
486 IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 4, NO. 1, JANUARY 2014

Improved Rear Surface Passivation of Cu(In,Ga)Se2

Solar Cells: A Combination of an Al2O3 Rear

Surface Passivation Layer and Nanosized Local

Rear Point Contacts
Bart Vermang, Viktor Fjällström, Xindong Gao, and Marika Edoff

Abstract—An innovative rear contacting structure for copper
indium gallium (di) selenide (CIGS) thin-film solar cells is devel-
oped in an industrially viable way and demonstrated in tangible
devices. The idea stems from the silicon (Si) industry, where rear
surface passivation layers are combined with micron-sized local
point contacts to boost the open-circuit voltage (VOC ) and, hence,
cell efficiency. However, compared with Si solar cells, CIGS solar
cell minority carrier diffusion lengths are several orders lower in
magnitude. Therefore, the proposed CIGS cell design reduces rear
surface recombination by combining a rear surface passivation
layer and nanosized local point contacts. Atomic layer deposition
of Al2 O3 is used to passivate the CIGS surface and the formation of
nanosphere-shaped precipitates in chemical bath deposition of CdS
to generate nanosized point contact openings. The manufactured
Al2 O3 rear surface passivated CIGS solar cells with nanosized
local rear point contacts show a significant improvement in VOC

compared with unpassivated reference cells.

Index Terms—Al2 O3 , atomic layer deposition, copper indium
gallium selenide (CIGS), Cu(In,Ga)Se2 , Ga grading, nanosized,
passivated emitter, passivated emitter and rear cell (PERC), pho-
tovoltaics, point contact openings rear locally diffused cell (PERL),
rear surface passivation, Si, solar cells, thin film.

I. INTRODUCTION

A T present, rear surface recombination in highly efficient

copper indium gallium (di)selenide (CIGS) solar cells is

limited by using Ga grading to create a back surface field (BSF).

World record conversion efficiencies (Eff.) of lab-scale CIGS so-

lar cells are around 20%. Some recent outstanding examples are

1) the Japanese thin film manufacturer Solar Frontier, claiming

a cadmium-free CIGS solar cell efficiency record of 19.7%, and

2) the Swiss Federal Laboratories for Materials Science and
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Fig. 1. SEM cross-section picture of a Mo/CIGS structure with a cell efficiency
potential of 20.0% (taken from [4]).

Technology (EMPA), who have announced a thin-film CIGS

solar cell record of 20.4% on a flexible polymer substrate

[1]–[5]. These high efficiencies are achieved by varying the

[Ga]/([Ga]+[In]) ratio to obtain different band gaps at different

depths in the CIGS film. To reduce rear surface recombina-

tion, an increase of this ratio and, thus, bandgap toward the Mo

back contact is a standard practice [6]. See, e.g., Fig. 1, which

shows a scanning electron microscopy (SEM) cross section of a

Mo/CIGS structure (produced adjacent to a 20.0% CIGS solar

cell) fabricated by increasing the [Ga]/([Ga]+[In]) ratio toward

the Mo/CIGS rear interface [4]. This gradient causes a quasi-

electrical BSF that keeps the minority charge carriers away from

the Mo/CIGS interface, and effectively reduces rear surface re-

combination [6].

In Si solar cell manufacturing, the present-day workhorse is

the full aluminum (Al) BSF p-type silicon (Si) solar cell, whose

rear structure is very comparable with those high-efficient CIGS

cells. Fig. 2(a) represents a sketch of such a traditional full Al

BSF cell. At the rear Al/Si interface, a BSF is formed thanks

to a highly Al-doped p+ region. In addition, in this case, the

purpose of this BSF is to keep photo-electrons away from the

metal/semiconductor (Al/Si) interface and, as a result, to reduce

rear surface recombination [7].

Nevertheless, more advanced passivated emitter and rear cell

(PERC) and analogous cell designs are on their way to substitute

conventional aluminum Al BSF Si solar cells [8]–[10]. Fig. 2(b)

represents a sketch of this alternative PERC [7]. As can be seen,
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Fig. 2. Schematic drawing of (a) the conventional full Al back surface field
p-type Si solar cell and (b) the passivated emitter and rear p-type Si solar cell
(taken from [7]).

with respect to a conventional Al BSF solar cell production line,

only a few extra steps are needed to introduce PERC processing:

single-side texturing, local diffusion technologies, passivation

layer deposition, and passivation layer opening. The potential

of this more advanced cell processing is exposed by referring

to the 25% world record cell conversion efficiency for single-

junction Si solar cells as this record is achieved applying the

passivated emitter, rear locally diffused cell (PERL) design,

which is a PERC combined with locally diffused rear point

contacts [1], [11].

Compared with conventional Al BSF processing, the rear

of those advanced Si cell designs (PERC/PERL) is improved

by a combination of an adequate rear surface passivation layer

and micron-sized local point contacts—as shown in Fig. 2(b).

