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This study delves into the pervasive role of Auger recombination as an intrinsic carrier
recombination process in silicon solar cells, critically influencing their performance
parameters such as short circuit current density, open circuit voltage, efficiency, and fill
factor. The objective is to attenuate this effect by optimizing the doping level and the
emitter's scattering depth in an N+PP+-type silicon solar cell. The COMSOL software
was utilized for simulations, assessing the impacts of varied doping levels and emitter
thicknesses. It was observed that Auger recombination effects are insignificant at low
doping levels but become predominant at higher doping levels, particularly with
increased emitter thicknesses. Notably, a substantial enhancement in performance
parameters was achieved by reducing the emitter thickness to approximately 0.4-0.6 m
and heavily doping the emitter surface to the order of ~10%® cm3. The optimal
performance was realized at a thickness of 0.4 pm, and it was found that the
implications of the Auger recombination effect surpassed those of the Shockley-Read-
Hall recombination effects. These findings bear significant implications for optimizing
solar cell design, enabling the production of solar panels with superior electrical

efficiency.

1. INTRODUCTION

The quest for novel energy sources, ignited by the 19th-
century industrial revolution, has precipitated the emergence
of a competitive sector fraught with challenges for many
nations. Presently, fossil fuels account for 80% of the world's
energy supply. Regrettably, these sources not only pose
environmental concerns, but their progressive depletion is also
increasingly evident. This has been substantiated by the
Energy Watch Group and the International Energy Agency,
indicating that over half of the world's crude oil reserves have
been exhausted [1, 2]. Consequently, numerous nations have
adopted the exploitation of renewable resources, particularly
photovoltaics, as a mitigation strategy.

Silicon-based solar panels, owing to the abundance of
silicon in the form of quartz, continue to command the
photovoltaic industry. Nonetheless, their efficiency is
constrained to 20-30%, presenting a significant limitation [3].

Various solutions have been proposed to circumvent this
issue, including perovskite-silicon tandems or multi-junction
technologies [4-6], double-sided cell architectures [7-11], and
emitter region optimization approaches [12-14]. Upon
scrutiny, multi-junction structures' most glaring disadvantage
is their relatively high-cost compared to unijunction cell
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technologies. However, cell models premised on emitter
region optimization have facilitated the manufacture of solar
panels with continually increasing efficiencies, particularly for
silicon-based cells. Indeed, Redfield and Dziewior's work [15,
16] established that solar cell performance degradation is
principally attributed to Auger recombination, which ensues
when the transmitter's doping level exceeds a certain threshold.
Subsequently, research by Stem and Cid [17], Subramanian et
al. [13], and Thirunavukkarasu et al. [12] demonstrated that
efficiency and open-circuit voltage could be maximized and
the solar cell's blue response improved by optimizing the
emitter doping level [13, 18].

In this paper, we propose a novel optimization approach for
the silicon solar cell structure, considering the doping level
and diffusion depth of the emitter to minimize the effect of
Auger recombination. This effect, typically found in
semiconductors with high doping levels and an indirect gap,
induces a reduction in carrier minority lifetime and their
diffusion length in the emitter region, resulting in a
degradation of the output parameters and electrical
characteristics [16, 18].

The optimization of the emitter layer is based on
simulations that help understand and predict the performance
of the electronic device while varying the semiconductor
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material's electrical and physical properties. Given that the
emitter formation phase in the solar cell manufacturing
process is complex and costly, it is always advisable to
perform simulations ahead of any experimental verification of
the performance of the optimized emitter configurations [19].

COMSOL Multiphysics software [20], renowned for
modeling and solving diverse scientific and engineering
problems, was employed for the study. It allows for the
processing of various physical phenomena simultaneously,
thanks to pre-integrated models and physical parameters, or
those implemented to solve a specific problem [20-23].
Despite requiring no extensive knowledge of mathematics and
physics, COMSOL provides interfaces to describe the
mathematical application modes of the PDE, facilitating
different analyses, including stationary and temporal analyses.

2. STUDIED STRUCTURE AND DOPING PROFILE

The overall structure and the doping profile of the
investigated solar cell are illustrated in Figure 1 and Table 1,
respectively. The parameters are carefully selected using the
literature [12, 13, 18, 19, 24, 25].

