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1 | INTRODUCTION

High absorption coefficient and tuneable bandgap (between 1 and
1.7 eV) make copper indium gallium (di)selenide (CIGS) an appropriate
absorber material for highly efficient thin-film solar cell
applications.>® Yet, with a world record efficiency of 23.35%,*° CIGS
solar cells are still far from the Shockley-Queisser (SQ) theoretical
efficiency limit.>” This gap is even wider for submicron CIGS solar
cells, which for various reasons are studied by different research
groups.271° In addition to optical losses, submicron CIGS solar cells
suffer from other performance deteriorations, which generally lead to
less than optimal efficiencies.'* In this respect, different strategies

8,15,16 and

such as light management,*?"* back contact passivation
alternative front layers>'” have been employed to increase the per-

formance of both thick (>1 pm) and ultrathin CIGS solar cells.

Marcel Simor? | Zeger Vroon® |

An interdigitated back-contacted (IBC) configuration is proposed for submicron cop-
per indium gallium (di)selenide (CIGS). In a modelling platform, the structure was
opto-electrically optimized for maximum efficiency. The results are compared with a
reference front/back-contacted (FBC) solar cell with similar absorber thickness and
exhibiting 11.9% efficiency. The electrical passivation at the front side is accom-
plished by an Al,O3 layer, which is endowed with negative fixed charges. The results
indicate that with an optimal geometry and engineered bandgap grading, the effi-
ciency of the new IBC structure can reach 17%. Additionally, with a reasonably low
defect density in the absorber layer, efficiencies as high as 19.7% and open-circuit

voltage comparable with that of the record solar cell are possible with the IBC

bandgap grading, CIGS solar cells, electrical modelling, IBC, light management

However, in the front/back-contacted (FBC) structure, there are inevi-
table optical losses due to the parasitic absorption of the top layers,
accounting for more than 10% loss in photocurrent density
(Jph).“*la'19 Also, in case of flexible CIGS solar cells, the metallic grid
causes an additional optical shading,2° reducing even more the optical
performance of these solar cells.

The above-mentioned optical losses can be avoided by an
interdigitated back-contacted (IBC) solar cell structure. In IBC struc-
ture, the electron-contact and hole-contact (e-contact and h-con-
tact, respectively) are both located at the rear side of the absorber
material in a periodic design.?*3® In our previous work?’ we
investigated the optical performance potential of a novel IBC CIGS
solar cell with and without textured antireflection coating (ARC). In
in TCAD

Sentaurus environment to further study and optimize an IBC CIGS

this work, we employ opto-electrical simulations
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The model parameters used in TCAD simulations

TABLE 1

GZ0-a%¢

A2035

i-ZnO0*®

CIGS/Cds®*

CIGS'?35 cds®

Symbol (unit)

d (nm)
Eg(eV)
z (V)

Layer parameter

330
3.25
43

205
B8
4.3

50
8
4.3

50
24

42

673
Graded
Graded

Thickness

Bandgap FBC/IBC

Electron affinity FBC/IBC

3.85
3.2 x 10'? (D)

5.4
5x 10 (D)

13.6
2 x 10 (A)
6.8 x 10V

&

Rel. permittivity

1 x 10%° (D)

1 x 10% (D)

Na, Np (cm™3)
Ne (em™3)

Doping

3.7 x 108
1.7 x 10%?

3x 108
1.7 x 10

3x 108
1.7 x 10

100, 31

1.3 x 10%®
9.1 x 10Y°

CB DOS
VB DOS
Mobility
Defects

1.5 x 107

Ny (cm~3)

23.1,7

100, 31

100, 12.5 72,20

Hes pn (cm? V™1 s7Y)

Type

5x 10" 2 x 10" 1 x 10%? 1x10% 1x10% 1x 10%¢

Nt (em™3)/Ne (cm™2)

(=23

Concentration/density

Energy level
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1x107%% 5x 10718 1x107%5,5%x 10713

1x 1075 5x 1078

5x 10718 1x 107%°

5x 10718 1 x 107%° 1x 1075 5x 10718

Ge, 0 (cM?)

