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ABSTRACT

Reducing absorber layer thickness below 500 nm in regular Cu(In,Ga)Se, (CIGS) solar cells decreases cell efficiency con-
siderably, as both short-circuit current and open-circuit voltage are reduced because of incomplete absorption and high Mo/
CIGS rear interface recombination. In this work, an innovative rear cell design is developed to avoid both effects: a highly
reflective rear surface passivation layer with nano-sized local point contact openings is employed to enhance rear internal
reflection and decrease the rear surface recombination velocity significantly, as compared with a standard Mo/CIGS rear
interface. The formation of nano-sphere shaped precipitates in chemical bath deposition of CdS is used to generate
nano-sized point contact openings. Evaporation of MgF, coated with a thin atomic layer deposited Al,Oj3 layer, or direct
current magnetron sputtering of Al,O3 are used as rear surface passivation layers. Rear internal reflection is enhanced sub-
stantially by the increased thickness of the passivation layer, and also the rear surface recombination velocity is reduced at
the AlLO3/CIGS rear interface. (MgF,/)Al,Oj3 rear surface passivated ultra-thin CIGS solar cells are fabricated, showing an
increase in short circuit current and open circuit voltage compared to unpassivated reference cells with equivalent CIGS
thickness. Accordingly, average solar cell efficiencies of 13.5% are realized for 385 nm thick CIGS absorber layers, com-
pared with 9.1% efficiency for the corresponding unpassivated reference cells. © 2014 The Authors. Progress in Photovol-
taics: Research and Applications published by John Wiley & Sons Ltd.
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1. INTRODUCTION

Recently, impressive conversion efficiencies have been ob-
tained for small-area thin film Cu(In,Ga)Se, (CIGS) solar
cells but there still remains a significant gap compared with
crystalline silicon (Si) photovoltaics, both at cell and module
level. World record CIGS and Si solar cell efficiencies are
respectively 20.8% and 25.0% [1]. See, for example, [2,3],
where 0.5 cm® CIGS solar cells with independently certified
efficiencies of 20.3% and 20.4% have been fabricated, and
[4], where a 1cm? passivated emitter rear locally diffused

© 2014 The Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd.

(PERL) Si solar cell with a certified efficiency of 24.4%
has been made. Additionally, large-area world record CIGS
and Si module efficiencies are 15.7% and 22.9%, respec-
tively, showing an even larger gap [1].

The high-efficiency CIGS solar cells have a rather
simple cell structure, while advanced Si solar cell design
is more complex as it is optically and electrically opti-
mized. Standard CIGS solar cell devices are grown layer
by layer on a rigid or flexible substrate; first a Mo rear
contact, then the—typically 2.5 to 3.0 um thick—CIGS
absorber layer, followed by a CdS buffer layer, and
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Figure 1. Scanning electron microscope cross-section image of a passivated emitter and rear c-Si solar cell, taken from [5]. The front
surface texturing is observable and the rear surface passivation layer is indicated (as the layer is too thin to be visible at this scale).

completed by an i-ZnO/ZnO:Al window layer [2,3]. Ad-
vanced Si solar cell design on the other hand includes con-
cepts for front and rear surface passivation and front
surface texturing, as used in [4,5]. Figure 1 shows a scan-
ning electron microscope cross-section image of such an
advanced c-Si solar cell design: the passivated emitter
and rear solar cell, where the front surface texturing is ap-
parent, and the rear surface passivation layer is indicated
[5].

One of the main reasons to introduce such advanced
technologies is to decrease the rear surface recombination
velocity (S,) and increase rear internal reflection (Ry,), and
consequently enhance the efficiency of ever thinner Si
solar cells. The Si passivated emitter and rear solar cell
design consists of a combination of a highly reflective rear
surface passivation layer with micron-sized local point
contacts, see, for example, Figure 1. It simultaneously
functions as a passivation layer (reduction of S, down to
100 cm/s) and a mirror (enhancement of Ry, above 85%),
while the point contacts allow for current collection. For
a comprehensive reading on point contact opening charac-
teristics and typical Si surface passivation layers, see [6].
Hence, the excellent optical properties of such a
dielectrically passivated rear surface (in combination with
a textured front surface) result in superior light trapping,
and thus allow reducing Si substrate thickness signifi-
cantly, see, for example, [4,5].

