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1. Introduction

Solar cells are semiconductor devices that are able of direct conversion of light
into electricity. Since their invention in the 1950s [1] there was a very rapid
growth of the production and use of solar cells. Many technologies were devel-
oped like crystalline silicon solar cells, thin films, organic solar cells, nanowire
solar cells and so on with families and subfamilies.

Vertical junction solar cells also called edge-illumination solar cells [2] [3] [4]
are solar cells that are illuminated parallel to the junction contrary to conven-
tional solar cells illuminated perpendicularly to their junctions.

Vertical multijunction solar cells (VM]) can be classified into two main fami-
lies: parallel-connected junctions and series-connected junctions; in this work,
we are using parallel-connected vertical junction solar cells.

Since their introduction, these devices continue to be improved to minimize
both optical and electrical losses with significant increase in the conversion effi-

ciency [5] [6]. This conversion efficiency is directly related to the internal quan-
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tum efficiency of the cell (IQE) that also reflects different recombination processes
associated to the base doping density.

The IQE is defined as “the wavelength-dependent short-circuit current densi-
ty as a function of wavelength”. In this study, we will lay stress on the depen-
dence of the photocurrent density, the photovoltage, the maximum output pow-
er on the base doping density and the correlations between conversion efficiency

and internal quantum efficiency.

2. Mathematical Formulation

A schematic diagram of the vertical parallel junction silicon solar cell is given in
Figure 1.

As noted before, cells are connected in a parallel manner, one emitter with
another and one base to another.PN junction. The metal contacts are made on
the lateral sides of the sub-cells so there is no shading. The width of the sub-cell
can be made smaller [7] and then the series resistance will be also reduced. Un-
der illumination, there are the three major phenomena that occur inside a solar
cell: carrier generation, re-combination and drift/diffusion. We consider the base
region of the VMJ cell, neglecting the emitter given its contribution is very low
compared to that of the base. We also assume a quasi-neutral p-type base (QNB)
[8], low injection condition and no lateral effect; then, the principal transport
mechanism remains a one dimension diffusion of minority carriers. In steady

state, we then have:

=-9(z). (1)

with:

g(z)=a-(1-R)-1-e7** being the carrier generation rate under monoch-
romatic illumination at the depth zin the base [9], /is the incident flux, n(x) the
minority carrier density in the base.

a is the absorption coefficient [10], R is the reflexion coefficient at the wave-
length A, D, the diffusion coefficient traducing the ability of the carrier to diffuse
into the base. This coefficient depends strongly on the base doping density and is

monochromatic illumination
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Figure 1. Vertical parallel junction solar cell.
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given by the following expression [11]:

D, ()= 1350V )

BN
N, +3.2x10

The minority carrier lifetime 7, in the base also depend on the base doping

density and can be expressed as:

7,(Ng )= ——. (3)

N
1+ B
5x10%

The diffusion length Z, being the mean distance covered by minority carrier
before they recombine is related to both carrier lifetime and diffusion coefficient

and then to base doping density. This dependence can be written in the form:

Ln(NB)= DH(NB)'TH(NB)' (4)

2.1. Excess Minority Carrier Density in the Base

Carrier generation, recombination and drift/diffusion are the three major phe-
nomena that occur inside a solar cell under illumination. If we consider only the
base region of the cell, neglecting the emitter since its contribution is very low in
comparison to that of the base and also assume a quasi-neutral p-type base
(QNB) in low injection condition and no lateral effect, then, the principal trans-
port mechanism remain a one dimensional diffusion of minority carriers (elec-
trons).
In steady state we have:
on(x) 1
o LE(N,)

n(x)= Dg((lZ\I)B)‘ (5)

The solution of Equation (5) can be written as:

X
Ln n n

. L2
n(x)=A -cosh( j+ B, -smh(%}r?‘-at A-(1-R)-e7. (6)
Coefficients A, and B, are determined considering the two following boun-
dary conditions:
- At the junction (x =-W, /2):
on(x)

OX 2

D
x:,%

2 2

With S;being the junction dynamic velocity corresponding to the flow of car-
rier through the junction.
- In the middle of the base (x=0):
an(x)
OX

=0. (8)

x=0

Giving these two boundary conditions and Equation (6) and after some calcu-
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lations, the final expression of the minority carrier density is written as:

n n

n<x)=a-c°sh(fj+é—i'al~<1—a>-u-e'“- ©

2.2. Photocurrent Density and Photovoltage

Based on the excess minority carrier density, we can derive both photocurrent

density /, and photovoltage respectively as:

on(x)
=2.9-D - —7 . 10
ph q n X W, ( )

J

X=

with g the elementary charge ; the factor 2 comes from the presence of the two
junctions on both sides of the base. For the photovoltage, thanks to Boltzmann’s

law, we have:

ol 2]
Vo, =V, In| ——5 241, (11)

n:

with n,the intrinsic concentration and Vrthe thermal voltage:
k-T
Vp=—o. (12)
q

where kis the Boltzmann’s constant and 7'the temperature.

2.3. Output Power

When the solar cell is illuminated, it can deliver the power P given by:
P=Vy-Jum- (13)

The power loss in the intrinsic diode is neglected given it is negligible com-

pared to the whole power.