Cap. cross-sec.

Note: A and D denote acceptor and donor, respectively. CB DOS and VB DOS represent density of states of conduction band minimum and valance band maximum, respectively. Subscript IF means interface.

The parameters and values shown in bold are fitting parameters. CIGS/CdS column reports input data referring to the interface between CIGS and CdS layers.

solar cell. First, we calibrate the model by matching the current
density versus voltage (J-V) curves of simulated FBC CIGS solar
cells with experimentally measured curves. Then, after explaining
the IBC design strategy, we optimize geometrical and material
properties in a step-by-step approach, keeping both efficiency and
practicability in mind.

2 | MODELLING APPROACH

We used a two-dimensional (2-D) simulation approach for both the
FBC and IBC solar cell structures in TCAD Sentaurus environment.
This simulation tool solves drift-diffusion equations by considering
the thickness of the layers, trap distributions, doping, band struc-
tures and layers' optical properties.>* We modelled opto-electrically
the layered structures and selected the transfer matrix method
(TMM) for the optical modelling. Using the reference FBC cells fab-
ricated in Solliance Solar Research institute, we performed atomic
force microscopy (AFM) to measure the root mean square (RMS)
roughness in two cases: (i) the ZnO:Al (AZO) surface of the full
solar cells and (ii) the bare CIGS surface after removing the front
contact layers. The average RMS roughness of several samples was
between 30 and 45 nm for AZO and CIGS surfaces, respectively.
We used these values in the optical model to take into consider-
ation the light scattering from the normally incident AM1.5G spec-
trum at rough interfaces. The model parameters used in this work
are summarized in Table 1. In these simulations, we have modelled
the natural defects in the CIGS material with donor-type midgap
recombination centres.>> Note that our primary goal is not to
model the exact complicated nature of the CIGS material. We
rather replicated the cell's performance by using an equivalent
recombination behaviour.3®

In our simulation framework, the mesh elements are forced to be
smaller near interfaces to accurately account for interface recombina-
tion and charge transport. In case of CIGS with Ga grading, the change
in the Ga content affects the wavelength-dependent optical
constants—refractive index, n(1), and extinction coefficient, k(1)—and,
hence, the bandgap and absorption coefficient. In this work, we use
an energy-shift model®” to calculate the optical constants of CIGS
with an arbitrary Ga composition. In this respect, multiple sets of n(4)

and k(1) with known Ga compositions**?

were employed, from which
the optical constants of intermediate arbitrary Ga contents were cal-
culated. The optical constants of other materials were obtained from

previous studies.3638-42

3 | MODEL CALIBRATION

We calibrated our simulations by comparing the J-V curves of the
simulated FBC solar cells with those of the fabricated cells from
Solliance Solar Research institute. From the light-facing side, the
reference cell structure consists of AZO, intrinsic ZnO (i-ZnO), CdS,
CIGS and Mo (Figure 1A). A close match between the simulated
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FIGURE 1 A The reference front/back-contacted (FBC) solar cell as modelled by TCAD (dimensions are not to scale). The dashed line shows
the symmetry plane. B, J-V curves of the simulated and fabricated solar cells. The numbers in brackets indicate the absorber thickness. C, The
measured and simulated external parameters of the reference FBC solar cell for two different absorber thicknesses [Colour figure can be viewed

at wileyonlinelibrary.com]

and measured external parameters—short-circuit current density
(Jsc), open-circuit voltage (Voc), fill factor (FF) and efficiency
(n)—for different absorber thicknesses indicates the validity of the
model (Figure 1B,C). The fitting has been achieved by mostly
adjusting the thickness of different layers, including the absorber
layer. The variable absorber bandgap is included in the calibration
models. Due to different deposition parameters for varying
absorber thickness, the bandgap grading is different and sample-
dependent. For instance, the 443-nm-thick CIGS model was fitted
to the experimental data by a slight increase of the bandgap
towards the CIGS/Mo interface (from 1.17 to 1.21 eV). This in
case of the 673-nm-thick CIGS model was done by increasing the
bandgap from 1.16 to 1.2 eV from the surface to the CIGS/Mo

interface.

