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Abstract—We present a simulation strategy using ATLAS-2D to
optimize the back-contact hole grid (i.e., size and pitch of openings)
of the Al O3-rear-passivation layer in ultrathin Cu(In,Ga)Se- pho-
tovoltaic cells. We first discuss and compare our simulation model
with a series of experimental nonpassivated and passivated cells to
decouple the crucial passivation parameters. The simulation results
follow the experimental trends, highlighting the beneficial effects of
the passivation on the cell performances. Furthermore, it stresses
the influence of the passivation quality at the Al;O3/Cu(In,Ga)Se,
(CIGS) interface and of the contact resistance at the Mo/CIGS
interface within the openings. Further simulations quantify signif-
icant improvements in short-circuit current and open-circuit volt-
age for different sizes of openings in the Al5O3 layer, relative to an
excellent passivation quality (i.e., high density of negative charges
in the passivation layer). However, a degradation is predicted for a
poor passivation (i.e., low density of such charges) or a high contact
resistance. Consequently, we point out an optimum in efficiency
when varying the opening widths at fixed hole-pitch and fixed
contact resistance. At equivalent contact resistance, simulations
predict that the sizes of the pitch and openings can be increased
without optimal performance losses when maintaining a width to
pitch ratio around 0.2. This simulation trends have been confirmed
by a series of experiments, indicating that it is crucial to care
about the dimensions of the opening grid and the contact resistance
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of passivated cells. These simulation results provide significant
insights for optimal cell design and characterizations of passivated
UT-CIGS PV cells.

Index Terms—2-D modeling, Al>O3 passivation, electrical
characterization, opening/pitch, ultrathin Cu(In,Ga)Ses (CIGS
PV) cells.

1. INTRODUCTION

OWADAYS, ultrathin (UT) Cu(In,Ga)Se, (CIGS) tech-
N nology is widely investigated for low-cost fabrication, low
material usage and for flexible photovoltaic (PV) and building
integrated photovoltaic applications [1], [2]. However, lowering
the thickness of the absorber layer below the standard mi-
crometer scale reduces light absorption and reveals degradation
mechanisms that limit the PV performances of the cell [3],
[4]. Therefore, engineering ultrathin cells require high-precision
optimization methods to improve the performances to the level
of the standard thicker cells.

Many research works have proposed different optimization
approaches to increase the performances of UT-CIGS PV cells.
The group at Uppsala University has reported on several exper-
iments with grading of the CIGS absorber layer by different
[Gal/([In]+[Ga]) ratios [5]-[8]. They reported the beneficial
effect of the Ga-grading on a 0.5 pum thick CIGS cell with an
improvement in absolute value of efficiency (Eff) around 2.5%
due to an increase of the open-circuit voltage (V) and fill-factor
(FF) values [5] with the possibility to engineer the bandgap by
means of evaporation profile variations [6]. In collaboration
with the Uppsala group, Kotipalli et al. in UCLouvain have
reported a decrease of deep defects near the space charge region
which was found to be beneficial for improving the V,. [9].
Several works reported the passivation of the Mo/CIGS interface
by the introduction of a very thin oxide layer [10]-[17]. The
main effect is the reduction of the rear recombination of photo-
generated carriers that leads to an increase of the short-circuit
current (Jg.) and the V. especially for ultrathin cells [18], [19].
Another largely investigated approach is the intentional intro-
duction of alkali elements to improve the transport properties
and the resulted performance of thin CIGS PV cells [20], [21].
Moreover, to compensate the decrease of the absorption due
to thickness reduction of the CIGS layer, researchers proposed



the introduction of a rear optical reflector materials to reflect
the nonabsorbed incident light back into the CIGS to improve
Jsc [22]-[26]. Other solutions to decrease optical losses include
improving front transparent contacts, usage of anti-reflection
structures, introduction of textures, among others [27]. Im-
plementing different approaches to achieve high performance
requires high-level engineering, a significant amount of time,
and expensive experiments. Therefore, simulations are helpful
to reproduce, as accurately as possible, the experimental cell
structures and measurement results by implementing different
parameters and different designs. Several papers have been
already reported on simulations of thin and UT-CIGS PV cells
with significant results on the effects of various properties on
the cell performances [28]-[32]. Vermang et al. reported on
Al>Oj3 rear-passivated thick CIGS cell with nano-sized local rear
point contacts [11] that show a significant improvement in V.
compared with reference (i.e., nonpassivated) cells. However,
the influence of the fixed charge density at the rear passivation
layer along with the dimensions of the rear contact holes (i.e.,
size and pitch of opening grid) and the effect of the contact
resistance have not yet been investigated in UT-CIGS PV cells.

In this article, we present a 2-D model of reference and
Al;Og3-rear-passivated UT-CIGS cells built with ATLAS-2D
simulation tool. We first discuss and compare the general trends
of simulation results with the experimental cell results in the dark
and their correlations with the PV parameters under illumination.
Next, we discuss the concurrent influence of the passivation
quality and of the contact resistance on the performance of the
passivated cells for different opening sizes. The last section deals
with the optimization of the opening width to pitch ratio in the
passivated layer using the full 2-D model simulation results,
compared with experiments.