Previously [6,7], it has been shown that a similar rear
contacting structure can be used to passivate the rear CIGS
interface of CIGS solar cells. The advanced cell design
also combines a rear surface passivation layer and—as
thin film solar cells have short minority carrier diffusion
lengths—a technologically feasible approach to generate
nano-sized local point contacts. Atomic layer deposition
(ALD) of Al,Oj is used to passivate the CIGS rear surface,
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while the formation of nano-sphere shaped precipitates in
chemical bath deposition (CBD) of CdS helps generating
point contact openings in an industrially viable manner
(top-view scanning electron microscope pictures of these
local point openings can be found in [7]). In this way, a
Snm AlLO; film with local point openings of about
220 nm is integrated in CIGS solar cells in [6]. Compared
with unpassivated reference solar cells, an obvious increase
in open circuit voltage (V) is measured for the passivated
cells [6,7]. And, using solar cell capacitance simulator to
model the Al,O5 rear surface passivated cells, the minimal
Sy, has been estimated to be as low as 100 cm/s [7]. Note that
Al,Oj is believed to be an adequate CIGS surface passiv-
ation layer due to similar arguments made as for its use as
Si surface passivation layer [8-10]: (i) first principles calcu-
lations indicate that the deposition of Al,O3; on CIGS re-
duces about 35% of the interface defect density, and (ii)
Al,O5 exhibits a large density of negative charges, causing
a field effect that effectively reduces the CIGS surface
minority charge carrier concentration and consequently
also the recombination at the Al,O5/CIGS interface.

In this contribution, the reflectance of this rear
contacting structure is enhanced significantly, without re-
duction of its passivation properties. In [6], 5nm of ALD
Al,O5 increases Ry, only slightly compared with the refer-
ence Mo/CIGS rear interface. Therefore, a more reflective
rear surface passivation is required to increase short-circuit
current (Jy.) and hence efficiency even further. In the
succeeding text, two methods to increase R, are demon-
strated: (i) applying a thick sputtered Al,O5 layer and (ii)
applying a MgF,/ALD-Al,05 stack, both in combination
with the CBD CdS point contacting approach described
previously. This way, high average solar cell efficiencies
are obtained for ultra-thin CIGS absorber layers. A com-
plete analysis of these highly reflective rear surface

© 2014 The Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd. 2014; 22:1023-1029

DOI: 10.1002/pip



B. Vermang et al.

passivated CIGS solar cells is presented, and compared to
unpassivated reference CIGS solar cells.

2. EXPERIMENTAL

Soda lime glass (SLG)/Mo/CIGS/CdS/i-ZnO/ZnO:Al/MgF,
solar cell devices with thin CIGS absorber layers ([Cu]/([Ga] +
[In])=0.85 to 0.90 and ungraded [Ga]/([Ga]+ [In])=0.30)
are used in combination with the developed rear surface pas-
sivation structures. A detailed description of standard CIGS
solar cell processing at the Angstrdm Solar Center can be
found in [11]; that is excluding the ungraded absorber layer
formation and the advanced back contact design. The starting
substrate is low-iron soda lime glass with a thickness of 1 mm,
which first undergoes a cleaning process. As back contact, a
Mo layer is deposited in an inline sputtering system. It has a
sheet resistance of 0.6Q/0 and a typical thickness of
350 nm. The advanced back contact design combines a rear
surface passivation layer and CBD of CdS to generate nano-
sized point openings, as described in next paragraphs. On
top of this rear contact structure, first a 15nm NaF layer is
evaporated, followed by co-evaporation of the ungraded CIGS
absorber layer of desired thickness. These ungraded CIGS
absorbers with uniform low Ga concentration are favored to
assess rear surface passivation, because of (i) their high
reproducibility, (ii) their characteristic high minority carrier
diffusion length, and (iii) to exclude complementary rear
surface passivation effects (e.g., Ga-grading). The buffer layer
is deposited using a standard CBD CdS process. Next, the
shunt reducing intrinsic ZnO layer (i-ZnO), and subsequently
the Al-doped ZnO (ZnO:Al) front contact are sputtered. As
front contact grid, a Ni/Al/Ni stack is deposited by evaporation
through a shadow mask. The ZnO and Ni/Al/Ni stack have a
total thickness around 400 and 3000 nm, respectively. Finally,
0.5 cm? solar cells are defined by mechanical scribing and a
110nm MgF, anti-reflective coating is evaporated (mainly to
avoid interference fringes).