Such a passivition layer combines two passivation mechanisms:

1) chemical passivation—a low density of interface defects Dit

and 2) field-effect passivation—caused by a high density of fixed

charges within the passivation layer. Roughly said, the point con-

tact opening diameter has to be on the order of 50 to 200 µm,

with a distance of 400 to 1600 µm between contact openings, as

the minority carrier diffusion length Ln in industrial p-type Si

wafers is in the order of 200 to 800 µm—depending on Si ma-

terial quality and the doping level [8]–[10], [12]. Characteristic

surface passivation layers for p-type Si are a combination of alu-

minum oxide (Al2O3), silicon oxide (SiO2), and hydrogenated

silicon nitride (SiNx :H) [13], [14], while the local point contacts

Fig. 3. Comparison of open-circuit voltages as a function of Si substrate
thickness for (�) rear surface passivated industrial PERC (i-PERC) cells and
( ) standard full Al BSF reference cells (taken from [20]).

are generated industrially by applying laser technology and rep-

resent 2 to 5% of the total rear surface area [8]–[10], [15]–[17].

Those rear surface passivation technologies are cost-effective

for Si solar industry. They increase cell efficiency and allow the

use of ever thinner wafers (resulting in a reduction in material

cost), by improvements in rear surface passivation and rear inter-

nal reflection. In the case of standard full Al BSF solar cells, the

rear surface recombination velocity Sb and rear internal reflec-

tion Rb generally are in the order of 1 × 104 to 1 × 106 cm/s and

60 to 70%, respectively. Unfortunately, this means that for full

Al BSF cells a reduction in wafer thickness will decrease cell ef-

ficiency, because of 1) a raise in surface recombination—due to

an increased surface-to-volume ratio combined with insufficient

surface passivation and 2) a loss in absorption—due to thinner

cells combined with low rear internal reflection. Rear surface

passivated cell designs, on the other hand, lead to Sb as low

as 1 × 102 cm/s and Rb above 85% and, hence, enhanced cell

efficiencies for thinner Si wafers [8], [14], [18], [19]. Typically,

short-circuit current JSC is increased slightly due to higher Rb ,

while the fill factor FF is reduced somewhat due to more chal-

lenging contacting schemes. Nevertheless, due to an absolute

improvement in rear surface passivation the open-circuit volt-

age VOC is enhanced significantly. See, for example, Fig. 3,

which compares VOC of rear surface passivated i-PERC Si solar

cells with standard full Al BSF cells as a function of Si wafer

thickness [20]. Practically speaking, 300-µm-thick standard Al

BSF Si solar cells can be substituted by more efficient rear sur-

face passivated cells with a thickness between 100 and 200 µm.

Therefore, the purpose of this study is to assess the potential of

these rear surface passivation technologies in CIGS solar cells.

As for Al BSF Si cells, the Mo/CIGS rear surface of normal

Ga-graded CIGS cells is known to show high Sb (also between

1 × 104 and 1 × 106 cm/s [21]–[23]) and low Rb (see the next

section for Rb as a function of wavelength for the Mo/CIGS

interface). Hence, analogous to Si PERC, the proposed cell

design combines a rear surface passivation layer and local

rear point contacts (LRPC), enabling reduced back contact
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Fig. 4. Proposed CIGS solar cell design to reduce back contact recombination,
by combining a rear surface passivation layer and local rear point contacts.

recombination and, thus, higher efficiencies—particularly for

ever thinner CIGS absorber layers. However, thin film solar

cells are known to have very short minority carrier lifetimes,

which means that LRPC for rear passivated CIGS cells require

to be nanosized and closely spaced. Assuming that Ln between

0.75 and 1.50 µm is feasible [24], [25], the contact openings

targeted are between 200 and 400 nm in diameter with internal

spacing between 1.5 and 3.0 µm, as scaled from the Si PERC

design and keeping the contacting area between 2 and 5% of the

total rear surface area. Fig. 4 shows a graphical representation

of this proposed cell design.

This novel rear contacting structure for CIGS solar cells is

developed in an industrially viable way and its improvement—

compared with state-of-the-art reference cells—is demonstrated

in tangible devices as a function of CIGS absorber layer

thickness.

II. METHODOLOGY

The formation and subsequent removal of spherical particles

(so-called colloids or precipitates) in chemical bath deposition

(CBD) of CdS is applied to generate nanosized point contacts.

