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ABSTRACT In this paper, an analytical model of a proposed low-cost high efficiency NPN silicon-based
solar cell structure is presented. The structure is based on using low cost heavily doped commercially
available silicon wafers and proposed to be fabricated by the same steps as the conventional solar cells
except an extra deep trench etch step. Moreover, the cell has been engineered to react to the UV spectrum,
resulting in a greater conversion performance. The presented analytical model takes the electrical and
optical characteristics into account. Thus, the influence of both physical and technological parameters on the
structure performance could be easily examined. Consequently, the optimization of the structure performance
becomes visible. To inspect the validity of the analytical model, a comparison of the main performance
parameters resulting from the model results with TCAD simulations is carried out, showing good agreement.

INDEX TERMS Low cost, high efficiency, high-doped wafers, solar cell, analytical model.

I. INTRODUCTION
Recently, thin film solar cells have been presented as com-
petitors to the single crystal silicon solar cells due to their low
cost and their rapid efficiency improvement [1]. However,
thin film solar cells technology has some limitations like
the difficulty of absorbing longer wavelengths of the light
spectrum due to their small thickness of the active layer [2],
toxic materials involved and stability issues [3]. So, this
technology still requires more research before it can be
made commercially available. Accordingly, silicon is still
the main material used in PV applications due to efficient,
reliable and stable solar cells produced from silicon. Actually,
silicon-based solar cell technology constitutes about 90% of
the solar PV market due to the intensive efforts being led
by the microelectronic industry. However, the cost of the
high efficiency planar solar cell is still high and much more
expensive than the thin film technologies [4], [5].
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Still, few research works have been done to fabricate
silicon-based solar cells in a cheap way with relatively
high efficiency [6]–[9]. One of the most interesting attempts
to get high efficiency low cost silicon-based cells is to
use a nanorod with a high-doped pn junction in the
radial direction [10], [11]. The visibility of this nanorod
solar cell involves creating a dense array of well-oriented
nanorods, each with a pn junction, which is difficult to be
fabricated. Efforts are still in progress to raise efficiency
while keeping low-cost cells to meet the high demand of the
industry [12], [13].

In order to produce low-cost solar cells, a low-cost
substrate may be used. However, using these inexpensive
absorbers results in a high density of defects or a large
degree of impurity. This, in turn, reduces the diffusion
length of the low minority carrier [14], [15]. Using such
low diffusion length materials as the base of planar solar
cell limits carrier collection by minority carrier diffusion.
As a result, the cell performance is degraded. The solution
to such a problem is achieved by generating electron-hole
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pairs from light absorption vertically and collecting them
laterally. Thus, the diffusion length can be decreased without
deteriorating the performance of the cell. This concept
paves the way for the usage of low-quality and low-cost
with high-doped silicon wafers in solar cells as previously
demonstrated by TCAD simulation [13].

Analytical models are vital to understanding the underlined
physics of the device behavior. Using analytical models in
the optimization of the device parameters to obtain the best
performance is recommended vs TCAD simulation as the
latter requires long times to be performed. Many analytical
models developed for various types of solar cells are found
in the literature [16]. In [10], an analytical model for the
radial p-n junction nanorod structure was developed, and an
efficiency of up to 11% was obtained. In [17], an analytical
model, based on Green’s function theory, was used to
calculate the main p-n and p-i-n radial solar cells device
performance parameters.

The npn cell, presented in this work, is based on a proposed
low-cost solar cell structure, which was previously published
by our research group [13]. TCAD simulations of that cell
give less than 15%. According to recent studies [18], [19],
the efficiencies of the majority modules are in the range
from 10% to 17% according to the physical dimensions
and the manufacturer. Few modules are of efficiency above
22% [19]. Although our npn cell efficiency is still low
compared to other commercial silicon solar cells, we believe
that the optimization of such npn cell could result in achieving
relatively higher efficiencies.

In this paper, a physically based analytical model for the
proposed npn solar cell structure, is presented. To interpret
the essence of device operation, device simulations using this
model are performed. The simulation is analyzed firstly in
terms of the illuminated IV characteristics. The open-circuit
voltage (Voc), short circuit current density (Jsc), fill factor
(FF), and conversion efficiency (ηc) are calculated. Addi-
tionally, the optical performance is presented regarding the
quantum efficiency and spectral response. The influence of
both physical and technological parameters on the structure
performance is examined. A comparison between the model
results and TCAD simulation results is carried out, showing
good agreement.