A final aim of the study is to show that a suitable 2-D modeling
can help to understand the performances of the Al;Ogs-rear-
passivated UT-CIGS cells with regards to the size of the back-
contact grid; furthermore, how it can provide useful predictions,
trends and directions for their optimal design and accurate char-
acterization, as well as to revisit apparent contradictory results
sometimes observed in experiments.

II. STUDY DETAILS

A. Modeling Details

The modeling methodology has been built at Université
catholique de Louvain (UCLouvain) with the contribution of
several partners collaborating within ARCIGS-M. 2-D simula-
tions were performed using Silvaco ATLAS 2D with Deckbuild
4.6.2.R interface under room temperature, the dark and AM1.5
illumination conditions. The global model structure used for
ATLAS 2D simulations of UT-CIGS solar cells is presented in
Fig. 1 and consists of a p-type CIGS layer of 500 nm thickness
as absorber, an n-type CdS of 50 nm thickness as buffer layer,
100 nm of i-ZnO, and 300 nm of Al-doped ZnO as transpar-
ent conductive oxide layers. Molybdenum (Mo) and aluminum
(Al/nickel (Ni) were used as rear and front contact electrodes,
respectively. A 25 nm thin layer of Al,O3 with openings has
been introduced at the Mo/CIGS interface as passivation layer
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Fig. 1. ATLAS 2D ARCIGS-M structure model of Al,Og-rear-passivated
UT-CIGS cell showing rear-openings width (W) and hole pitch (P) including
back reflection coefficients (Rp1, Rp2).

containing a negative fixed charge density (Qy) in cm~2 and an
interface traps density (Djt) in cm2/eV.

The total width of the passivated structure model (see Fig. 1)
is 1.1 pm corresponding to 2 times the pitch of 500 nm and 2
times an initial contact hole of 50 nm.

To approach the experiment as accurately as possible, the
electrical properties of the MoSes layer, formed during the CIGS
process, were considered at the (Mo,MoSe2)/CIGS interfaces
(see Fig. 1). A work function value of 5.65 eV was used
for (Mo,MoSe5), forming an ohmic contact with CIGS [33],
whereas 4.9 eV was used for Mo at Mo/Al>O3/CIGS interface
[34]. For simplification, we will mention Mo/CIGS instead of
(Mo,MoSes)/CIGS for the rest of the text. The work function
value of 4.7 eV was used at the front Al/Ni alloy front metal
according to literature [35].

Beside electrical parameters integrated in ATLAS, an exter-
nal optical semi-coherent model was used with the SunShine
simulation tool by Ljubljana University to support accurate
determination of realistic optical properties of UT-CIGS PV
cell [36]. This provided some optical parameters to embed in
ATLAS model such as back reflectance coefficients (Rp1, Rp2)
corresponding to the optical reflection coefficients at the rear
Al>O3 interface (Rj2) or back Mo contact (Rp) into the CIGS
(see Fig. 1). These constant average values were determined
iteratively, by matching the absorptance curves of the CIGS layer
obtained with detailed simulations of the entire cell structure
using wavelength-dependent reflectance spectra and simplified
simulations using an average R}, value. Values of 20% and 45%
have been obtained for Rp; and Rjq, respectively, in agreement
with [22]. Other optical parameters such as complex refractive
n, k indices of included layers have been provided from optical
simulations and literature [36], [37] in order to genuinely repre-
sent light behavior in the model. The baseline parameters of our
model are presented in Table I.

The key material parameters of the passivation layers in this
model are the negative charge density (Qy) and the interface



TABLE I
BASELINE PARAMETERS OF THE MODEL

CIGS Cds i:ZnO  Al:ZnO
d (nm) 500 50 100 300
E; (eV) 1.15 24 33 33
x (eV) 45 445 4.55 4.55
&r 13.6 10 9 9
N (cm™) 3.1x10' 1.3x10"  3.1x10"  3.1x10'"®
N, (cm™) 1.8x10"° 9110  1.8x10"  1.8x10"
Ve (cm/s) 3.9x107 3.0x107  2.4x107 2.4x107
Vi (cm/s) 1.4x107 1.6x107 1.3x107 1.3x107
e (cm?/Vs) 100 72 100 100
1 (cm?/Vs) 12.5 20 31 3
N4 (em™) 3.0x10'  5.0x107  1.0x107  5.0x10'®

Bulk defect parameters [32]
N, (cm™) 1.0x10™ 1.0x10'¢  1.0x10' 1.0x10'6
ce (cm?) LOX10"  LOx10"°  1.0x10™  1.0x107°
on (cm?) 10x10™"  1.0x10™  5.0x10™  5.0x107
Rear contact Front contact

