts separated a distance P . The carrier
concentration at the back contact nb is given by

nb =
Jn (W )

q(fc /fNC )Scont
(3)

where fc is the fraction of the rear surface from which current is ex-
tracted, fNC = πy2

m in/A0 is the fractional area of the near-contact
region, Jn (W ) is the electron current reaching the contact, and Scont

is the surface recombination velocity of the contact. Additional equa-
tions, which may be found in [4], relate the electron, hole, and total
currents to the generation and recombination occurring in the volume
of the material. Surface boundary conditions are expressed in terms of
a recombination current prefactor Jo .

B. Peripheral Region

We represent the unit solar cell by means of a cylindrical geometry
as depicted in Fig. 1, with an outer radius ym ax = (A0 /π)1/2 and an
inner cylinder of radius ym in = a + Wπ/4 that defines the boundary
with the near-contact region [1]. Considering now a cylindrical element
in the lateral direction y, it will contribute to the majority carrier current
an amount that results from the local balance between generation and
recombination

Ip (y) = Ip (y + dy) + (Jph − Jrec )2πydy (4)

where Jrec may include bulk and surface (front and rear) recombination.
To calculate it, we have assumed that the minority carrier concentration
within an elementary volume is approximately constant in the vertical
direction and equal to its value at the front nf (y). Such an assumption
is appropriate in many cases of practical interest when the minority
carrier diffusion length is greater than the wafer thickness and when
the rear surface is well passivated. It can be inadequate, however, if
bulk or rear surface recombination is severe.

The majority carrier (hole) current is driven by a gradient of the
electrostatic potential φ

Ip (y) = −σp A(y)
dφ

dy
(5)
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where the cross-sectional area is A(y) = 2πyW, and σp is the hole
conductivity (see Fig. 1). The electrostatic potential difference as a
function of the lateral position can be obtained by the integration of
(5). The minority carrier concentration in the lateral direction y can
then be determined from

nf (y)(po + nf (y)) = n2
i exp

(
φ(y)
kT/q

)
(6)

where p0 ≈ NA is the majority carrier concentration. An iterative pro-
cedure starts by giving an initial value to the minority carrier con-
centration at the extreme position of the unit cell, nf (ym ax ). The net
current Ip (ym in ) injected by the peripheral region into the near-contact
region is then calculated. The minority carrier concentration nf (ym in )
at the inner position of the unit cell is then used in conjunction with
(2) to determine the carrier profile in the near-contact region, that is,
in the x-direction. An open-circuit solution is found by iterating the
value of nf (ym ax ) until a global balance between the total genera-
tion and recombination in the unit cell is established. Complete I−V
characteristics can be determined by varying nf (ym ax ) and iterating
the carrier density profile until it is consistent with the corresponding
output current and the boundary conditions. The iterative process can
be implemented with relative ease using, for example, Microsoft Excel
and its Visual Basic capabilities.

III. COMPARISON TO 3-D SIMULATIONS

A. Simulation Parameters

To analyze a partial rear contact cell structure in Sentaurus Device,
we have used square contacts arranged in a square pattern with the
same area as circular contacts of radius a = 100 μm, together with the
silicon parameters of [5]. A front n+ diffused region having a Gaus-
sian dopant profile with a surface concentration of 1020 cm−3 and a
junction depth of 0.75 μm, together with a front surface recombina-
tion velocity of 1.5 · 104 cm · s−1 , produces a recombination that can
be characterized in the geometric model by a recombination current
prefactor of J0f = 100 fA · cm−2 . We verified this J0f by simulating
a sample akin to those used for the experimental measurement of J0f

by photoconductance decay, that is, with a base dopant concentration
of 1013 cm−3 , the aforementioned dopant profile on one side, and
negligible bulk recombination.

The diffused region presents a sheet resistance of 35 Ω, which also
contributes slightly to the lateral voltage drop due to the flow of elec-
trons through it. In the geometric model, we have added an extra term to
the conductivity in (5) to account for such lateral voltage drop, noting
that the electron current at a given lateral position y is equal to the hole
current at that position. In this example, we have only included intrinsic
bulk recombination and set to zero the recombination at the passivated
areas of the rear surface. The temperature is 300 K, and the photogener-
ation corresponds to that produced by the AM1.5G spectrum, together
with front surface texturing and a good back surface mirror.