The device is composed of three layers:
- one Boron-doped P-type layer constituting the substrate;
- one Phosphorus-doped N+type layer with a Gaussian
profile;
- one Boron-doped P+type layer with a Gaussian profile.
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Figure 1. General structure and doping profile of the studied
silicon solar cells
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According to the literature, the doping concentration of
monocrystalline silicon wafers varies from 1x10'? cm™ to 1x
10®m= [19]. Even though a high level of the P-type
substrate’s doping improves the open circuit voltage (Voc)
[26], it reduces the lifetime and carrier mobility. Hence the
efficiency decreases. Furthermore, a low P-type doping
concentration has a negative consequence [19]. For this
purpose, moderate doping of the P-type silicon wafers is
essential. Thus, the doping concentration of the silicon wafer
was adjusted to 5x10% cm™ [24].

The introduction of a highly doped layer (P+) on the back
side of the wafer allows the production of a back surface field
(BSF). This BSF is used as a means to improve the
performance of the solar cell by reducing the surface
recombination velocity (SRV) [27-29].

The key to improving the efficiency of solar cells lies in
increasing the lifetime of the minority carriers [30]. Indeed, in
these structures, the carriers are continuously generated, and
for this purpose, the lifetime value determines the stable
population of electrons and holes. This population should be
desirably as large as possible to maximize the voltage
produced by the structure [31]. As in references [12, 13, 18], a
minority-carrier lifetime of 100 ps was assumed, but much
longer carrier lifetimes have been achieved, thanks to the
combined effects of gettering, hydrogenation, and improved
ingot growth technologies [18].

Table 1. Values of technological and physical parameters

Solar Cell Parameter N*-P-P*
Emitter doping profile Gaussian
Surface concentration Nu* (variable)
Thickness We (variable)
Substrate concentration Na=5 %10 ¢cm™ [24]
Thickness (Uniform distribution)
L=150 pm [18,24]
P+ diffusion: doping Gaussian
profile
Back surface Na*=3.6 x10'° cm’> [12, 25]
concentration
Thickness Whna+=0.5 pm [18]
T 25°C
Recombination lifetime
in the Bulk 100 s [12, 13, 18]

3. DESCRIPTION OF NUMERICAL MODEL

The DDM model (Drift-Diffusion Model) is used by
COMSOL to simulate the electronic structure. This software's
simulation of solar cells is based on the numerical resolution
using the finite element method [20] of the continuity and
transport equations as well as the Poisson equation [14, 32]:

div(e- gradV) = —p (1)
On— Tn = —iV’]_n’ 2)
gp— 1 =-V], 3)
Jn = qnnE + qD,Vn (4)
Jp = qpu,E — qD,Vp (5)



where,
p=q-(p—n+dop+n) (6)

where, 1, and y, are calculated according to the Arora model
[33].

Regarding the recombination term, two types of
recombination are considered: Auger and Shockley—Read—
Hall (SRH) recombination.

Auger recombination is traditionally described as a
nonradiative band-to-band event involving three particles. In
this process, an electron and hole from the conduction and
valence bands recombine, and the surplus energy is
transmitted to a third free electron or hole, which is moved to
a higher energy level.

Commonly, the following equation is used to simulate
Auger recombination [15, 34]:

Tauger = Cn(pnz - nnize) + Cp(npz - pnize) (7

In an SRH-type recombination process, electron—hole pairs
recombine through impurities or deep-level traps, and the
liberated energy is dissipated by lattice vibrations or phonons.
The bulk SRH recombination rate is given [32].

n-p-n?

TsrH = Tp (n+ny)+7 (P+p1) ®
where,
ny =n; - exp[(Er — E;)/kpT] ©)
p1 =n; - exp[—(Ey — E;))/kgT]

Under illumination, the following equation [32] is used to
compute the photo-generation rate for each wavelength:

GALx)=a)-F(A) (1 -RQ)) e aW* (10)

a(2) is the absorption coefficient at wavelength A, F(A) is the
number of incident photons/cm?/s per unit bandwidth, and R(4)
is the proportion of photons reflected off the surface.

The overall photo-generation rate G (x) is the integral of Eq.
(10) across all sun spectrum wavelengths.

4. RESULTS AND DISCUSSIONS

The results presented in this section illustrate the impact of
modifications in doping and emitter layer thickness on the
various solar cell parameters. This analysis examines two
instances:

- The ideal case (where all types of recombination are
ignored, i.e., without any recombination effect).

- The situation in which recombination effects are taken
into account (i.e., with the presence of Auger and SRH
recombination effects).