Wi (eV) 4.9 (Mo); 5.65 (MoSe,) 4.7 (AINi)
SRV (cm/s) 107 (Ref); 102 (Pass.) 107
R (Q'sz) Rs, R. variables; Ry, not implemented

E4, = band gap energy, €, = relative permittivity, d = layer thickness, x = affinity;
e, pop, = electron and hole mobility, V., V}, = velocity of electrons and holes, N., N,
= effective density of states in conduction and valence bands, N4 = Doping density,
N; = total density of defects, o, o5 = capture cross-section of electrons and holes, Wy
— work function, R = resistance.

trap density (Dj;). The Qy density defines the amount of fixed
negative charge introduced by the AlsOs passivation layer at
the interface which, in turn, influences the electron and hole
densities at the rear Mo/CIGS interface by electric field effect;
they are implemented in the model as negative values where the
sign represents the type of charges. D, defines the amount of
electrons/holes traps at the interface that recombines the pho-
togenerated carriers. As usual in these models, Oy is expressed
per unit area of the interface (cm~2), while Dj; is expressed per
unit area of the interface and per unit of energy level in the
semiconductor bandgap (cm~2-eV ).

Previous experiments estimated the absolute value of QOf
density at the AloO3/CIGS passivated interface in the range of
10'> cm~2 and the Dj; in the range of 10'! cm=2.eV~! [10],
[32]. The effect of the D, is introduced in this model through the
surface velocity recombination (SRV) according to the following
formula [38]:
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where 1 and p, are the surface densities of electrons and holes,
respectively, o, o, are the cross-sections of electrons and
holes, respectively, vi,, being the thermal velocity, Ug is the
recombination rate, and An is the excess carrier density. The
used SRV value will be discussed below.

This model intrinsically simulates the behavior of the cell
assuming an infinite shunt resistance (Rg,) with no additional
external series resistance (Rgs). However, a specific contact re-
sistance p. in 2-cm? (noted R.. in this article) can be specified at
the Metal/Semiconductor interface. Divided by the contact area,
it yields a full series resistance, noted R, when normalized to
1 cm?. We use it here to directly emulate the experimental R
for reference cells, whereas for passivated cells, we convert Ry
in an equivalent R at the Mo/CIGS interface within the contact
holes according to the following equation:

w
Re = R+ 5 @)

The reason for this approximation is that, for the reference
cell, the Mo/CIGS interface covers the whole cell area, whereas
for the passivated cells, that contact interface appears only within
the openings that cover a W/P ratio of the total cell area. The
experimental Ry value then leads to an approximated contact
resistance R, at the Mo/CIGS rear interface that represents
the losses due to series resistance depending on the opening
size. Such approach limits the approximation related to the 2-D
modelling compared with the 3-D reality and reproduces the
experimental trends as demonstrated in the next section.

B. Experimental Details

The first experimental cells used in this work have been
realized by different research groups within the European H2020
ARCIGS-M project. They consist of a series of reference and
AlyOs-rear-passivated UT-CIGS cell with 500 nm CIGS thick-
ness fabricated on soda lime glass (SLG) substrates at the
International Iberian Nanotechnology Laboratory (INL).

Reference cells consist of SLG/Mo/500 nm—CIGS/50 nm—
CdS/100 nm-i:Zn0O/300 nm-Al:ZnO with Ni/Al/Ni as front con-
tact. For passivated cells, a 25 nm thin layer of Al;O3 has been
deposited on top of Mo before the CIGS deposition. A grid of
contact holes has been opened within the Al,O3 layer with a
diameter (W = 200 nm) and an equidistant hole pitch (P =
2 pm). Details about fabrication process can be found at the
reference [39].

Another series of reference and Al,O3-rear-passivated UT-
CIGS cells with different hole pitches have been fabri-
cated on SLG substrates at the Centre for Nanoscience
and Nanotechnology (CNRS) with the collaboration of Soli-
bro Research AB (Solibro). The structure of the refer-
ence cell is the same as in the previous series from INL
(SLG/Mo/CIGS/CdS/i:ZnO/Al:ZnO/(Ni/Al/Ni)), whereas the
AlyOs layer in passivated cells has various contact hole patterns.
The diameter of the openings has been kept constant (W =
300 nm) but the distance between the centers of two adjacent
holes (pitch) has been varied from 1 to 4 pum. The aim was to
investigate the effects of the contact grid dimensions on the cell
performances compared with simulation predictions. Results of
characterizations for this series of experiments are presented and
compared with simulation results in regards to the variation of
the width and pitch of openings.
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Fig. 2. (a) Equivalent electrical circuit for the two-diode model of a PV cell,

(b) Reduced model for ATLAS simulations with the contact resistance.

C. Electrical Characterization Details

The experimental cells were characterized by current density—
voltage (J-V) measurements in the dark conditions and under
illumination. The dark J-V measurements were performed at
UCLouvain with the PM8PS probe station in the four wires
configuration at room temperature, whereas the PV parameters
were extracted from the J-V curves under AM1.5 illumination
conditions at each fabrication partner site. In order to understand
the obtained PV performances, a special attention has been paid
to the precise analysis of the dark J-V characteristic for the
different cells from experiments and simulations.