Employing Si solar cell technology

Evaporation of MgF, coated with a thin ALD-Al,O;
layer, or direct current (DC-) magnetron sputtering of
Al,O5 are integrated as rear surface passivation layers at
the Mo/CIGS rear interface. The ALD Al,O5 passivation
layers are deposited in a temporal ALD reactor at standard
temperatures (300 °C) using trimethylaluminum and water
(H,0) as precursors, resulting in a typical 1 A/cycle growth
rate. Additionally, Al,Oj3 films are also DC-sputtered from
an Al (99.9%) target in an Ar/O, gas mixture. These depo-
sitions are performed at room temperature and at constant
total pressure, having a deposition rate of around 5nm/
min [12].

A previously developed CBD CdS contacting approach
successfully generates nano-sized point openings in those
(MgF,/)Al,O3 passivation layers. Earlier, it has been
shown that for too thick ALD Al,O5 films the CdS point
contacting approach becomes unsatisfactory [6]. However,
applying sputtering of Al,O5 or a thin film of ALD Al,05
grown on evaporated MgF, as passivation layers, the CdS
nano-particles can still be removed to generate point open-
ings; thanks to the directionality of sputtering and evapora-
tion processes.

Table I gives an overview of all steps required to fabri-
cate unpassivated reference CIGS solar cells, or (MgF,/)
Al,Oj3 rear surface passivated cells with nano-sized local
rear point contacts.

Iluminated J-V, external quantum efficiency (EQE)
and transmission electron microscopy (TEM) measure-
ments, and Ry, calculations are performed as described else-
where [6,7,11,13,14].

3. RESULTS AND DISCUSSION
3.1. Cross-section images

The realization of the applied point contact opening
approach is confirmed in cross section pictures of rear

Table I. Overview of all steps required to fabricate unpassivated reference Cu(ln,Ga)Se, solar cells or (MgF,/)Al,O3 rear surface
passivated cells with nano-sized local rear point contacts.

Rear passivated cells with local rear point contacts

Unpassivated reference

Step solar cells (Al,O3 passivation) (MgF4/Al,O3 passivation)
1 Glass cleaning Glass cleaning Glass cleaning

2 Mo rear contact sputt. Mo rear contact sputt. Mo rear contact sputt.

3 Particle-rich CdS depo. Particle-rich CdS depo.

4 DC-sputt. of Al,O3 MgFo-evap./ALD-Al,O3

5 CdS particle removal CdS particle removal

6 NaF evap. NaF evap. NaF evap.

7 Ungraded CIGS co-evap. Ungraded CIGS co-evap. Ungraded CIGS co-evap.

8 CBD CdS buffer depo. CBD CdS buffer depo. CBD CdS buffer depo.

9 (i9ZnO(:Al) window sputt. (i)1ZnO(:Al) window sputt. (i)1ZnO(:Al) window sputt.
10 Ni/Al/Ni front contact evap. Ni/Al/Ni front contact evap. Ni/Al/Ni front contact evap.
I 0.5cm? solar cell scribing 0.5cm? solar cell scribing 0.5cm? solar cell scribing
12 MgF, ARC evap. MgF, ARC evap. MgF, ARC evap.
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Figure 2. Transmission electron microscopy cross-section pic-

ture of an evaporated-MgF,/ALD-Al,O3 rear surface passivated

Cu(ln,Ga)Se; solar cell with nano-sized local rear point contacts,

where the rear surface passivation layer and a nano-sized local
rear point contact are clearly visible.

passivated CIGS solar cells, revealing the (MgF,/)Al,O3
rear surface passivation layer and nano-sized local point
openings. Figure 2 shows a cross section TEM image of
a MgF,/Al,O3 rear surface passivated CIGS solar cell,
where the rear surface passivation layer and a nano-sized
local rear point contact are clearly visible. This picture is
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a first direct proof that the CBD CdS point contacting ap-
proach successfully generates nano-sized point openings
of about 250 to 300 nm. Previously, the success of this
point contacting approach has already been proven indi-
rectly and the point openings estimated to be 220 +25 nm
[7]. Using TEM measurements, the average CIGS absorber
(tcigs), MgF»/Al,0O5, and sputtered Al,O; passivation
layer thicknesses are estimated to be around 385, 65, and
25-50 nm, respectively.