Table 2. The thickness of the various layers taken into

account
i We (um)
1 2
2 1.5
3 1
4 0.6
5 0.4
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In this study, we considered different emitter layer
thicknesses (We) between 0.4 pm and 2 pum. Each layer
thickness is identified by an index j, as indicated in Table 2.

4.1 Effects on short-circuit current density

4.1.1 In the ideal case
Figure 2 illustrates the short-circuit current density

variation in the ideal case versus the emitter surface doping
concentration (N;") for different emitter thicknesses We.

These curves are a result of the photo-generation effects that
occur when a solar cell is exposed to light. Under illumination,
electron-hole pairs are produced precisely where photons are
absorbed. If this phenomenon occurs within or close to the
depletion zone, where an electric field prevails, this field will
contribute to separating the positive charges from the negative
charges so that the electrons are repelled towards the n-type
layer and the holes to the p-type layer.

The electrons still seeking to recombine with the holes are
then forced to pass through the external circuit to join them,
thus creating a photo-current.

Reducing the emitter thickness, We, will allow:

- to a more significant number of photons to reach the
depletion zone and to create more electron-hole pairs
near it.

- to the induced minority carriers to cross the junction
without undergoing recombination in the emitter and
contribute to the increase in the photo-current and
therefore in the short-circuit current density.
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Figure 2. Variation in the short-circuit current density at the
ideal case versus the surface emitter doping, N;*, at different
emitter thicknesses We: 0.4 pm, 0.6 pm, 1 pm, 1.5 pm, 2 pm

4.1.2 With Auger and SHR recombination

Figure 3 illustrates the short-circuit current density variation
in which Auger recombination effects are taken into account.

In this case, the curves reveal a minor rise in the J;. current
density as a function of surface emitter doping N,*, followed
by a reduction from a specific threshold emitter surface doping
level Ny.

For each j* emitter thickness layer, the threshold N9 is
chosen at the point where the short-circuit current density is
maximum. The (maximum) current density at this point is
denoted Jy. (dop=N,").

Thus, at the point of surface emitter doping N.* equal to
10%'cm?, the corresponding short-circuit density is denoted Ji.
(dop=10*cm).

For each j™ emitter thickness layer, we define the decay rate
in current density AJ,. as:



Ase =Jsc (dop = N](j)) —Jsc(dop = 10*'cm™3) (11)

Taking into account only Auger-type recombination effects,
Figure 3 demonstrates a slight increase in J,. values for doping
levels below the threshold N, and a drop when the emitter
surface doping is above this threshold.

Moreover, as shown in Table 3, we note that:

- This threshold N,/ increases as the emitter layer
thickness decreases.

- The decay rate in current density AJ,. decreases with the
reduction of the emitter layer thickness.
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Figure 3. Variation in the short-circuit current density with
Auger and SRH recombination effects versus the surface
emitter doping, N.*, at different emitter thicknesses We: 0.4

pm, 0.6 pm, 1 pm, 1.5 pm, 2 pm

Table 3. Short-circuit current density parameters in the
presence of Auger recombination

j NY Jse (dop=ND)  Jsc (dop=10*"cm™) AJse
(cm®) mA/cn’ mA/cn? mA/cn’
1 2.00x10" 31.152289 27.294474 3.857815
2 3.80x10" 32.271672 29.285420 2.986252
3 8.20x10Y 33.691673 31.762171 1.929502
4 2.13x10% 35.198529 34.257704 0.940826
5 3.34x10% 36.125018 35.707377 0.417640

If, in addition to the effects of Auger recombination, the
impacts of SRH recombination are taken into account, it is
noted that for each thickness j, another modest additional drop
in the short-circuit current density can be observed. Moreover,
Table 4 shows that the threshold N/’ remains relatively
unchanged.

These results demonstrate that in a solar cell, Auger
recombination reduces the number of minority carriers
participating in the photocurrent. However, this phenomenon
only occurs from a certain determined level of doping. This
explains the shape of the curve of the short-circuit current
density which decreases from a certain threshold doping level
N, 1t is also noted that the presence of SHR recombination
also reduces the number of minority carriers, which results in
an additional drop in the photocurrent and, therefore, in the
short-circuit current density.