2.4. Internal Quantum Efficiency

The measurement of the quantum efficiency of solar cells is generally used to
quantify recombination losses. The internal quantum efficiency Ry of a solar cell
is defined as the fraction of collected electron/hole pairs per photon of wave-
length that enters the solar cell. The commonly applied analysis uses a plot of the
inverse quantum efficiency versus the inverse of the absorption; in this study, it
is the dependence on the base doping that is analyzed and how it is related to the
conversion efficiency.
The internal quantum efficiency is expressed as:

Ry = (14)
° A.g-1-(1-R)

3. Results and Discussions

Considering the above mathematical formulation, we performed simulations for
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various base doping densities and also different illumination wavelengths. The

obtained results are presented below.

3.1. Minority Carrier Density

We present on Figure 2 the excess minority carrier density versus base doping
density for various illumination wavelengths.

Figure 2 shows that excess minority carrier density in the base slightly in-
creases firstly until a base doping density of about 10" cm™. Above that doping
density, carrier density decreases very significantly. Indeed, below 107 cm™, an
increase of base doping leads to a little increase in base doping but above 10"
cm™ recombination processes becomes more and more predominant, leading to

a decrease of the carrier density as observed.

3.2. Photocurrent Density

In the following figures, we plotted the photocurrent density versus base doping
density for various illumination wavelengths. In Figure 3 we considered wave-
length range of 0.66 um to 0.78 um and in Figure 4 we considered wavelength
range of 0.8 pm to 0.92 pum.

These figures show clearly that photocurrent density is more interesting while
the base doping density is of the order of 107 cm™ and below. These curves also
show that there is a limit to base doping density as we can observe a very marked
decrease of the photocurrent densities near and above 10”7 cm™. Given that re-
combination activities (centers) are directly related to base doping density that is
why photocurrent density is so sensitive to base doping density.

Below 0.8 pm, photocurrent density increases with illumination wavelength

contrary to wavelengths above 0.8 pum; this could be explained by the illumina-
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Figure 2. Excess minority carrier density versus base doping (D» = 26 cm?/s, z= 200 pm,
x=200 um, Sr=4 x 10* cm/s).
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Figure 3. Photocurrent density versus base doping for different wavelengths (D, = 26
cm?/s, z= 200 pm, Sr= 3 x 10°> cm/s).
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Figure 4. Photocurrent density versus base doping for various wavelengths (D, = 26
cm?/s, z= 200 um, Sr= 3 x 10°> cm/s).

tion spectrum with lower wavelengths associated to higher energy, generating
more carriers in the base of the solar cell.

3.3. Maximum Output Power

The maximum output power is computed versus base doping density and the
results are presented in Figure 5.

We can observe an increase of the maximum output power for lower base
doping density until 10*® cm™, and above that value, we have a very marked de-
crease as for the excess minority carrier density. This confirm the fact that there
is an optimum doping density for the base and above that doping density the
performance of the solar cell decreases significantly.
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Figure 5. Maximum power versus base doping density (D, = 26 cm?*/s, z= 200 pm, Sr= 3
x 10% cm/s).
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Figure 6. Conversion efficiency versus wavelength for various base doping densities (Dx
=26 cm?/s, z= 200 um, Sr=5 x 10° cm/s).

This result has been predicted previously but the difficulty is that the exact
profile of the maximum power versus base doping density was not known. This

blank is now filled for vertical parallel junction solar cells.

3.4. Internal Quantum Efficiency

The internal quantum efficiency of the VMJ cell has also been evaluated for var-
ious illumination wavelengths and different base doping densities on Figure 6.
This figure shows that VM] solar cell’s conversion efficiency increases with il-
lumination wavelength between 0.3 pm to a certain threshold A, from which it
began decreasing. This is due to the manner light is absorbed in the semicon-
ductor material by Beer-Lambert law and the dependence of the absorption
coefficient to the illumination wavelength. We can also observe the shifting ef-
fect of base doping density on the threshold point with a net decrease of the

conversion efficiency maximum and shrinkage of the conversion efficiency
bandwidth.
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Figure 7. Maximum power versus base doping density (D, = 26 cm?*/s, z= 200 um, Sr=5
x 10° cm/s).

We then see the importance of doping density on the VM]J solar cell perfor-
mance.

We want to know now how the maximum output power is related to the in-
ternal quantum efficiency; we then plotted the maximum output power versus
internal quantum efficiency in Figure 7.

This figure shows that the output power increases with increasing internal
quantum efficiency. Given that internal quantum efficiency is the fraction of
collected electron/hole pairs per photon of wavelength that enters the solar cell,
an increase in IQE mean that there are more and more collected electron/hole
pairs and more collected electron/hole pairs also means more generation and

then more power.

4. Conclusions

In this paper, we have presented a theoretical investigation of a vertical parallel
junction silicon solar cell under monochromatic illumination. We showed how
internal quantum efficiency is related to the illumination wave-length and the
decreasing effect of the base doping density on this quantum efficiency. We pre-
sented for the first time, to the best of our knowledge, the dependency of the
maximum output power on the internal quantum efficiency of the vertical junc-
tion solar cell.

The dependency profile of the maximum output power versus the base doping
density shows a base doping density limit from which the maximum power de-

creases are in agreement with other works.
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