3.2. Rear surface passivation and local point
contacting analysis

Reducing CIGS absorber layer thickness leads to a drop in
all solar cell characteristics for regular unpassivated solar
cells, due to high S, and low Ry, of standard Mo/CIGS rear
interfaces. Figure 3 and Table II provide average V., Jyc,
fill factor (FF), and cell efficiencies for the MgF,/Al,O3
(65nm) and for ALO3 (25 or 50 nm) rear surface passiv-
ated ultra-thin CIGS (tcigs = 385 nm) solar cells, compared
with ultra-thin and thick (1800 nm) unpassivated reference
cells. Additionally, representative J—V curves of all these so-
lar cells can be found in Figure 4. The standard Mo/CIGS
rear interface is known to show high S, and low Ry, as
discussed in [6]. Therefore, the 0.4 um thin reference cells
display large losses in V,,. and J. (and ultimately FF) com-
pared with the 1.8 um thick unpassivated reference cells, as
the highly recombinative and lowly reflective Mo/CIGS rear
interface gets closer to the most active region of the cells.
These losses in V,,. and J. can be reduced significantly by
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Figure 3. Average (a) open circuit voltage, (b) short circuit current, (c) fill factor, and (d) cell conversion efficiency for 0.5 cm?
unpassivated and (MgF,/)Al,O3 rear surface passivated Cu(ln,Ga)Se, solar cells. Standard deviation is shown as error bars.
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Table Il. Overview of average cell characterization results (AM1.5G) for 0.5cm? unpassivated reference and (MgF,/)Al,O3 rear
surface passivated Cu(In,Ga)Se; solar cells, as also shown in Figure 3.

Rear surface passivation # cells tcigs (mm) Voe (MV) Jse (mA/ecm?) FF (%) n (%)
None 6 0.4 576 +2 23.2+0.3 67.7+0.7 9.1+0.1
Sputt. Al,O3 (25nm) 6 0.4 624 +2 29.0+04 72.6+0.5 13.1+0.2
Sputt. Al,O3 (60 nm) 6 0.4 644 +6 30.2+0.8 67.8+1.7 13.2+04
MgF/ALD-Al,O3 (5 nm) 6 0.4 633 +2 31.1+0.1 68.7+1.9 13.5+0.4
None 6 1.8 639+7 32.8+05 741 £1.2 15.6+0.7
L e e e e e S s e Hence, an even larger FF should be expected for thick
301~ — Unpass. thin cell, tee = 0.4 um r’ ,.’ // - AlLO; and MgF,/Al,O3 rear passivated cells. Unfortu-
20 '_ ----- Sputt. AL,O, (25 nm) pass. thin cell L / _' nately, the FF of the passivated cells decreases as a func-
| —-—-Sputt. ALO, (50 nm) pass. thin cell ’: /,"/ ] tion of total passivation layer thickness as is shown in
& 10} —— = MgF/AL,0, pass. thin cell af _ Figure 3(c). Also, the J-V curves presented in Figure 4
g - - — - Unpass. thick cell, t . = 1.8 um ;',;f/ . prove that this reduced FF in case of thick (MgF,/)Al,O5
< 7 passivation layers is caused by an increase in series resis-
£ 7 tance (Ry). This increase in Ry can be explained by a lack
- 7 of contact openings for thicker passivation layers, as the
_| CdS point contact opening approach becomes slightly less
g effective. Note that (i) a similar lack of contact openings
L for thick ALD Al,Oj3 passivation layers, (ii) but also regu-

400
V (mV)

500 600 700 800

Figure 4. Representative J~V curves for 0.5 cm? unpassivated
and (MgF,/)Al,O3 rear surface passivated Cu(ln,Ga)Se; solar cells.

applying the advanced (MgF,/)Al,O; rear contacting design,
as is shown in the succeeding text.