By reducing the thickness of the emitter layer to the order
0of 0.4 - 0.6 um, a significant improvement in the short-circuit
current is observed. This result agrees with the results of the
work of Ghosh et al. [35]. Furthermore, Stem and Cid [17] also
confirmed that the best J. is obtained for an emitter thickness
of around 0.4 pm.

Table 4. Short-circuit current density parameters in the
presence of Auger and SHR recombination

j NP Jse (d0p=N.l(i)) Ise (dop=l021cm’3) AJse
(cm) mA/cn? mA/cn?’ mA/cm?
1 2.00x10" 31.018552 27.159568 3.858984
2 3.50x10" 32.135581 29.148162 2.987419
3 8.40x10" 33.55034 31.617932 1.932408
4 1.92x10% 35.050800 34.110544 0.940256
5 3.37x10% 35.978421 35.560789 0.417632

4.2 Effects on open-circuit voltage

4.2.1 In the ideal case

Regarding the variations of the open-circuit voltage, in the
ideal case, Figure 4 shows that the increase in N;° doping
concentration induces an increase in the Voc values. For
doping levels, less than the threshold value N, of about
2x10%° c¢m?3, Voc increases significantly before reaching a
steady state. Indeed, beyond N,,., Voc does not increase much
further. In addition, increasing the emitter layer thickness
improves the Voc values only for surface doping concentration,
Ngt, below Ny,.. Above this threshold value, an opposite
behaviour is observed.
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Figure 4. Variation in the open circuit voltage density at the
ideal case versus the surface emitter doping (for different
emitter thicknesses We: 0.4 m, 0.6 pm, 1 pm, 1.5 pm, 2

Hm)

4.2.2 With Auger and SHR recombination

Figure 5 shows the open-circuit voltage variation in which
Auger recombination effects are taken into account. In this
case, we observe that:

- The Auger recombination effect induce an
overall decrease in Voc compared to the ideal case;

- The threshold doping N, is no longer unique or
constant but depends on the considered emitter layer
thickness.

As specified in Figure 6 and Table 5, if we define N,/ at
the intersection point of two VOC curves corresponding to two
consecutive thicknesses j; and j» such that: j,=j;+/ and
Voc(j1)=Voc(jz).

We notice that:

- N, increases as this thickness decreases.

- For any emitter surface doping level below the threshold
NyocP=5.21083172x10° cm™, any increase in the
thickness We induces an increase in the Voc. In this zone,
the best value of the emitter thickness, We, is 2 pm.

- For any emitter surface doping level above the threshold



Nyoc=1.85278315x10%° cm?3, any decrease in We
induces an increase in VVoc. In this area, the best value of
the thickness We is 0.4 pm.
The interval between N,,.Y and N,,.) corresponds to a
transition zone where the choice of thickness becomes
more critical. Therefore, to ensure the best value of Voc,
itis first necessary to check the position of the Ng* doping
in relation to the threshold values and then to deduce the
optimal value of We, since:

For Nvoc(l) SNd+< Nvac(z), We must be 1.5 m

FOr Nyoel? < Ni*< Nyoel®, We must be 1 pm

For Nyoel® < Ng*t< Nyol®, We must be 0.6 pm
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Figure 5. Variation in the open circuit voltage density with
Auger and SRH recombination effects versus the surface
emitter doping at different emitter thicknesses We: 0.4 pm,

0.6 pm, 1 pm, 1.5 pm, 2 pm

Table 5. Voc parameters in the presence of Auger
recombination

Nvoc ? (cm-?) Voc (mV)
Nvoc®=5.21083172x10"  659.791183
Nvwoc®=7.96131528%10"  660.881674
Nvoc®=1.27208253x1020  662.552201
Nvoc®=1.85278315x102  664.431555
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Figure 6. Zoom on the variation in the open circuit voltage
density with Auger recombination effects versus the surface
emitter doping (at different emitter thicknesses We: 0.4 pm,
0.6 pm, 1 pm, 1.5 pm, 2 pm) with Auger recombination
effect
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If SRH recombination are considered in addition to the
Auger-type recombination effects, a reduction in Voc of the
order of 13 mV is obtained without a little modification in N,
¥ for a given thickness (We) as confirmed by Figure 7 and the
Table 6. Thus, in this case, the optimal value of We remains
identical to that chosen in the case of the presence of Auger
recombination only.