4 | IBCDESIGN CONSIDERATIONS

The not-in-scale schematic of the proposed IBC solar cell structure
is shown in Figure 2A. In a more realistic scale, the CIGS thickness
will be even smaller than the gap width (Gap). The absorber thick-
ness is kept similar to that of the reference FBC solar cell (673 nm)
for fair comparison. The model is mirror-like symmetric at half of
the h-contact and periodic in x direction. In our previous work,?’
we optimized an Al,O3/MgF,-based double-layer ARC for an IBC
solar cell with natural surface morphology. The gradual change in
the refractive index from MgF, to CIGS provides a wideband anti-
reflection effect. The optimal thicknesses of Al,O; and MgF, for
this work are 80 and 85 nm, respectively. The Al,O3 layer at the
front side of the absorber serves also as chemical and electrical
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FIGURE 2 A The schematic of the interdigitated back-contacted (IBC) solar cell (dimensions are not to scale) with symmetry (dashed blue)
and periodicity (dashed green) lines. B,C, The band diagram of the e-contact and h-contact, respectively [Colour figure can be viewed at

wileyonlinelibrary.com]
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passivation layer. An annealing step at 400-450°C will activate neg-
ative fixed charges with densities as high as 1 x 10 cm™2 at the
CIGS/Al,O3 interface, leading to electrical passivation of the inter-
face.*®*3 The presence of these fixed charges is considered in the
model at the CIGS/Al,O3 interface both at the front and at the rear
side of the absorber material. It is worth noting that the typical
front layers in the FBC structure, that is, CdS, i-ZnO and AZO, are
both not needed in and even detrimental to the IBC structure. This
is because of parasitic absorption and the formation of a p-n junc-
tion at the front side of the absorber preventing the lateral trans-
port of the charge carriers. Here, the impact of the absorber quality
on absorption is of secondary importance. In fact, the comparison
between our reference FBC solar cell and the proposed IBC design
is merely related to the performance difference of the same
absorber in two different configurations.

At the rear side, a silver reflector is placed to reflect the photons
from the rear side for a second-absorption chance. At the experimen-
tal level, however, the IBC structure could be realized on other sub-
strates.?” The e- and h-contacts are separated by a dielectric stack
consisting of MgF, and Al,O3 both to avoid electrical shunts and to
increase the internal reflection due to the low refractive index of
deployed dielectrics. The influence of the thin Al,O3 layer in electrical
passivation will be studied in the following sections.

The e-contact is realized by an n-doped transparent conductive
oxide (TCO). We intentionally did not use AZO for this purpose,
because of its low thermal stability, which could become a problem at
experimental level. In this case, gallium-doped zinc-oxide (GZO) type-a
based on the work of Fujiwara and Kondo®® was chosen. High doping
concentration, low absorption coefficient, high thermal stability and
low free carrier absorption are some of the advantages of such a GZO
material over its counterparts.®4** Figure 2B shows the band diagram
of the e-contact in dark condition. At the front side, the presence of
negative fixed charges induces an electric field, which prevents the
accumulation of electrons at the CIGS/Al,O3 interface (field effect
passivation).?”*3 Also, the accumulation of holes at the front interface
helps with the lateral transport of majority charge carriers towards the
molybdenum contact (i.e., the h-contact). The band bending at the
rear side shows the formation of a p-n junction between CIGS and
the degenerate semiconductor, GZO, which functions well for elec-
tron collection and hole rejection.

Similar to the conventional FBC CIGS solar cells, the majority
carriers are collected using a Mo contact. As also plotted in
Figure 2C, the ohmic contact formed due to the formation of a
very thin MoSe; layer at the CIGS/Mo interface enables the collec-

tion of holes.?”