The analytical two-diode model of a PV cell was used to
extract the electrical parameters of experimental devices from
the J-V curves in the dark. Fig. 2 shows the equivalent electrical
circuit for the two-diode model of a PV cell [see Fig. 2(a)] and
the reduced model developed in this study with ATLAS without
shunt resistance [see Fig. 2(b)] but with contact resistance used
to emulate the series resistance.

Diode 1 (D) represents the diffusion current related to the
main PN junction and is characterized by its current density
Jo1 and its nonideality factor n;. Diode 2 (D2) represents the
generation/recombination (G/R) current and is characterized by
its current density Joo and its nonideality factor ns,

The full characteristic equation of the two-diode model under
illumination is presented as follows:

q(Vn:LkgsJ)) _1}

V 4+ R.J V 4+ R.J
—Jo {exp <q< T )) _ 1} e

J(V) = Jpu — Jor [exp (

where V is the applied voltage, J is the measured output cur-
rent density, Jpy is the incident photocurrent density, ¢ is the
charge of the electron, k is the Boltzmann constant, and 7 is the
temperature.

In this model, each diode is analyzed at corresponding bias
regions to discriminate the different contributions to the total cur-
rent density. The G/R and the diffusion currents in CIGS PV cells
may not be initially considered as completely separated since the
nonideality factors are indeed quite different from those ideally
found in silicon cells. Nevertheless, their different contributions
to the total dark current of the cell can be clearly distinguished in
the J-V curves; while, when varying the simulation parameters,
the simulations confirm the dominance of G/R phenomena (D)
in reverse and low-voltage forward operation or of the diffusion
(Dq) at higher voltage in forward conditions. The last term in (1)
represents the shunt leakage current density (Jq,) investigated
in reverse bias region [40]. It is obvious, but worth reminding,
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Fig. 3. Dark J-V curves in logarithm scale for INL reference (SLG/Mo) and
Al2O3-rear-passivated (SLG/Mo/Al203) UT-CIGS cells. The width to pitch
ratio (W/P) for the passivated cell in this simulation is 0.1. The reference device
(SLG/Mo) shows higher current density values for all voltage values indicating
a worse electrical behavior than the passivated device (SLG/Mo/Al203).

that one should be careful about the appropriate range of voltage
selected for the determination of Jyo to discriminate the effect
of the shunt. It is recommended to extract Rgy, at the minimum
of dJ/dV to avoid underestimating Jyo as discussed in [41].

This methodology has been applied for the determination of
the dark electrical parameters of the experimental cells in this
study. This is highly necessary in this work due to the ATLAS
limitation (i.e., no Ry}, ). With this approach, our modeling results
fit the experimental trends rather well and are coherent with
the PV parameters extracted under illumination as discussed
hereafter.

III. RESULTS AND DISCUSSIONS

A. Characterizations Versus Simulations: Effects of
Al>03-Rear-Passivation on UT-CIGS Cells

In this section, based on the series of experimental cells
from INL compared with simulations, we present and discuss
the effects of the passivation on the J-V characteristic in the
dark and their correlations with the PV parameters obtained
under illumination. Next, the obtained results are compared with
simulation results for different parameters of the passivation
layer. Fig. 3 presents the J-V curves of reference and passivated
cells measured in the dark at room temperature. The electrical
parameters measured in the dark from Fig. 3 and the PV param-
eters measured under illumination are listed in Table II [39].

We observe in Fig. 3 that the G/R current density Jyo as well
as the diffusion current density Jy; in the dark is reduced for the
passivated cell compared with the reference, meaning a decrease
of the diffusion and a decrease of the G/R phenomenon due to
the introduction of the passivation layer. The decrease of the re-
combination results in a better collection of the photo-generated
electron/hole pairs under illumination that leads to an increase
of the J,., while a decrease of the diffusion current leads to
better transport properties at the main CIGS/CdS junction that
improves the V,. value above the reference one. Thanks to
the Al,Ojs-rear-passivation, in this experiment, an increase in



TABLE II
ELECTRICAL PARAMETERS FOR INL REFERENCE AND PASSIVATED UT-CIGS
CELLS MEASURED IN THE DARK AND UNDER ILLUMINATION

Electrical SLG/Mo SLG/Mo/AL,Os
parameters
Measured in the dark
Joi (mA/cm?) 7.13x107 4.20x10°°
Joa (mA/cm?) 2.06x107? 6.68%x1073
n 1.51 2.12
n 3.19 3.22
Rs (Q-cm?) 0.69 1.84
R (Q-cm?) 2.11x10° 3.86x103
Measured under illumination

Jse (MA/cm?) 21.40 24.30
Voe (mV) 573.10 609.10
FF (%) 66.50 64.70
Eff (%) 8.15 9.50

absolute value of J,. by about 2.88 mA/cm? and an increase
in absolute value of V,. by 36 mV is observed. We observed
a reduction of the FF for passivated compared with reference
due to an increase of the series resistance compensated by the
increase of the product Js .V, that leads to an increase of
absolute value of the Eff by 1.4%.