The (MgF,/)Al,O5 rear surface passivated solar cells
have a higher V,. compared with the corresponding
unpassivated reference cells, which can be explained by
Al,O3 being an adequate surface passivation layer for
CIGS interfaces. It is shown in [7,9] that S, as low as
100cm/s can be obtained at Al,O3/CIGS interfaces.
Accordingly, an average V,. of 649mV is obtained
for ALD Al,O3 (S5nm) rear passivated CIGS solar cells
in [6]. Here, the average V. of the MgF,/ALD-Al,O; rear
passivated cells equals 633 mV, thus somewhat lower than
649 mV. However, in [6], slightly thicker CIGS absorber
layers (0.5 um) have been used. On the other hand, the av-
erage V. of the DC-sputtered Al,O5 rear passivated cells
is quite low in case of a 25nm Al,O3 passivation layer
and increases as a function of Al,O5 thickness. This can
be explained by DC-sputtering being a lower quality depo-
sition technique compared with ALD. Nevertheless, in-
creasing the thickness leads to enhanced passivation
effect. For thick (50nm) sputtered Al,O; passivation
layers, an average V,. of 644 mV is obtained, remarkably
close to the 649 mV obtained in [6].

Thanks to the increase in V,, the average FF is higher
for (thin Al,O5) rear passivated solar cells than for the cor-
responding unpassivated reference cells. As a result of re-
duced rear surface recombination, thin Al,Oz rear
passivated cells show a clear improvement in FF compared
with unpassivated cells with equivalent CIGS thickness.

© 2014 The Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd. 2014; 22:1023-1029
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lar J-V curves with low R, for thin ALD Al,O3 (<5nm)
rear passivated CIGS solar cells are shown in [6,7]. There-
fore, it is expected that applying well-ordered rear point
contacting structures (using, e.g., e-beam lithography,
work that is ongoing) in combination with thick (MgF,/)
Al,Oj3 rear passivation layers will increase FF further (re-
duction of Ry), close to the FF of the thick unpassivated
reference cells.

3.3. Rear internal reflection and absorption
analysis

Applying “thick” (MgF,/)Al,O3 rear surface passivation
layers enhances R}, considerably compared to standard
Mo/CIGS rear interfaces. Figure 5 depicts Ry, as a function

100 T T T T T T T T I !
Mo/CIGS reference
e Mo/(CdS/)AI,0,(25 nm)/CIGS )
80}-——"-Mo/(CdS/)AL,O,(50 nm)/CIGS -1

| -~ Mo/(CdS/)MgF,(60 nm)/AL,0,(5 nm)/CIGS...-—~"

B Angle of incidence = 0°

L | L 1 1 1 ]
700 800 900 1000

Wavelength (nm)

0 1 I 1
600 1100 1200

Figure 5. Calculated rear internal reflection as a function of

wavelength for a variation of Mo(/CdS(5nm)/MgF,)/Al,O5/Cu

(In,Ga)Se, devices and an unpassivated Mo/Cu(ln,Ga)Se,
reference, see [13].
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of wavelength for a number of Mo(/CdS/MgF,)/Al,O3/
CIGS devices and an unpassivated Mo/CIGS reference,
calculated as in [7,14]. This figure indicates that Ry is
increased substantially by (i) increasing the thickness of
the Al,O5 passivation layer, or (ii) stacking a thin Al,O3
interface passivation layer on top of another thick layer
(e.g., MgF,). Note that it is thanks to the directionality of
the sputtering and evaporation processes that the thick
sputtered Al,O3 or evaporated MgF, layers can be com-
bined with the CdS contact opening approach.

The increase in R, for the rear passivated solar cells
leads to an increase in Jg, but there is still room for
improvement. Figure 6 shows EQE measurements of
representative unpassivated thin and thick CIGS solar
cells, and rear surface passivated thin cells. The
unpassivated reference cells demonstrate an expected loss
in absorption for reduced CIGS absorber layer thickness,
as Ry, at the standard Mo/CIGS interface is rather low
(and Sy, high). However, this figure also shows that this loss
can be substantially compensated by applying highly
reflective (MgF,/)Al,O3 rear surface passivation layers.
This way, photons reflected at the rear obtain an additional
chance to be absorbed in the CIGS layer. Nevertheless,
these rear surface passivated devices still show a reduction
in EQE compared with thick unpassivated reference cells.
Also, despite the significant difference in R}, for 50 nm of
Al,O5 or 65 nm of MgF,/Al,05 as rear surface passivation
layer, both EQE graphs are very comparable for both
passivation layers. Therefore, it is anticipated that this loss
in EQE between the best passivated devices and the thick
reference device is mainly caused by rear reflected photons
escaping at the front surface of the solar cell, indicated as
R.. in Figure 1. A very reasonable hypothesis as fcigs is
only 0.4 um in case of the rear surface passivated cells,
which equals to an apparent total 7cigs of 0.8 pm for rear
reflected photons. Hence, absorption of all rear reflected
photons is not expected, even if R, would be 100%.