5 | RESULTS AND DISCUSSION

We have performed simulations by varying the geometrical parame-
ters (Figure 2A) and absorber material characteristics to investigate
the influence of each parameter on the cell performance. In each sce-

nario, only one parameter is varied. After each step, the most suitable

parameter value is selected for the rest of simulations to step-by-step
complete the design of the proposed IBC structure. In-depth analysis
of the charge density distribution or electric fields are provided when

needed.

5.1 | TCO width

We started with varying the TCO width (W+co), while keeping Gap
and the Mo width (W) constant. Since the gap region is a non-
collecting region, its width should be as small as possible. Hence, in
these models, Gap is chosen to be 1 pm. Nonetheless, a sensitivity
study on Gap will be provided in the following sections. Also, Wy,
should be smaller than or comparable with the minority carrier diffu-
sion length to facilitate low carrier recombination. Therefore, it is kept
at 500 nm. Note that due to symmetry, in the complete structure, this
value means that the total width of Mo is 1 pm. Also, a change in
Wr+co leads to a change in the size of the simulation domain, Pitch.
The external parameters as functions of the changes in Wrco are plot-
ted in Figure 3. We observe that Voc and Jsc increase as Wrco
increases. This can be explained by the reduction of electrical shading,
which refers to the local reduction of Js¢ due to charge carrier recom-
bination at regions other than e-contact.*> On the other hand, wider
e-contact means that the majority carriers need to travel in longer dis-
tances to be collected at the h-contact. This explains the reducing
trend of FF in Figure 3, which slightly outbalances the increasing trend

of Voc and Jsc for Wyco > 30 pm. For this reason and for the sake of

:""l""l""T“"I"" 765
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648 | i | feid
35 F 18
& [
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E 25| &=
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Wico [um]
FIGURE 3 The external parameters as functions of Wrco. The

thickness of CIGS absorber layer is 673 nm [Colour figure can be
viewed at wileyonlinelibrary.com]
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fast simulations, we chose Wrco = 30 pm for the rest of our studies.
Already for such a nonoptimized IBC architecture, the conversion effi-

ciency is boosted to a value of 16.73%.

5.2 | Absorber thickness

We also studied the effect of the absorber thickness (dcigs) on the
external parameters. We kept the bandgap constant at 1.16 eV and
the rest of the geometrical parameters similar to the previous section.
One would think that a thicker absorber naturally leads to higher cur-
rent generation. However, as Figure 4A shows, the larger charge car-
rier generation (due to more light absorption) is debunked by more
carrier recombination in the absorber bulk. The colour plot in
Figure 4B shows the charge carrier recombination rate in short-circuit
conditions for two absorber thicknesses, namely, 690 and 1500 nm.
The significantly higher recombination in the CIGS bulk can be
explained by the black curves overlaid on the solar cells' cross-section.
The curves represent the electrostatic potential as a function of depth
under equilibrium conditions, from which the extent of the depletion
region in the absorber (W) can be calculated. Knowing that the elec-
trostatic potential is constant outside the space charge region and var-
ies inside the region, we calculated W for the above-mentioned
thicknesses. Also, since the material properties, especially the doping
concentrations at both sides of the metallurgical junction, are similar
in both cases, it is not surprising that W is almost similar and equal to
430 nm. This means that the quasineutral region (in which charge car-
rier recombination occurs) in the thicker solar cell is larger, resulting in
higher recombination. It can be concluded that for the same material
properties, thickening the CIGS layer does not necessarily improve
the device performance.