The paper is organized as follows. Section 2 outlines the
proposed efficient heavily doped silicon solar cell structure
and its main physics. Section 3 presents the analytical
model of the structure. It is considered as two independent
solar cells: vertical and horizontal. Section 4 addresses
a comparison of the analytical model implemented in
MATLAB vs. SILVACO TCAD device simulations. Finally,
a summary of the important findings and conclusions of this
work is offered in Section 5.

II. PROPOSED HEAVILY DOPED SILICON SOLAR CELL
STRUCTURE
A 3D view of the proposed structure of the solar cell is shown
in Figure 1. The contacts are taken from the side and bottom

FIGURE 1. Three-dimensional npn solar cell layout view displaying the
three different pn junctions.

of the structure. The bottom contact is Aluminum (Al) base
contact which is considered the anode while the cathode is
taken from both sides (Al emitter contact).

To have a solar cell structure based on vertical generation
and lateral collection of light generated carriers, the utilized
wafer in this structure has to be etched vertically on
regular distances to produce deep trenches. Then, an n+

region is added to form a side wall pn junction. This
junction is responsible for the lateral collection of vertically
light-generated carriers regarding high doping and low
diffusion length, as in the case of low-cost highly doped
silicon wafers. It collects the generated carriers from the
long wavelength solar radiation spectrum. The top n+ region
in this system is working as an ultraviolet collector [13].
Therefore, the structure collects both the ultraviolet generated
carriers as well as the generated carriers from the long
wavelength solar radiation spectrum.

There are many advantages of using a structure with two
sidewall pn junctions, npn structure [12]. Its main advantage
is that it collects the light generated carriers from two sides
(by using two sidewall pn junctions). Thus, its base width
is double the base width of the structure when compared
with only one sidewall pn junction. The double size of
the base width of the npn structure often raises the active
area in comparison to the shadowing area which, in effect,
contributes to better illumination. Consequently, the short
circuit current density increases and thus, the efficiency
improves. The closed notches shown in Fig. 1 have an
advantage of facilitating the connection of the metal tracks
for the n+ emitter contact in the final wafer mask, as it is
mainly used for n+ emitter contact. Also, the aluminum series
resistance is reduced, which enhances the npn structure fill
factor.

Commercially speaking, the npn is a low-cost structure.
This is because it is etched through a commercially available,
highly doped silicon wafer [20], [21]. Besides, it is designed
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to respond to the ultraviolet part of the solar radiation
spectrum. It could collect the ultraviolet part by optimizing
both the doping and thickness of the top pn junction. Also,
the proposed npn structure needs straight forward fabrication
processes. Thus, no extra cost is needed for fabrication.

III. ANALYTICAL MODEL FOR THE NPN SOLAR CELL
STRUCTURE
The main advantage of building up an analytical model, for
any structure or device, is that it gives a transparent solution.
Therefore, the influence of both physical and technological
parameters on the device performance can be examined
quickly and simply. Additionally, analytical models enable
the estimation of minimum, nominal, and maximum values
for device parameters. Thus, one can have a good picture of
how to enhance the device performance before going through
the complicated exact solutions of device simulators.

In this section, the superposition principle is used to get
the complete model of the structure behavior. The electrical
model is built up for both the sidewall and top pn junctions of
the npn structure. Then, the optical model, which describes
how to include the input solar radiation spectrum into the
analytical model, is presented.

A. SUPERPOSITION PRINCIPLE FOR MODELING THE
OVERALL PERFORMANCE OF THE NPN STRUCTURE
In the analytical model, the npn structure, as illustrated
in Fig. 1, is assumed to have three pn junctions: one
top and two sidewall junctions. There are two types of
collection for light generated carriers inside this structure,
the lateral collection, caused by the two vertical pn junctions
(J1 and J2), and the vertical collection caused by the top
planar pn junction (J3). The top pn junction is beneficial for
the selection of photogenerated electron-hole pairs through
the ultraviolet component of the incident solar radiation. The
vertical sidewall pn junctions J1 and J2 are considered the
main core of the structure. They are responsible for the lateral
collection of the vertically light generated carriers caused
by longer wavelength photons through low diffusion length.
These two vertical junctions are the solution for overcoming
the problem of using highly doped silicon with low diffusion
length in the conventional planar solar cell.