10— T T T T T T 1
80— —
§ 60 |- -
w - & 1
< 40 Unpass. thin cell, t__ =0 3
| - pass. thin cell, t, ;s = 0.4 um A
L f----- Sputt. Al,O, (25 nm) pass. thin cell Voo
20 —-—--Sputt. ALO, (50 nm) pass. thin cell ]
== MgF,/AlLO, pass. thin cell
- — - Unpass. thick cell, t . = 1.8 um “‘-‘\\:. )
0 | I PR Ity T 1 N

400 500 600 700 800 900
Wavelength (nm)

1000 110

Figure 6. External quantum efficiency measurements of repre-

sentative unpassivated and (MgF,/)Al,O3 rear surface passiv-

ated Cu(In,Ga)Se; solar cells. All spectra are smoothed using a
50 point Savitzky-Golay smoothing filter [15].
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3.4. Solar cell efficiencies

The cell efficiency of all passivated cells is noticeably
higher than the efficiency of unpassivated reference cells
with equivalent CIGS thickness, but still lower than the
thick reference cell efficiency. Figure 3(d) shows that aver-
age cell efficiencies of rear passivated thin CIGS solar cells
are between thin and thick unpassivated reference cell effi-
ciencies: Higher than thin reference cells thanks to an in-
crease in V,. and Jy. as explained in the preceding text,
but still lower than thick reference cells because of residual
losses in Ji. and FF. Compared with unpassivated thick
reference cells, (i) thin Al,O3 passivated cells lack J.
due to low Ry, and (ii) thick (MgF,/)Al,O5 passivated cells
lose Jg. and FF due to high escape reflection (R.s.) and
non-optimal rear contacting, respectively.

4. CONCLUSIONS

This work studies progressive cell design concepts from Si
solar industry to advance CIGS solar cell performance.
Unconventional (MgF,/)Al,05 rear surface passivated ul-
tra-thin (fcigs =385 nm) CIGS solar cells with nano-sized
local rear point contacts are developed, showing a signifi-
cant increase in V. and J,. compared with corresponding
unpassivated reference cells. This improvement in V.
and J,. has been explained by Al,O5; being an adequate
surface passivation layer for CIGS interfaces and the thick
(MgF,/)AlL,O5 layer being highly reflective, respectively.
Accordingly, average solar cell efficiencies of 13.5% are
realized for ultra-thin CIGS absorber layers, compared to
9.1% efficiency for the matching unpassivated reference
cells. EQE measurements show a clear improvement in ab-
sorption of the passivated cells compared with the refer-
ence cells, but also indicate that—yet again analogous to
Si solar cell design—further technological improvements
can be made to increase J. even more. This proposed cell
design appears to be more complex, but also holds the po-
tential to reduce material/production costs (ever thinner ab-
sorber layers) and to increase solar cell efficiencies.

5. OUTLOOK

Compared with unpassivated reference cells with thick
CIGS absorber layer, advances in optical confinement (or
Jso) and rear contacting structure (or FF) are still feasible.
Js. is expected to increase by (i) introducing textured rear
or front surfaces and thus reducing R.;.—as already done
in advanced Si solar cell technologies, and (ii) increasing
Ry, even more. On the other hand, the FF is expected to in-
crease by applying well-ordered rear point contacting
structures. Therefore, (i) a complete analysis of the optical
confinement to reduce R, and increase R, even further,
and (ii) development of more controllable methods to
generate nano-sized point contacts, for example, by use
of e-beam lithography, laser ablation, or conductive Mo

© 2014 The Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons Ltd. 2014; 22:1023-1029
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nano-particles, are ongoing. Additionally, (iii) Ga grading
in the absorber layer is studied to increase absorption and
surface passivation even further.

Moreover, more understanding of CIGS surface passiv-
ation layers is required. The work presented in [9] is a first
attempt to understand the passivation mechanism(s) of
Al,O5/CIGS interfaces. Therefore, (opto-)electrical charac-
terization techniques as capacitance-voltage measurements
of Mo/CIGS/Al,O5/Al structures and (time-resolved)
photoluminescence measurements are applied to (iv) char-
acterize the CIGS surface passivation layers developed
within this work; equivalent to characterization methodol-
ogies applied in Si surface passivation research [8,10].
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