5.3 | Bandgap grading

So far, the absorber bandgap was fixed at 1.16 eV, which according to
Minoura et al.! corresponds to GGI = 0.22. GGl is defined as the com-
positional ratio of group Il elements in the absorber:
GGl = [Ga]/([Ga] + [In]). We engineered the absorber bandgap by
varying GGl according to energy shift model, described above. Two
approaches were taken: (i) constant GGI (0.22) in the first half of
absorber thickness (with respect to the front side) and then linear
increase of GGl towards the rear side and (i) linear increase of GGI
towards the front side in the first half and then constant GGl in the
bottom half of the absorber. In both cases, the maximum value of GGl
is 0.9, corresponding to E;.cigs = 1.64 eV. Note that this linear profile
is merely a simple approach to probe the effect of two opposite
bandgap gradings on the cell's performance. Such semilinear profile is
already demonstrated in the work of Mansfield et al.” More compli-
cated profiles and/or higher (fixed) bandgap can be investigated in
future studies. Figure 5 demonstrates the external parameters as
functions of front- and rear-side GGl (left-hand side and right-hand
side of the dashed line, respectively). The red dashed line corresponds
to a constant Ga content of 0.22. It is observed that increasing the Ga
content towards the front side of the CIGS layer leads to an increasing
trend in Voc. This can be explained by larger quasi-Fermi level split-
ting due to higher absorber bandgap.*® Also, there is an optimal value
for Jsc and 7 at Front GGI = 0.4. Figure 6A,B provides more informa-
tion about the reason for this optimum value. According to Figure 6A,
which shows the band diagram (in equilibrium) in the top part of the
CIGS layer in case of front-side Ga grading, the more the bandgap at
the front side of the absorber, the higher is the slope of the conduc-
tion band minimum energy. This results in a stronger electric field in
that region, increasing the drift of electrons from the front interface
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towards the bulk region (the corresponding current has the opposite
direction). On the other hand, as can be seen in Figure 6B, an increase
in the front-side GGl leads to steeper electron density curve as a func-
tion of distance from the front interface. This promotes larger electron
diffusion in the direction of the front interface, which counteracts
with the drift current. At an optimal value of Front GGI (here, 0.4), the
two components of current density outbalance each other, leading to
maximum Jsc and hence 7. This improves the efficiency from 16.73%
for the IBC cell with constant bandgap to 17.87% for the IBC cell with
optimal bandgap grading.

On the other hand, according to the right-hand side of
Figure 5, rear-side Ga grading drastically reduces the cell perfor-
mance. Although bandgap increase at the bottom half of the

absorber improves Vo, the rest of the external parameters reduce
with increasing Rear GGI. The reason is explained by studying the
band diagram in the corresponding part of the structure
(Figure 6C). We observe the formation of an electron barrier at
the CIGS/GZO interface for more Rear GGI. This, in turn, leads to
the repulsion of the minority charge carriers from their related
contact and, therefore, to an increase in recombination rate in the
absorber (Figure 6D). A similar grading in FBC CIGS solar cells
enhances the efficiency due to better passivation of the rear con-
tact.’ We therefore, selected a front-side linear Ga grading with
Front GGI = 0.4 as the optimal grading for the rest of simulations.
This type of grading can be achieved by introducing a Cu-rich

phase instead of the Cu-poor phase in the first stage of the CIGS
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FIGURE 7 The external parameters as 675 pr—ro
functions of (A) Ratio = Wco/Pitch and
(B) the bulk donor-type trap density in the
absorber [Colour figure can be viewed at
wileyonlinelibrary.com]
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three-stage co-evaporation process, followed by the insertion of
group Il elements.

It is worth noting that in case of a different absorber thick-
ness, the optimal grading can be different. The results of our
thickness-dependent grading optimization are not shown here for
brevity.