To include both vertical and horizontal junctions in the
analytical model, they are treated as two independent solar
cells. The vertical solar cell consists of J1 and J2, and
horizontal solar cell consists of J3. The analytical model is
carried out for each one of them for both dark and short circuit
illumination case. The overall structure performance is the
superposition of the two-part cell performance. The top pn
junction is a planar solar cell and the analytical model of such
a cell is well established [22], [23]. So, the analytical model
is carried only for the vertical junctions J1 and J2.
In the electrical analytical model, care is oriented only

towards photons that pass and be absorbed through the
structure. These photons are responsible for the light
generated electron-hole pairs, excess carriers. Excess carriers

are diffused, causing current flow inside the solar cell, and,
eventually, they control its operation. Thus, it is important
to model excess carriers in the electrical model to be able
to model solar cell electrical performance, the current flow
inside the cell and, hence, its IV characteristics.

FIGURE 2. The npn structure with a detailed description of its parameters.

Fig. 2 shows the npn structure with more parameters’
details. It should be pointed out here that the deposition
of aluminum directly on the sidewall junction to take the
cathode contact is not recommended as the Ohmic contact
has nearly infinite surface recombination velocity which
contributes in the recombination of the light generated
carriers. So, passivation of the sidewall surfaces with clean
SiO2 oxide is recommended as shown in the figure. The
different parameters are identified in Table 1 where I (y)
represent the photon flux. The drift-diffusion model is used
to get the current components in both n+ emitter and p+ base
regions. This is done for both short circuit and dark cases.
From Fig. 2, as the structure has symmetry, the centerline is
taken at its center to simplify the solution. Thus, the solution
can be carried out for half the structure then the current is
multiplied by two. The incident solar radiation is assumed to
be perpendicular to the structure.

Using the one-dimensional drift diffusion model, the
electron current density is determined from the following,

Jn = qµnE + qDn
δ1n
δx

(1)

where q, µn, Dn and E are the electron charge, electron
mobility, electron diffusion constant and electric field,
respectively.1 n is being the excess electron concentration.
The continuity equation at steady state is used as follows:

1
q
δJn
δx
− U + gph (y, λ) = 0 (2)
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TABLE 1. Main parameters of the npn solar cell structure.

where U = 1n
τn

and 1n is the excess electron concentration.
The electron lifetime, τn, includes both the Shockley Read
Hall and auger recombination. Auger recombination is
important in this case as the doping of p+ base is high. From
equations (2) and (1), the continuity equation in terms of Ln
becomes:

δ21n
δx2
−
1n
L2n
+ τngph (y, λ) = 0 (3)

where Ln is the electron diffusion length that is found from,

L2n = Dnτn (4)

Similarly, for holes:

δ21p
δx2
−
1p
L2p
+ τpgph (y, λ) = 0 (5)

where 1p is the excess hole concentration and τp is the hole
lifetime. The hole diffusion length Lp is related to the hole
diffusion constant (Dp) and its lifetime as,

L2p = Dpτp (6)

1) DERIVATION OF EXCESS CARRIERS’ CONCENTRATIONS
IN SHORT CIRCUIT CASE
Excess carriers’ concentration and current densities in short
circuit case are derived firstly for p+ base region then for
n+ emitter region, sidewall pn junction. Fig. 3 shows the
distribution of excess carriers inside the three quasi neutral
regions of the structure; two n+ emitters, J1 and J2, the
p+ base region. It also shows excess carriers’ distribution
in the two depletion regions of J1 and J2 in short circuit
case. In addition, it shows the electric field inside the
two depletion regions. Excess carriers’ concentrations and
their current densities are derived in the three quasi-neutral
regions. No need to derive them in the depletion region as
its width is very small due to high doping concentration
for both n+ emitter and p+ base. Moreover, it is assumed
that there is no recombination inside the depletion region.

FIGURE 3. Distribution of excess carrier’s concentrations inside npn
structure in short circuit case.

Thus, all light-generated carriers are assumed to be separated
and collected.