Table 6. Voc parameters in the presence of Auger and SHR
recombination

Nvoc® (cm3) Voc (mV)
Nyoc=3.8757790x101° 647.832077
Nvoc@=6.2830432x10!? 649.066125
Nvoc®=1.08091554x1020 650.585847
Nvoc@=1.66827853x1020 652.320186

4.3 Effects on fill factor

4.3.1 In the ideal case

Concerning the variations of the fill factor in the ideal case,
Figure 8 shows the following:
An increase in N;* doping causes a rapid increase in
the fill factor for doping levels below the Ngr
threshold on the order of 2x10%° ¢m™ and a slower
increase for doping levels above this threshold.
Below Npr, increasing the emitter thickness layer
improves the FF; however, above Nrr, the opposite
effect occurs.

4.3.2 With Auger and SHR recombination

By considering Auger recombination, Figure 9 shows that
this effect causes an overall drop in the FF' compared to the
ideal case and that the threshold doping value Ngr is no longer
unique or constant but instead depends on the considered
emitter layer thickness.

As specified in Table 7, if we define Ngely) at the
intersection point of two Voc curves corresponding to two
consecutive thicknesses ji and j» such that: j,=j:+1 and
Voc(jr)=Voc(j2).



We notice that:
Nee® increases as this thickness decreases.
For any emitter surface doping level below the threshold
NeeM=5.33247367><10*° cm? , any increase in the
thickness We induces an increase in the FF. In this zone,
the best value of the emitter thickness, We, is 2 pm.
For any emitter surface doping level above the threshold
Nee®=1.96039115x10%° cm3, any decrease in We
induces an increase in FF. In this area, the best value of
the thickness We is 0.4 jm.
The interval between Nee® and Nee® corresponds to a
transition zone where the choice of thickness becomes
more critical. Therefore, to ensure the best value of FF,
itis first necessary to check the position of the Ng* doping
in relation to the threshold values and then to deduce the
optimal value of We, since:

For Nee® < Ngt< NFF(Z), We must be 1.5 pm;

For Nee@ < Ngt< N|:|=(3), We must be 1 pm;

For Ner® < Ngt< Nee®, We must be 0.6 m;

If SRH recombination effects are included in addition to
Auger-type recombination effects, the FF reduces by around
0.5%, without a little modification in Ng#) for a given
thickness (We) as confirmed by Table 8. Thus, in this case, the
optimal value of We remains identical to that chosen in the
case of the presence of Auger recombination only.
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Figure 8. Variation in the fill factor at the ideal case versus
the surface emitter doping at different emitter thicknesses
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Table 7. Fill factor parameters in the presence of Auger
recombination

Nee® (cm?) FF (%)
NrrM=5.33247367x10" 83.9307425
Nrr(®=9.39952719x10"° 83.9570766
Nrr(®=1.29194068x10% 83.9784803
Ner®=1.96039115%1020 84.0109774

Table 8. Fill factor parameters in the presence of Auger
recombination and SHR recombination

Nee® (cm™) FF (%)
Nee®M=3.0199226%101° 83.4399594
Ner@=4.84487427%101° 83.4547506
Ner®=1.03411992x1020 83.4652523
Nee®=1.49357834x102° 83.4747187

4.4 Effects on conversion efficiency

4.4.1 In the ideal case

Figure 10 illustrates the variations of the conversion
efficiency versus the emitter surface doping concentration
(N4") in the ideal case. It is observed that the efficiency 7 is
proportional to the emitter surface doping N;* but inversely
proportional to its layer thickness We.

To interpret this result, it suffices to consider the theoretical
equation which makes it possible to calculate this term. This
equation is given [26]:

_ FFVocJsc
=5 (11)

Since the three terms Jy., Vco, and FF depend on doping and
reducing the emitter thickness layer makes it possible to
improve them, this explains, why this conversion factor
increases with the doping and can also be enhanced by
lowering We.
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Figure 10. Variation in the conversion efficiency at the ideal
case versus the surface emitter doping (for different emitter
thicknesses We: 0.4 pm, 0.6 pm, 1 pm, 1.5 pm, 2 pm)

4.4.2 With Auger and SHR recombination

Figure 11 shows the variations of the conversion efficiency
versus the emitter surface doping concentration (N;") for
different emitter thicknesses We and with the presence of
recombination effects.

For each j* emitter thickness layer, the threshold N, is



chosen at the point where the conversion efficiency is
maximum. The (maximum) the conversion efficiency at this
point is denoted # (dop=N,").