This series of experiments have been reproduced by sim-
ulation with our model for different properties of the AloO3
passivation layer on UT-CIGS PV cells. The opening width
W was kept constant at 200 nm for a 2 pum pitch like in the
experiment. Our approximation model of resistances described
in Section II-C has been applied to the experimental resistance
values that gives an R, of 0.69 Q-cm? for the reference cell
(Ref.) and 0.18 Q-cm? (i.e., 1.81x0.2/2) for the passivated cell
(Pass.), respectively. In experiments, according to the O density
introduced by the oxide layer at the Al,O3/CIGS interface, the
passivation mechanism reduces the recombination by attract-
ing holes at the oxide/semiconductor interface and repelling
electrons. This electrical field has a significant impact on cell
performance, as shown in Fig. 4, where we clearly see the effect
of the recombination velocity as well as of Qy on the efficiency.

The Mo/CIGS SRV value has been varied from 10 to 107 cm/s
for three specific Qy values (-8 x 10'? cm~2, -5 x 102 cm 2,
and—1 x 10'2 cm~?) chosen in the range of experimental values
[10]. The SRV value of 107 cm/s was maintained at the Mo/CIGS
interface.

It is important to highlight that experimentally, Oy, D;;, and
SRV are not independent parameters as the amount of Qrand Dj;
will define the effective experimental SRV value. However, as
experimentally one can introduce passivation layers with differ-
ent properties that are not easy to untangle, in simulation we use
these parameters independently. Moreover, Fig. 4 decouples the
influences of the Oy and the SRV with regards to the efficiency.

For each value of simulated SRV, as thus, of D;;, passivated
cells with the highest Q density always provides for the highest
cell performance, demonstrating that a large value of negative
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an SRV of 1 x 107 cm.s~! and passivated cells with an SRV of 1 x 10% cm/s
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(green lines), and —1 x 10'> cm~2 (red lines). The yellow line is overlapped
with the green one. Simulation reproduces the trends of the experiment showing
the effect of the Qy density on the electrical performances of the cell.

Qyis more important and efficient with regards to electrical field
passivation, than a reduction of Dj; or SRV (hence improving
chemical passivation), in agreement with studies in other mate-
rials [42], [43].

We plotted in Fig. 5 the J-V curves in the dark resulting from
the simulation of the passivated cells with the three different Oy
values for the SRV of 1 x 10? cm/s compared with the reference
cell; the electrical parameters simulated in the dark (Jo1, Joo,
ni, and ny) as well as the PV parameters simulated under
illumination are summarized in Table III. Note that the S-shape
observed in experimental INL dark J-V curves (see Fig. 3) is
the influence of low shunt resistance; its degradation effect on
the PV performances under illumination, especially on the FF, is
observed for very low shunt resistance value only (below 1 x 10°
Q-cm?). Our simulated J-V curves do not account for that as our
model miss the contribution of the shunt resistance.



TABLE III
ELECTRICAL PARAMETERS SIMULATED IN THE DARK AND UNDER
ILLUMINATION FOR REFERENCE AND PASSIVATED CELLS WITH
THREE DIFFERENT Q ¢

Electrical Ref Pass. Pass. Pass.
parameters 0r=-8x10"?  Q=-5x10"?  Qr=-1x10"
Simulated in the dark
Joi (mA/sz) 5.50x10°  4.90x107 4.59x107 2.01x10°
Jo2 (mA/cm?)  2.14x10°  3.70x10°  3.70x10° 3.68x10°
ni 1.57 1.46 1.45 1.50
n; 1.69 1.72 1.72 1.72

Simulated under illumination
Jse (mA/cm?) 26.62 28.13 28.04 26.79
Voe (mV) 659.79 700.74 695.05 661.58
FF (%) 76.15 72.75 72.87 71.54
Eff (%) 13.38 14.34 14.20 12.68

We observe in Fig. 5 that, when the absolute value of the Oy
density is high enough (-5 x 10'> cm~2 or -8 x 10'2 cm™2),
the dark current density is reduced both in forward and reverse
operations (see values in Table III) as observed experimentally.
The reduction of the dark current in reverse and at low voltage
(leakage current) induces a reduction of the Jyo current density
related to the recombination phenomena, this contributes to the
improvement of the J,. of about 1.4-1.5 mA/cm? in Table III.
The reduction of the diffusion current density in the dark Jo;
linked to the main junction is related to the passivation-induced
rear electrical field and induces an improvement of the V.,
here about 40 mV. The link between the Jy; and the V. can be
approximated by the following first-order well-known formula
[44]:

Voe=——In | — +1
q Jo

nkT [J Ph } @)
where 7 is the nonideality factor, & is the Boltzmann constant, g
is the charge of the electron, Jpy, is the photocurrent generated
by incident light, and Jj is the diffusion current density of the
cell.