Considering the boundary conditions, there are two points.
Firstly, the centerline is taken at x = 0. At this point, it is
assumed that excess electrons distribution is maximum; thus,
its gradient is zero. Secondly, at x=Wp. Being at the junction
boundary, it is the interesting point at which the electron
current must be derived. The junction boundary is assumed to
be ideal Ohmic contact in short circuit case; thus, the excess
electron concentrations is zero at x = Wp.

Solving equation (3) leads to finding the excess electron
concentration as follows,

1n (x) = Ae−
x
Ln + Be

x
Ln + τngph (y, λ) (7)

Before obtaining the coefficients, A and B, it is important to
indicate that, gph(y, λ) is assumed to be constant with respect
to x. It is only a function of y and λ. Also, as the p+ base has a
uniform doping, τn is considered to be constant with respect
to x and y. The boundary conditions are as follows:
• Boundary condition 1, at x = 0, 1n is assumed to be
maximum.

• Boundary condition 2, at x = Wp, as the structure
is short-circuited, thus there is no excess at junction
boundary, so 1n = 0.

Then, we can find A and B:

A = B = −
τngph (y, λ)

2 cosh
(
Wp
Ln

) (8)

Finally, the excess electron concentration for the short circuit
case, 1n(x), as a function of x is determined by:

1n (x) =
τngph (y, λ) [1− cosh (x/Ln)]

cosh
(
Wp/Ln

) (9)

From the expression of 1n(x), it is obvious that the excess
electron concentration is a cosh function. This confirms
the assumption that the excess electron concentration is
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maximum at x = 0. As there is no electric field in the
quasi neutral regions, due to the short circuit case, there is
only electron diffusion current. As well known, the diffusion
current component is calculated at Wp, the edge of the
junction at which carriers separated and collected. So, this
current is derived as follows,

Jn|Wp = qDn
δ1n
δx

∣∣∣∣
Wp

(10)

By differentiating1nw.r.t x and substituting in equation (10),
one gets:

Jn = qDnτngph (y, λ)Ln tanh
(
Wp

Ln

)
(11)

As stated before, the relation between the electron diffusion
length, Ln, and the p+ base width, Wp, affects the structure
performance because of bulk recombination. Thus, there are
two important extreme cases relate Ln and Wp. These two
cases are:

Case 1: at Wp � Ln, equation (11) can be reduced to:

Jn = qgph (y, λ)Wp (12)

From equation (12), it is obvious that when Wp is smaller
than Ln, the current reaches its maximum value. This fact
is physically confirmed. It means that as long as Wp is
smaller than Ln, almost all the light generated carriers are
separated and collected by the junction. Thus, the effect of
bulk recombination is very low. This causes the current to
reach a value near its maximum.

Case 2: Wp � Ln, equation (11) can be reduced to:

Jn = qDnτngph (y, λ)Ln (13)

From equation (13), it is obvious that when Wp is greater
than Ln, the current reaches its minimum value. This fact
is physically confirmed. It means that as long as Wp greater
than Ln, the bulk recombination dominates the separation and
collection of the light generated carriers by the junctions.
In addition, the top n+ planar cell becomes more effective
than sidewall. As the top n+ is a non-useful planar cell
because of high doping of p+ base, thus the primary structure
responsible for the collection of long wavelengths, sidewall
junctions, becomes ineffective. These are the reasons that the
current reaches its minimum values whenWp higher than Ln.
Now, we are going to find an expression for the hole

current density inside the n+ region. When solving in the n+

emitter region, there are two points that must be considered.
These points determine the required boundary conditions for
completing the solution. Firstly, at x = 0 (at the sidewall
surface of n+ emitter region), it is assumed that there is a
surface recombination velocity. It means that there is a loss
in the hole current due to surface recombination. The second
point is x = Wn(at the junction boundary), at which the
hole current density must be derived. As the junction is short-
circuited, thus the hole concentration is zero at x = Wn.
Solving equation (5)

1p (x) = Ae
−

x
Lp + Be

x
Lp + τpgph (y, λ) (14)

Although the doping of n+ emitter region is non-uniform,
it has a profile because of diffusion, in this analytical model,
pn junctions are assumed to change abruptly to simplify the
model solution. Thus, doping is assumed to be uniform in
both n+ emitter and p+ base regions. Thus, τp is assumed to
be constant with respect to x and y. the boundary conditions
are as follows:

• Boundary condition 1, at x = 0, v = vs, thus,
qDpδ1p/δx

∣∣
x=0 = q1p (0) vs; where qDpδ1p/δx is a

loss current due to recombining contacts at sidewalls.
• Boundary condition 2, at x = Wn, as the structure
is short-circuited, thus there is no excess at junction
boundary, so 1p(x) = 0

After some mathematical simplifications, A and B are found:

A =


(
−gph (y, λ) τpe

−
Wn
Lp

)
(

Dp
VsLp−1

)


×


(
Dp − VsLp

)((
Dp − VsLp

)
× e
−
Wn
Lp +

(
Dp + VsLp

)
× e

Wn
Lp

)


(15a)

B =


(
−gph (y, λ) τpe

Wn
Lp

)
(

Dp
VsLp−1

)


×


(
Dp − VsLp

)((
Dp − VsLp

)
× e
−
Wn
Lp +

(
Dp + VsLp

)
× e

Wn
Lp

)


×

[((
Dp + VsLp

)(
Dp − VsLp

))+ ((−gph (y, λ) τp)(
Dp − VsLp

) )]
(15b)

Then, we can find that:

Jp =
qDp
Lp

[
Ae
−Wn
Lp − Be

Wn
Lp

]
(16)

In the n+ emitter region, it is not essential to get the
expressions for hole concentrations and its current density
in terms of their diffusion length. The reason is that the n+

emitter is too narrow with respect to the p+ base region.
Thus, the bulk recombination in n+ emitter is not the main
issue for its design, but it is the case for the p+ base. The
doping and sidewall surface treatments are most important in
n+ emitter design. However, the resulting expression of hole
concentrations and current density depends on the length of
the hole diffusion Lp.

The overall structure performance at short circuit is the
summation of Jn and Jp, equations (11) and (16), multiplied
by two, thus Jsc = 2×(Jn + Jp).
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FIGURE 4. Distribution of excess carrier’s concentrations in dark case.

2) DERIVATION OF EXCESS CARRIERS’ CONCENTRATIONS
IN DARK CASE
Fig. 4 shows the distribution of excess carriers inside the three
quasi neutral regions of the structure, in the dark case. It is
clear that there are excess carriers on the junction boundaries
because of the law of pn junction. The n+ emitter sidewall
surfaces are assumed to be passivated using SiO2, such as in
the short circuit case.

In the dark case, there is no photogeneration rate, thus gph
= 0. First, we determine the electron concentration and their
current density inside the p+ base.

1n (x) = Ae−
x
Ln + Be

x
Ln (17)

The boundary conditions, in this case, are given below:
• Boundary condition 1, at x = Wp, 1n is determined
from the law of pn junction, thus 1n

(
Wp
)
=

npo

(
e

V
VT − 1

)
• Boundary condition 2, at x = 0,1n(x) is minimum thus
δ1n/δx is zero.

Then, we can find that:

A = B =
1n

(
Wp
)

2 cosh
(
Wp
Ln

) (18)

Substituting from equation (18) into (17):

1n (x) =

 1n
(
Wp
)

2 cosh
(
Wp
Ln

)
 cosh

(
x
Ln

)
(19)

The diffusion current component is:

Jn|Wp = qDnδ1n/δx|Wp

⇒ Jn =
qDn
Ln

tanh
(
Wp

Ln

)[
npo(e

V
VT − 1)

]
(20)

where npo =
n2ie
Nd

, and nie = nioe
−1Eg
kT .

1Eg is the band shift attributable to bandgap narrowing
resulting from high doping effect, k is Boltzmann’s constant,
and T is the absolute temperature. As a highly doped p+

substrate is used, the bandgap narrowing effect must be

included in the model to take the high doping effects into
consideration [22]. In addition, as long as p+ base doping,
Nd , increases, npo decreases, thus, the dark current decreases,
which is good as it is considered a source of losses in solar
cell. But at a certain doping level, the effect of the bandgap
narrowing is dominated. It means, it starts to decrease Eg;
thus, the dark current increases. As a result, the open circuit
voltage of the cell decreases. Thus, the overall structure
performance shows that the conversion efficiency decreases.
So, there must be an optimum doping for p+ base at which
the effect of bandgap narrowing does not severely degrade the
structure performance.

By the same way, we can get the hole concentration and its
current density inside the n+ emitter region in dark case:

1p (x) = Ae
−

x
Lp + Be

x
Lp (21)

• Boundary condition 1, at x = Wn, 1p (Wn) =

pno

(
e

V
VT − 1

)
, from the law of pn junction.