Thus, at the point of surface emitter doping Ns* equal to
10*'¢cm?3, the corresponding conversion efficiency is denoted
7 (dop=10?'cm>)

For each j* emitter thickness layer, we define the decay rate
in conversion efficiency Ay as:

An =n (dop = Néj)) —n(dop = 10?*cm™3) (12)

==== With Auger =———= With Auger and SHR
205 ==== recombination recombination effects
s
B i
20,0 -

> We=0.4 pm

19,5
19,0
18,5
18,0
17,5
17,0
16,5
16,0
15,5
15,0
14,5

-
-

- -
-——
-~ ——

Conversion efficiency : r (%)

-
-

T T 1
2,00E+020 4,00E+020 6,00E+020 8,00E+020 1,00E+021

Emitter surface doping concentration (cm?)

Figure 11. Variation in the conversion efficiency with Auger
and SRH recombination effects versus the surface emitter
doping (for different emitter thicknesses We: 0.4 pm, 0.6 pm,

1 pm, 1.5 pm, 2 pm)

Taking into account only Auger-type recombination effects,
Figure 11 demonstrates a slight increase in # values for doping
levels below the threshold N,¥ and a drop when the emitter
surface doping is above this threshold.

As shown in Table 9, the following observations are also
made:

- This threshold N, increases as the emitter layer
thickness decreases.

- The decay rate in current density Ay decreases with the
reduction of the emitter layer thickness.

Table 9. Conversion efficiency parameters in the presence of

Auger

J Ny n (dop=Nn ") _n (dop=10*cm") An

(em) % % %
1 3.6x10" 17.193501 15.111630 2.081871
2 5.5x10" 17.858131 16.277215 1.580916
3 1.1x10% 18.718527 17.744468 0.974059
4 2.5x10% 19.668842 19.252838 0.416003
5 4.2x10%°  20.285696 20.155714 0.129982

Table 10. Conversion efficiency parameters in the presence
of Auger and SHR recombination

J No® n (dop=Ny?) _n (dop=10"'cm’) An
(em™) % % %

1 3.0x10" 16.740882 14.674279 2.066604

2 5.0x10" 17.382161 15.805496 1.576665

3 1.0x10% 18.207211 17.226840 0.980371

4 2.4x10%° 19.106923 18.681007 0.425917

5  4.0x10% 19.685409 19.554035 0.131374

1365

If the effects of SRH recombination are added to the effects
of Auger recombination, an additional drop in efficiency is
noticed. However, its influence remains very moderate as
compared to that of Auger recombination effects when
evaluated alone. Nevertheless, as reported in the Table 10, the
variation of the threshold N,” associated with the layer
thickness j remains very limited.

These results demonstrate that the presence of Auger-type
recombination contributes to reducing the conversion
efficiency. However, this phenomenon only occurs from a
certain determined level of doping. This explains the shape of
the conversion efficiency curves, which decrease from a
certain threshold doping level N, passing from the ideal case
to the case where the Auger recombination effect is considered.
Moreover, by involving the SHR recombinations, a slight
additional reduction in conversion efficiency is observed.

Here too, as in the case of Ji., reducing the thickness of the
emitter layer to around 0.4 pm makes it possible to achieve the
best conversion efficiency.

The Wolf curve confirms the general shape of the
conversion efficiency [36]. These results also agree with
Ghosh et al. [35] and Stem et al. 's work [17].

5. CONCLUSION

In this paper, we have succeeded in reducing the effects of
Auger recombination occurring in an N+PP+ type silicon solar
cell and this by resorting to an optimization of the doping level
and the diffusion depth of the emitter.

This study was based on simulations using the COMSOL
software to establish a link between the technology of the
studied structure, the recombination phenomena, and the
different characteristics and parameters obtained at the output.
For this purpose, different surface doping levels (Ns") and
thicknesses (We) for the emitter layer have been considered.
The results enabled us to demonstrate that at doping levels of
the order of 10"cm™, the influence of Auger effects remains
relatively negligible. However, at higher doping levels, all the
characteristics obtained revealed the presence of a doping
threshold from which Auger recombination disturbs the proper
functioning of the cells. The value of this threshold depends
on the doping level and the thickness of the emitter layer.

The characteristics of the short-circuit current density and
the conversion efficiency showed that when the doping
increases but with a value maintained below thresholds: N (for
the current density) and N, (for the conversion efficiency), a
slight increase in these two parameters is obtained. However,
when the doping becomes greater than these thresholds, a
decrease in these characteristics is observed, with rates of
decline (AJs and An) all the more pronounced as We increase.