B. Simulation Results

Figs. 2–5 show the results of both Sentaurus Device simulations and
the iterative geometric model for a p-type silicon wafer with NA =
1016 cm−3 and W = 180 μm. The circular contacts have a radius of
100 μm and either a very high Scont = 106 cm · s−1 , a moderate Scont =
104 cm · s−1 , or a very low Scont = 332 cm · s−1 surface recombination
velocity. The latter is equivalent to a recombination current prefactor of
J0cont = 500 fA · cm−2 , representative of optimized p+ doped regions
that are formed by alloying aluminum into silicon [6].

Fig. 2. Open-circuit voltage as a function of the pitch for NA =
1016 cm−3 , a = 100 μm, W = 180 μm, and J0f = 10−13 A · cm−2 . Geometric
model for Scont = 332 cm · s−1 (dot-dashed line), Scont = 104 cm · s−1 (con-
tinuous line), and Scont = 106 cm · s−1 (dashed line) compared with Sentaurus
simulations (open diamonds, open squares, and filled triangles, respectively).

Fig. 3. Short-circuit current density as a function of the pitch for NA =
1016 cm3 , a = 100 μm, W = 180 μm, and J0f = 10−13 A · cm−2 . Geometric
model for Scont = 332 cm · s−1 (dot-dashed line), Scont = 104 cm · s−1 (con-
tinuous line), and Scont = 106 cm · s−1 (dashed line) compared with Sentaurus
simulations (open diamonds, open squares, and filled triangles, respectively).

The open-circuit voltage Vo c as a function of the pitch, or separation
between the contacts, is shown in Fig. 2. As expected, Vo c increases
with the pitch and with the degree of passivation of the contact. The
values which are calculated with the geometric model are within 6 mV
of the corresponding Sentaurus simulations, which is the largest dis-
crepancy occurring for the case of a well-passivated contact.

The short-circuit current density Jsc , which is shown in Fig. 3,
also increases with the same parameters as Vo c . The geometric model
underestimates Jsc for low-pitch values. This could be due to small
differences in the way that the boundary condition (3) is applied or to
the different shape of the contacts implemented in both models.

The agreement in terms of the fill factor, which is shown in Fig. 4,
is very good. The main result is that, as expected, the FF degrades
severely for large pitch values.
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Fig. 4. Fill factor as a function of the pitch for NA = 1016 cm−3 , a = 100 μm,
W = 180 μm, and J0f = 10−13 A · cm−2 . Geometric model for Scont =
332 cm · s−1 (dot-dashed line), Scont = 104 cm · s−1 (continuous line), and
Scont = 106 cm · s−1 (dashed line), compared with Sentaurus simulations
(open diamonds, open squares, and filled triangles, respectively).

Fig. 5. Conversion efficiency as a function of the pitch for NA =
1016 cm−3 , a = 100 μm, W = 180 μm, and J0f = 10−13 A · cm−2 . Geometric
model for Scont = 332 cm · s−1 (dot-dashed line), Scont = 104 cm · s−1 (con-
tinuous line), and Scont = 106 cm · s−1 (dashed line), compared with Sentaurus
simulations (open diamonds, open squares, and filled triangles, respectively).

The combination of the aforementioned three parameters results in a
conversion efficiency that, as shown in Fig. 5, presents a maximum just
before the improvements in Vo c , and Jsc are negated by the degradation
in FF. The agreement between the geometric approach and Sentaurus is
reasonably good for the three cases of contact recombination velocity.
Both simulations indicate that the optimum pitch is smaller as the passi-
vation of the contact is improved. For nonpassivated contacts, it should
be approximately 0.125 cm, whereas for well-passivated contacts, it
should be approximately 0.075 cm. The geometric model predicts the
trends reasonably well, with a discrepancy with respect to Sentaurus of
less than 0.3 absolute efficiency points in the vicinity of the optimum
pitch.

IV. CONCLUSION

Although not exhaustive, the comparison presented here indicates a
good agreement between 3-D simulations and the geometric approach
proposed in [1]. The latter, in its iterative implementation, may be re-
garded as a numerical analysis of the device, but a simple one. We
have used 100 elements in the lateral direction and 200 in the vertical
one, that is, a total of 300, with no attempt to optimize their number.
For the dopant density in these calculations, low injection conditions
prevail. Further testing and comparison are needed to fully assess the
range of applicability of the geometric-iterative approach. It is likely
that the simplifications underlying it will cease to apply if recombina-
tion in the bulk or at the dielectric-coated regions of the back surface
becomes significant, in which detailed numerical simulations remain
necessary.
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