• Boundary condition 2, at x = 0, Dpδ1p/δx
∣∣
x=0 =

q1p (0) vs
Then,

A =

[(
Dp − VsLp

)(
Dp + VsLp

)]× B (22a)

B =


(
1p (Wn)×

(
Dp + VsLp

))((
Dp + VsLp

)
× e

Wn
Lp +

(
Dp − VsLp

)
× e

−Wn
Lp

)


(22b)

Now, Jp can be derived at x = Wn as follows:

Jp = −qDpδ1p/δx
∣∣
x=Wn

⇒ Jp = −
qDp
Lp

[
Ae
−Wn
Lp − Be

Wn
Lp

]
(23)

The overall structure performance at dark is the summation
of Jn and Jp, equations (20) and (23), multiplied by two, thus
Jdark = 2×(Jn + Jp).
The total performance of the vertical structure is the

summation of the short circuit and the dark current densities,
thus, Jtotal = Jsc+ Jdark. The total npn structure performance
= the total performance of the top planar structure+The total
performance of vertical structure.

B. THE OPTICAL MODEL FOR THE NPN STRUCTURE
INPUT SOLAR RADIATION SPECTRUM
The photogeneration rate gph is given by:

gph (y, λ) = αdλI (y) (24)

where α is the absorption coefficient. The photon flux I (y),
taking the effect of back-reflected photons into consideration,
is expressed as follows:

I (y) = Ioe−αy + Ioe−α(2t-y) (25)
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All top surface treatments and the description of the
optical input for the npn structure is included in Io, where
Io = F(1 – R). Where F is the input solar radiation spectrum
and R is the silicon reflection coefficient. The input solar
radiation spectrum is assumed to be AM1.5. Also, F , R and α
have tables for their values with each wavelength [24]–[26].

IV. MODEL VALIDATION VS TCAD SIMULATION
In this section, the developed analytical model is verified
using SILVACO TCAD device simulator. The model is
implemented in MATLAB. The results from the model and
that from SILVACO are compared to emphasize the visibility
of the analytical model. The presented results include
both the structure electrical IV and optical characteristics.
The main electrical parameters are extracted like the open
circuit voltage (Voc), short circuit current density (Jsc), fill
factor (FF) and conversion efficiency (ηc). Regarding the
optical performance, the quantum efficiency and spectral
response are extracted.

To develop the comparison, a case study for the npn
structure physical and technological parameters is chosen.
It is not the optimized case of the structure; however, it is just
used to evaluate and verify the analytical model numerically.
In this case study, the parameters are assumed as follows.
The p+ base doping is chosen to be 1018 cm−3. For this
doping, the electron diffusion length, Ln, is assumed to be
10 µm. Wp must be smaller than Ln, in order to overcome
bulk recombination and increase short circuit current; thus,
Wp is chosen to be 8 µm. The electron lifetime, τno, is chosen
to be 1 µsec [27]. Thus, at doping 1018 cm−3, τn equals
approximately to 0.05 µsec. This is a worst-case value for
electron lifetime as the actual lifetime may be greater than
the assumed value in this case study.

Concerning n+ emitter parameters, it should be a good
emitter, to enhance its injection efficiency. Thus, its doping
is chosen to be high, 2 × 1020 cm−3. At this doping, Lp
is 0.15 µm [28]. Actually, the bulk recombination is not
the major effect concerning n+ emitter design because it is
narrow with respect toWp. To be a good emitter, its width has
to be slightly wide, greater than Lp, to decrease the reverse
saturation current. The bulk recombination is not greatly
effective at this width. Thus, Wn is chosen to be 0.19 µm.
the hole lifetime, τpo, is chosen to be 1 µsec. Thus, at doping
2 × 1020 cm−3, τp equals to 0.24 nsec [27]. For the top n+

pn junction, its doping is chosen to be 5 × 1019 cm−3. Its
thickness is chosen to be 0.1 µm. It means that the structure
is ultraviolet collector.