5.4 | TCO coverage

As discussed above, large values of Wrco lead to less electrical shad-
ing and, therefore, to large Jsc values. However, Mo contacts wider
than what we have considered so far would be less complex to pro-
duce. This trade-off is investigated in this section. Here, we define a
parameter Ratio = Wrco/Pitch and vary it, while keeping Pitch and
Gap constant. In this respect, smaller Ratio (smaller Wrco) means
larger Wy,o. The results are presented in Figure 7A. As expected,
stronger electrical shading results from smaller Ratio values, thus sig-
nificantly compromising Jsc and 5. However, reducing Ratio to about
90% still results in n > 17%, which is considerably larger than the effi-
ciency of the FBC reference solar cell. This would allow us to increase

Wno to 2 pm, that is, four times wider than the initial value, and,

FIGURE 8 Colour plot:
electron density, arrows: electric
field for the IBC cell (A) with
negative fixed charges in the
Al,O3 layer and (B) without any
fixed charges in equilibrium. The
geometrical features of both
figures are the same [Colour
figure can be viewed at
wileyonlinelibrary.com]
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therefore, be able to use less complicated and cheaper (lithography)
steps for the formation of the h-contact. For this reason, we modified
the geometry with a wider Mo contact for further studies
(n = 17.02%).

5.5 | Bulk trap density in CIGS
So far, the bulk defect density (Nt.cigs) in the CIGS material was
fixed at 5 x 10'® cm™. However, as the quality of CIGS material

k,9'11'47

can be sensibly better than the one used in our wor we

studied the impact of Ny.cgs on the external parameters
(Figure 7B). As expected, a high defect density in the absorber sig-
nificantly deteriorates the efficiency. On the other hand, improving
the material quality, for instance, decreasing Nt.cgs from
5 x 10 em™ to 1 x 10 ecm™3 can boost the efficiency from
17% to 19.7%. As a result, Voc is increased to values comparable
with that of the record CIGS solar cell.** For a better comparison,
with Nt

acs = 1 x 10 cm™ would have been 12.5%. This emphasizes

the efficiency of the reference FBC solar cell

the importance of improving the fabrication process of the CIGS

material in the final device performance.

e density [cm3]
l 3.20x10%°
2.88x10%
2.60x10%
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5.6 | Gap width

In the previous sections, we briefly mentioned that Gap should be
as narrow as possible for better charge collection. Indeed, our sim-
ulations for different Gap widths from 20 nm to 6 pm confirm this.
In these models, we kept Wrico and Wy, constant at 28.5 and
2 pm, respectively. Ntcgs is equal to the reference case of
5 x 10 cm™. Increasing Gap to values larger than 1 pm mainly
affects Jsc with a decreasing trend, while other external parameters
are nearly unchanged. This is mainly due to the increased hole
recombination as a result of larger distance between the genera-
tion point and the h-contact. On the other hand, even a gap as nar-
row as 20 nm is sufficient for high Jsc values and avoiding shunts,
increasing the efficiency from 17.02% (1-um wide gap) to 17.34%
(20-nm wide gap). From experimental point of view, this is of course
more challenging than a 1-pm wide gap. The significant role of the
Al,O5 layer in the passivation of the contacts is exemplified in
Figure 8. There, the electric field vectors are overlaid on the electron
density colour plot of the IBC solar cell in equilibrium in two cases:
(a) with and (b) without active negative fixed charges in the Al,O3
layer. The arrow size shows the intensity of the electric field. The
direction of the electric field in case (a) indicates the repulsion of the
electrons from the gap area, ensuring the field-effect passivation of
the region. This is proved by the colour map of e density in both fig-
ures, showing a high density of electrons around the gap and the h-
contact in case (b). In case (b), the resulting higher recombination rate
degrades all the external parameters and reduces the efficiency from
17.34% to 14.42%.