We have also demonstrated that choosing an emitter
diffusion depth between 0.4 and 0.6 pm, significantly
improves these two parameters.

Regarding the characteristics of the open circuit voltage and
the fill factor, we have observed that for each of these two
parameters, three different behavior zones can be
distinguished:

Zone 1: Zone of the average doping levels of the emitter
Ng"<Nyoe, 3101 cm? and where an increase in the
thickness of the emitter improves these two parameters and the
best value for We is 2 um

Zone 2: Zone of very high levels of doping of the emitter
Ng*>N,oe,r=10%° cm and where a reduction in the thickness



of the emitter to the order of 0.4-0.6 pm improves these two
parameters.

Zone 3: Zone of high doping levels of the emitter Nyo,rr <
Na*< Nyoc.rr ; this is a transition zone where the choice of We
becomes more critical.

The results of this study allow us to affirm that limiting the
diffusion thickness of the emitter to the order of 0.4-0.6 um,
with a very heavily doped emitter to the order of ~10%° cm3,
makes it possible to ensure good characteristics and output
parameters of the NPP+ type cell.

In addition to Auger recombination, SRH recombination
has also been introduced. The obtained results revealed a
further drop in the various characteristics and output
parameters; however, their effects are relatively dominated by
those induced by Auger recombination.

Therefore, we can conclude that the best performance of the
NPP+ type solar cell is obtained for doping of the order of
~102° cm® for a thickness of 0.4 pm. This result confirms the
result of Stem and Cid [17].

Finally, we emphasize that this investigation presumes that
the solar cell ever operates at 25 degrees Celsius, which is not
always true. To this end, as a perspective to this work consists
in optimizing the doping level and the thickness of the emitter
to minimize the effect of Auger recombination’s but at
variable temperatures. For this, it would be appropriate to
consider the physical quantities and parameters (such as
lifetime, Auger coefficients, etc.) as a function of these
temperatures.
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NOMENCLATURE

Cnp Auger coefficient for electrons, holes, m8. st

Dnp Diffusion constant for electrons, holes, m?. st

dop Doping impurity concentration, m=

E Electric field, V. m?

Ec Energy band gap, J

Ev Valence band edge, J

Ei Intrinsic Fermi level, J

Er Energy level of the trap state, J

FF Fill factor

Onip Generation rate for electrons, holes, m3. s

Jnp Current density for electrons, holes, A. m™

Jsc Short-circuit current density, A. m2

ks Boltzmann constant, J. K

L Wafer thickness, m

n,p Density of electrons, holes, m™

Na Substrate doping concentration, m-

Na* Back surface doping concentration, m-

Ng* Emitter surface doping concentration, m=

n; Intrinsic concentration, m=

Nie Effective intrinsic concentration, m-

N; Doping threshold for short-circuit current

density, m™3

N;® Doping threshold for short-circuit current

density for j™" emitter thickness layer, m=
Nt Trap concentration, m-3
Nvoc Doping threshold for open-circuit voltage, m-
Nyoe Doping threshold for open-circuit voltage for j*
emitter thickness layer, m-3

Ny Doping threshold for conversion efficiency, m-3

N, Doping threshold for conversion efficiency for
j™ emitter thickness layer, m

Ner Doping threshold for fill factor, m-3

Npe Doping threshold for fill factor, for j" emitter
thickness layer, m

q Electric charge, C

Pi Total power in the light incident on the cell per
unit area, W/m?

r Auger Auger recombination rate, m. s’!

Fnyp Recombination rate for electrons, holes, m=. s™!

I'srH Recombination rate of the Shockley—Read—Hall

model, m3. st

T Temperature, K

Voc Open-circuit voltage, V

Whp Base thickness, m

We Emitter thickness, m

Wi+ P+ diffusion thickness, m

Greek symbols

€

Material permittivity, f. m?



Tn,p

Hn,p
AJSC
An

Conversion efficiency, %

Charge density, m™

Recombination lifetime for electrons, holes, s
Mobility of electrons, holes, m?. V1, st
Decay rate in current density, A. m2

Decay rate in conversion efficiency, %
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Subscripts

DDM
PDE
SRH

Drift-Diffusion Model
Partial Differential Equation
Shockley—Read—Hall