Concerning the structure thickness, t, it is chosen to be
80 µm. The reason is that, 80 µm wafers are low cost solar
wafers used for planar solar cells with doping 1017 cm−3.
As the npn structure uses higher doping, thus the cost of the
80 µm low cost solar cell wafers becomes lower [29].
The third dimension of the structure, L, is assumed to

be 1 µm. The effects of the structure notches are included in
the model. Thus, the top structure exposed area to the input
radiation spectrum, which is used to calculate its short circuit

TABLE 2. Technological and physical parameters.

FIGURE 5. The npn structure using Athena process simulator.

FIGURE 6. Comparison between the npn structure IV Characteristic from
both MATLAB model and SILVACO.

current density, Jsc, equals to [(2 Wp + notch width)× L ].
The technological and physical parameters for the case study
are summarized in Table 2.

Now, the case study is applied to both the analytical model
and SILVACO TCAD. For SILVACO simulations, we start
by a process simulator ATHENA to define the structure.
Fig. 5 shows the specified structure. All the physical and
technological parameters are taken to be the same as
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TABLE 3. Comparison between the evaluated electrical performance
parameters.

FIGURE 7. Comparison of optical characteristics: SILVACO vs Model (a)
spectral response and (b) external quantum efficiency.

mentioned above. The sidewall surfaces of the n+ emitter are
passivated using SiO2. Thus, the n+ emitter surface has low
surface recombination velocity. The device simulations are
done using the device simulator ATLAS.

Fig. 6 shows the npn structure evaluated IV characteristics.
As shown in the figure, the IV characteristics have a good
square characteristic, which means that the structure fill
factor is high. Also, the figure indicates that the analytical
model is capable of evaluating the IV characteristics correctly

compared to the full solution of the drift diffusion model
accomplished by TCAD simulations.

Further, Table 3 summarizes the comparison between the
evaluated electrical performance parameters of the case study
using the presented model and SILVACO. The comparison
from Table 3 confirms the electrical validation of our model
vs TCAD simulations.

Finally, Fig. 7 shows the comparison between the spectral
response (Fig. 7(a)) and the external quantum efficiency
(Fig. 7(b)) of the case study using both the developed model
results and TCAD simulations. The important data taken
from these two figures is that the structure responds to
the ultraviolet part of the input radiation spectrum. This
emphasizes that the top pn junction is designed to be
ultraviolet collector. The structure often reacts well to the rest
of the input range of solar radiation, the long wavelength till
the silicon cutoff wavelength 1.1µm. The vertical pn junction
functions well as a long wavelength collector.

In addition, returning to Fig. 7(a), it is clear that the spectral
response of the top n+ region is nearly negligible compared
to the spectral response of the two vertical side wall junctions.
These results confirm the importance of using the vertical
junction for overcoming the effect of short carriers diffusion
length of the low cost highly doped silicon wafer. Also,
it emphasizes that the top n+ region is responsible for the
collection of the ultraviolet part of the input solar radiation
spectrum.

V. CONCLUSION
In this work, an analytical model is developed for a proposed
low-cost npn solar cell whose operation based on the concept
of vertical generation and lateral light carriers collection.
The main objective of this model is to achieve a transparent
solution for the structure performance. This solution paves
the way for optimizing the physical and technological
parameters of the structure. Thus, the structure performance
can be enhanced. The analytical model electrical and optical
performance is verified using SILVACO device simulator. A
comparison between both the analytical model and SILVACO
is carried out to confirm the validation of themodel. Although
our model is based on some approximations, it gives
reasonable accuracy with fewer simulation times. Also,
it gives a figure of merits of the technological parameters’
values. Based on the transparent result of the npn structure
analytical model, the optimum design of its physical and
technological parameters will be investigated. Thus, npn
structure performance are going to be enhanced.

For a simple case study, an npn cell efficiency of
above 11% is achieved. Although the obtained efficiency is
lower than recent fabricated crystalline silicon solar cells,
the efficiency could be boosted by inspecting some design
ideas such as lifetime improvement and flipping the cell such
as to prevent shadowing effects.

Moreover, in the current presented model, abrupt junction
approximation is utilized. In our futurework, wewill consider
the improvement of the model to include doping profiles
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resulting from real fabrication processes. Also, more design
ideas will be discussed to increase the efficiency of this
promising low-cost structure. By improving the analytical
model, reliable optimization processes could be performed
easily in order to enhance the npn cell performance, which
would become a low-cost solar cell with high efficiency.
This will make it to compete with the commercially
available cells.
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