5.7 | Optimal IBC versus reference FBC

The J-V and EQE curves of the selected IBC design are compared with
the reference FBC solar cell with dcigs = 673 nm. Note that in this
case, the optimal design is different from the ideal designs studied in
Sections 5.5 and 5.6. The former is less experimentally challenging
with 90% TCO coverage, 1-um Gap and the reference trap density in
the absorber material. The improvement in all the external parameters
is evident in Figure 9. The difference between EQE and internal quan-

tum efficiency (IQE) curves of the IBC solar cell in Figure 9B is an

~'E' 35 T ; , T 100 g . ST ! ] FIGURE 9 Comparison between the
° 30 TR Sy 3 b ——re N ] reference FBC and the optimized IBC
< \ BOE et ) : i
E. 5% v E \\ \ ] solar cells. (A) Current density versus
— T 60 £ NN ] voltage and (B) EQE and IQE [Colour
g 20 - -r: i \'| \ g figure can be viewed at wileyonlinelibrary.
£ 15 V'] O 40t FBC v\ com]
T 40k ta ™ E s —me—e EQEIBC \\ |
-
] \ 3 20 L e — IQE IBC | 4
g s | : \ ]
a O Dot l; O' 1 I i
0 100 200 300 400 500 600 700 400 600 800 1000 1200

Wavelength [nm]

(B)

indication of incomplete charge carrier collection that yet needs to be
addressed. Nonetheless, the difference between the EQE spectra of
the two structures is substantial. It should also be noted that unlike
the optically optimized IBC structure in our previous work,?” the flat
interface design of the IBC solar cell in this work results in lower
values of IQE. Better light in-coupling can be achieved by a more
effective ARC.*%”

6 | CONCLUSION

We proposed and optimized an IBC structure for boosting the effi-
ciency of a CIGS solar cell with a submicron thickness (precisely,
673 nm). In this configuration, the parasitic absorption of the front
layers and the optical shading of the front-contact are prevented. We
used 2-D opto-electrical simulations in TCAD Sentaurus environment
to accurately model such solar cell architecture. The study of the band
diagram shows a good electrical passivation at the front side of the
absorber due to the negative charges in the Al,O3 layer. Also, the
band bending in the CIGS/e-contact interface area is an indication of
an effective electron selective contact.

The study of the TCO width shows that the wider the TCO, the
less the electrical shading is and the higher the efficiency is. Increasing
the absorber thickness, while keeping the electronic features constant,
results in higher charge carrier recombination in the absorber bulk and
hence worse performance. This is because of a larger quasineutral
region with respect to the total bulk area in thicker absorbers.

We showed that a bandgap grading with higher bandgap at the
front side of the CIGS layer improves the efficiency by 1.1 abs.%,
compared with the case with constant bandgap. However, because of
the trade-off between the resulting drift and diffusion currents, there
is an optimum grading for maximum efficiency. Note that the optimal
grading can vary with the absorber thickness.

Our studies on the geometrical properties of the e- and h-
contacts show that although a wider TCO and a narrower Mo (less
than 1 um) are more favourable for higher efficiencies, this compli-
cates the fabrication of the Mo layer. This can be addressed by reduc-
ing the TCO width (hence, widening Mo) from 30 to 28.5 um, at the
expense of about 0.8 abs.% loss in efficiency. In this case, compared
with 11.9% for the reference FBC solar cell, the IBC structure shows a

conversion efficiency of 17%.
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Since the quality of our simulated absorber from defect density
point of view is lower than the state-of-the-art CIGS absorber mate-
rial, we studied the effect of defect density on the cell performance.
We observed that by reducing the bulk defect density from
5 x 10%° cm™ to 1 x 10*% cm™3, the efficiency can be improved to
19.7%.

The sensitivity of the performance on the gap width was checked
by changing Gap from 20 nm to 6 pm. The higher recombination with
a wider gap reduces the current density. On the other hand, the per-
formance improves as Gap is shrunk. The electric field map shows that
the presence of negative fixed charges in the Al,O3 layer ensures the
electrical passivation and low recombination at small Gap values.

We showed how an IBC structure with optimal bandgap grading
and high absorber quality can help us achieve high efficiencies with
submicron CIGS layers. Indeed, better optical performance is still pos-
sible by, for example, high aspect ratio ARC.** Although the proposed
structure needs to answer many fabrication challenges, including
potentially costly patterning steps, it can pave the way towards high-
efficiency thin-film CIGS solar cells and their deployment in three-
and four-terminal tandem devices.
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