Reducing the absolute value of Qy of the passivated cell from
8 x 10" cm™2 to 5 x 10'? cm~2 leads to a slight increase
of the dark current, especially visible at high voltage around
Jo1 that causes a slight reduction of the V,. and the Jg. under
illumination (by about 5 mV and 0.1 mA/cm?) while they still
remain significantly above the reference performances.

When the absolute value of Oy of the passivated cell is reduced
down to 1 x 10'> cm~2, a significant increase of the diffusion
current is observed that reduces the V. according to (4). Our
simulation results show that to the first order, it is related to
an inversion of the electrical field at the rear interface of the
passivated CIGS cells. The G/R forward and reverse current
densities show a slight increase that supposes an increase of the
recombination which reduces the Jg. close to the reference. We
notice a significant decrease of the FF that reduces the efficiency
of the cell below the reference one. The increase of the diffusion

current in the dark is surprising as it worsens the device perfor-
mance even though the Al,Og3 layer is introduced to passivate
the rear Mo/CIGS interface. Particularly, its detrimental effect
on the Jo; of the main junction, when the Oy density is very low
was not reported or investigated before.

This simulation results could help to understand some ex-
perimental results where the cell performances are either im-
proved or reduced after Al,O3-rear-passivation. This latest can
be attributed to a poor passivation quality, or to a high con-
tact resistance in other cases as will be discussed in the next
section. Therefore, an increase of the diffusion current Jy; in
the dark and a low V,. under illumination, respectively, from
one passivated cell to another, can be used to characterize
poor passivation (i.e., insufficiently negative Q) experimentally.
Further investigations are ongoing to better understand these
intricate effects of the Al,O3-rear-passivation layer especially
on UT-CIGS solar cells. However, our simulations predict an
improvement in absolute values of Jy. and V. of 1.51 mA/cm?
and 41 mV, respectively, thanks only to the passivation with
a Qf of =8 x 10'? cm™? and an SRV value of 1 x 10% cm/s.
These gains are close to the ones obtained in experiments and
the differences may come from variations of material properties.

B. Optimization of Opening Width of the Al,O3 Layer

While in our previous study we demonstrated that the sim-
ulations fit well the experimental results, we have not changed
the patterning configuration. The geometry, the size, and the
distribution of the contact holes have been found to be important
for the performance of the passivated cells. In this section, we
quantify the impact of pattern dimensions in terms of the trends
that their variations induce on the PV parameters of passivated
cells compared with reference ones. Gains on PV-parameters
(AJse, AV,e, AFF, and AEff) are reported as the difference
between the absolute value of a parameter after passivation and
the one obtained for a reference cell. Therefore, a gain equal
to 0 corresponds to a case equal to the reference cell in terms
of performance. We present in Fig. 6 the gains on the four PV
parameters for a passivated cell with different opening width
(W) at a fixed pitch (P = 0.5 pm) with (R, = 0.1 Q-cm?) and
without contact resistance (R, = 0 Q-cm?) at the Mo/CIGS
interface within the openings. Moreover, we considered for
this simulation, passivated cells with the two specific Qy values
-8 x 102 cm~2and-1 x 10'2 cm~2 at the Al,O5/CIGS interface
for a fixed SRV of 1 x 10% cm/s.

We observe that, when the negative Oy density is high enough
(8 x 102 cm™2), the J. of the passivated cells are improved
compared with reference as discussed before. However, we
find that its value decreases when increasing the opening width
values. We can attribute this decrease of J. to the increase of
the effective recombination rate at the Mo/CIGS interface that
increases when increasing the openings and thereby the contact
area. V,. follows the same trend and its values are higher than the
reference only for a certain range of opening width, where the
passivation area is large compared with the contact hole area and
the gains are limited by the value of the contact resistance. With
R taken into consideration (green curve in Fig. 6), the fill-factor
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two Qy densities: Oy = -8 x 10'2 em~2 with R, = 0 2-cm? (blue curves), Or=-8x 102 em™2 with R, = 0.1 Q-cm? (green curves), and Oy = -1 x 102 cm

Gains on absolute values of PV-parameters for passivated UT-CIGS cells for different opening widths at fixed pitch of 0.5 pum with and without R and for

-2

with R, = 0.1 Q-cm? (red curves). The results show several dependencies highlighting that several parameters enter into play when defining the best pattern of the

rear passivation.

is degraded below the reference for low opening widths because
of an increase of the series resistance already predicted by
simulations and observed experimentally. However, when the
contact hole area becomes larger compared with the passivation
area, the FF of the passivated cell is improved compared with
reference.

The resulting efficiency of the cell, which is a combination of
the aforementioned parameters, first increases from small open-
ings, where passivation has a higher effect on the performances,
passes by an optimum value and then decreases when the size
of openings are further increased due to the reduction of the
passivation area that leads to an increase of the recombination
at the Mo/CIGS interface.

All those trends and positive effects of passivation are negated
when the absolute value of Qis reduced down to 1 x 102 cm™2.
Simulations show that, in this case, electrons present at the
Al>,O3/CIGS interface recombine with photogenerated holes,
degrading the PV parameters of the cells, finally leading to worse
performance than the reference cell. This is an important result
as it demonstrates the ultimate importance of having negative
Oy values.

We point out here the presence of an optimum in efficiency
for passivated cells at an opening width in the range 100—150 nm
for a fixed hole pitch of 0.5 pm that correspond to an opening
width to pitch ratio between 0.2 and 0.3 and the sensitivity of the

performance to a variation of the opening width around that opti-
mum, for nonzero contact resistance. This can help to explain the
small differences of performances observed for different cells on
a same sample or from one process to another, due to variation
of W, Qy, and R, apart from other material and defect state
differences. This novel result about optimal W/P ratio shows the
crucial importance to have and to control a suitable design of the
contact openings as well as a lower contact resistance for best
performances in Al,Os-rear-passivated UT-CIGS cells.

C. Optimization of Hole Pitch Sizes

In this section, we extended the study to different pitch dis-
tances to clear out a general trend on the optimal configuration
with regards to Wand P. The aim was to investigate the possibil-
ity to increase the size of the openings and the pitch to make it
less challenging during fabrication of the rear contact grid. We
simulated the passivated cell for different opening widths and
different pitches. We increased the openings width from 100 to
3000 nm considering different pitches P from 1 to 4 ym with
typical density of negative charges Q5 = -8 x 10'* ¢cm? and
R. = 0.1 Q-cm?. The impact on the PV performances has been
simulated and compared with reference cells. Simulation results,
summarized in Fig. 7, show the different gains in Jg., Vo, FF,
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Gains on absolute values of PV-parameters for passivated cells compared with reference for hole pitches of 1 um (blue curve), 2 um (green curve), 3 pm

(orange curve), and 4 um (yellow curve) as a function of different opening widths at fixed R and fixed Oy of -8 x 10'2 cm?. The optimum shifts to the right and
increases when increasing the pitch, showing possibilities for optimization of the rear contact pattern.

and Eff compared with reference versus opening widths for each
pitch size.

At constant W, we observe an increase of the gains AJg. and
AV, that tend to saturate at high pitches for small openings,
when we increase the pitch and therefore the passivated area.
On the other hand, the gain AFF decreases at constant W as
we reduce the opening width to pitch ratio (W/P) and increase
the series resistance implemented as contact resistance in this
study. As a result, the optimum gain in efficiency AEff, when
the material parameters and the specific contact resistance are
kept constant, increases toward larger W for larger P values. For
example, increasing the pitch up to 2—4 pm is not detrimental
for the cell performances compared with a cell with 1 gm pitch
as long as we increase the optimum W up to 400-800 nm. This
result is very important for the cell design and provides direction
toward next processes as experimentally, a large opening grid is
less difficult and less costly to produce.

We predict in this study an increase of the efficiency by about
1.4%—1.5% in absolute value, thanks to passivation which agrees
closely to the gains generally demonstrated by experiments
with an opening to pitch (W/P) ratio around 0.2 for each cell
configuration that is close to our model test structure. However,
during the fabrication processes, many phenomena can occur
leading to a variation of material and interface/bulk defect prop-
erties in the cells. These different possible variations can induce

either a positive or a negative effect on the PV performances of
the cell.

It should be noted that two different trends are observed and
explained on the two sides of the optimum predicted by this
study for W/P ratios of about 0.2: 1) for W/P ratios > 0.4-0.5, a
loss of V. can be observed when compared with the reference,
though the rear interface is well passivated and the J,. is higher
as well as the efficiency, or 2) for W/P < 0.1, large gains in Jg.
and in V. are negated in terms of efficiency by a large loss on
FF due to the high series resistance.

The series of reference and Al,O3-rear-passivated cells from
CNRS and Solibro with different hole pitches at fixed opening
width will serve as experimental study case. The values of hole
pitches for the passivated cells are P = 1, 2, 3, and 4 ym with an
average measured opening width W of 300 nm. The cells have
been characterized under AM1.5 illumination and the measured
average PV parameters as well as the average series and shunt
resistances of all devices per sample types are summarized in
Table IV.

We observe that, thanks to the passivation, both the Js. and
the V. of the passivated cells are higher than the reference, with
gains of about 1.5 to 2.8 mA/cm? and 12 to 19 mV, respectively.
On the contrary, the FF values of passivated cells are strongly
degraded, as expected from the higher series resistance induced
by localized contacts through small holes. Depending on the



TABLE IV
AVERAGE EXPERIMENTAL PV-PARAMETERS AND RESISTANCES OF
REFERENCE AND PASSIVATED CELLS MEASURED UNDER ILLUMINATION
FrOM CRNS/SOLIBRO SERIES WITH DIFFERENT PITCH SIZES (P = 1, 2, 3,
AND 4 pm) AT CONSTANT OPENING (W = 300 nm)

Ref. Pass.

Pitch (um) - 1 2 3 4
W/P ratio - 0.3 0.15 0.1 0.08
R (Q-cm?) 0.13 1.94 0.4 1.69 2.53
Ran (Q-cm?) 4552 4734 36542 54795  831.95
Je(mA/cm?) 2002 2156 2285 2145 22.05
Voe (mV) 663.5 682  677.6  681.7 676.1
FF (%) 7185 6469 6785 5829 61.11
Eff (%) 1094 1034 1148 9.26 9.81

different dimensions of the opening grid (W/P ratio) and the
resistance values, the efficiencies of passivated cells are either
improved or reduced as compared with the reference cell when
increasing P from 1 to 4 pm, with a best efficiency achieved for a
pitch P =2 pm. The latter case that corresponds to a W/P ratio of
0.15 agrees with simulation predictions of the optimum around
0.2. When increasing the pitch, the W/P ratio decreases and the
gains in J and in V,,. are negated by the large loss on FF due to
resistances as predicted by simulations. These results are close to
our simulation trends but show some variations in performance
between the real devices and the theoretical simulation models
probably due to fabrication processes variabilities.

It has to be noted that in real cells, the back-grid openings are
organized in a very regular matrix in all directions. Therefore,
a series of regular openings in the third direction will then
behave like a line contact with a different series resistance
and passivation area than the 2-D model that assumes homo-
geneous properties in the third dimension. However, as we fit
the empirical contact resistance R, in the 2-D model from the
experimental Ry value and the opening width to pitch ratio, the
specific R, value obtained in a 3-D model would be different, but
the equivalent Ry would be the same. With regards to the effect
of the passivation area, it should be noted that what matters is the
lateral collection of photogenerated carriers which depends on
the diffusion length compared with the distance to the contact.
In a regular 3-D model, in the worst case, that distance can only
become 40% larger than the half-pitch considered in the 2-D
model. That could probably result in different absolute values
for optimal W and P parameters, but the general trends should
remain the same and keep the message of this work, i.e., that the
optimal W/P is around 0.15-0.20, supported by both simulations
and experiments. For example, Sozzi in [45] reported on a 3-D
simulation work, an optimal opening width of 400 nm for a 2
pm pitch and R, of 10~* 2-cm? for absolute value of (negative)
Q5 > 5 x 10" cm™? on a 3 um CIGS PV cell that fit with
our results (W/P = 0.2). However, compared with their work,
our simulations have targeted ultrathin CIGS cells, discussed
in-depth the effects of the passivation properties on the dark
current and on the different PV parameters under illumination,

and furthermore achieved an optimization of the full back grid
(W and P) dimensions supported by experimental results.

IV. CONCLUSION

The key of success of the proposed modeling of the rear
contact grid in passivated UT-CIGS cells is the correlation of the
general trends with the experimental results while limited for the
absolute values by the exact material properties especially the
bulk and interface defect states and the resistances definition. We
discussed the optimization of the Al,O3-rear-passivated cell ac-
cording to the dimensions of the contact openings in the passiva-
tion layer and its influence on the electrical behavior in the dark
current and on the PV-parameters of the cell under illumination.
The latter mostly depends on passivation quality (i.e., density of
negative fixed oxide charges) and contact resistance. It comes
out that apart from the improvement due to the material qualities,
especially for the oxide passivation layer, it is crucial to optimize
the dimensions of the openings to improve the transport with
less resistance effects, i.e., keep a good FF, while maintaining
excellent rear passivation. Experimental results sometimes show
different, even opposed, or detrimental effects of rear passivation
on cell performances under illumination. Our simulations relate
these contradictory observations to the interplay between the
area and quality of the passivation layer on one hand and the size,
density, and contact resistance of openings in this passivation
layer on the other hand. Variations of these parameters around
their optimum values can lead to positive or negative trends
on the cell performances. Subsequently, characterizing these
performances under illumination is not sufficient to assess the
passivation quality due to the possible impact of the shunt and
series resistances. Our extensive results demonstrate that the
quality of the passivation can be directly related to increases
of J. under illumination and reduction of diffusion (Jy1) and
G/R (Jp2) diode currents in the dark when compared with the
unpassivated cells, both experimentally and by simulations. On
the other hand, V,. under illumination is not a straightforward
indicator of the quality of the passivation interface since it may
become higher or smaller than the reference cell depending
on the opening width to pitch ratio and not on the quality of
the passivation layer. This study revealed the presence of an
optimum in PV performances for an opening width to pitch
(W/P) ratio around 0.2 for a good passivation quality. We finally
show how a suitable 2-D modeling can yield additional and
more accurate insights on the results of characterizations of
cells and hence can guide the experiences and provide useful
interpretation, direction, and trends for the fabrication process.
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