In this study, standard CBD CdS is grown in a solution with

1.136 M ammonia, 0.100 M thiourea, and 0.003 M cadmium

acetate, at 60 ◦C. However, to obtain particle-rich CdS depo-

sition conditions, an alternative approach is required: 1) After

preparing the CBD solution, soda lime glass (SLG)/Mo sub-

strates are only immersed when the CBD solution reacted for X

min—during which time CdS nanoparticles are formed within

the solution [26]. 2) Thereafter, the substrates are dipped for

Y min, and a thin particle-rich CdS film is grown. By varying

time intervals X and Y the particle-density can be varied. Fig. 5

shows top-view SEM pictures of thin particle-rich CdS layers

deposited on SLG/Mo substrates before and after removal of

these particles [27]; in this case, both X and Y equal 4 min,

and an extra layer of CdS is grown to intensify the contrast

in Fig. 5(b). Particle removal is established in various ways:

via 1) ultrasonic agitation, 2) dry ice (liquid CO2) cleaning, or

3) mechanical wiping. Using numerous SEM measurements, an

average particle diameter of 285 ± 30 nm and average point

Fig. 5. SEM pictures of (a) a particle-rich CdS layer grown on a SLG/Mo
substrate and (b) the same substrate after CdS particle removal (taken from [27]).

opening diameter of 220 ± 25 nm is calculated. In conclusion,

to actually create nanosized point openings in rear surface pas-

sivation layers for CIGS, the passivation layer is 1) first grown

on this particle-rich CdS layer, and 2) subsequently, the particles

are removed. This way, a passivation layer with nanosized point

openings having a diameter around 220 nm is obtained.

Atomic layer deposition (ALD) of Al2O3 is applied as CIGS

surface passivation layer. In this study, ALD Al2O3 passiva-

tion layers are deposited in a temporal ALD reactor at 300 ◦C,

using trimethylaluminum (TMA) and an oxygen source (both

water (H2O) and ozone (O3) are used) as precursors [28]. Pre-

viously, Al2O3 is verified to be an adequate CIGS surface

passivation layer, thanks to its 1) chemical passivation—first

principles calculations indicate that the deposition of Al2O3 re-

duces about 35% of the interface defect density—and 2) field

effect passivation—Al2O3 exhibits a large density of negative

charges, causing a field effect that reduces the CIGS surface

minority charge carrier concentration and, hence, passivates the

interface effectively [23]. In the same work, an improvement

of two orders in magnitude is reported for the integrated pho-

toluminescence intensity of Al2O3 passivated CIGS compared
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Fig. 6. Calculated rear internal reflection as a function of wavelength and
Al2 O3 layer thickness for a Mo/(CdS/)Al2 O3 /CIGS device [29].

with unpassivated CIGS. Hence, a significant reduction in Sb

is expected for Al2O3 passivated CIGS surfaces compared with

standard Mo/CIGS surfaces. To also have an idea about its opti-

cal confinement, Rb at the Mo/(CdS/)Al2O3 /CIGS interface is

calculated as in [29]; applying thickness, refractive index and

extinction coefficient of the Al2O3 layer as measured on an Si

substrate using spectrally resolved ellipsometry. In Fig. 6, Rb

is depicted as a function of long wavelength and Al2O3 layer

thickness in the case of a Mo/(CdS/)Al2O3 /CIGS structure. This

shows that—compared with the standard Mo/CIGS interface

(equivalent to an Al2O3 layer thickness of 0 nm)—applying

a thin layer (e.g., 5 nm) of Al2O3 as rear surface passivation

increases Rb only slightly, while a thicker Al2O3 layer (e.g.,

50 nm) leads to a larger Rb enhancement.

Ungraded CIGS absorber layers are used [30] 1) to allow eval-

uation of an obvious improvement in VOC if rear surface passiva-

tion is enhanced and 2) to exclude any other surface passivation

effects. CIGS layers are deposited in a high-vacuum chamber

equipped with open-boat evaporation sources, while evaporation

rates are monitored using a mass spectrometer. During CIGS

growth, the maximum substrate temperature is 540 ◦C; Se is

evaporated in excess; and constant rates of Cu, In, and Ga are ap-

plied until a desired CIGS thickness is reached. All studied sam-

ples have compositional values of [Cu]/([Ga] + [In]) = 0.90 ±

0.02 and [Ga]/([Ga] + [In]) = 0.30 ± 0.01, which are calculated

from X-ray fluorescence (XRF) measurements. CIGS film thick-

nesses are measured with a profilometer and are varied between

0.48 ± 0.02 and 1.58 ± 0.04 µm. These “flat-evaporation-rate-

CIGS” absorbers with uniform low Ga concentration are fa-

vored to assess rear surface passivation, because of their high

reproducibility, their characteristic high Ln [24], and to exclude

complementary rear surface passivation effects (e.g., a quasi-

electrical field created by a Ga gradient causing a slope in the

conduction band—as is the case in standard high-efficient CIGS

cells). This approach leads to cell efficiencies below 16.5%, but

allows an evident boost in solar cell characterization results if

the advanced CIGS cell design functions.

Table I gives an overview of all steps required to fabricate

rear surface passivated CIGS solar cells with nanosized LRPC.

A detailed description of standard CIGS solar cell processing at

the Ångström Solar Center can be found in [31], i.e., excluding

TABLE I
OVERVIEW OF ALL STEPS REQUIRED TO FABRICATE AL2 O3 REAR

SURFACE PASSIVATED CIGS SOLAR CELLS WITH NANO-SIZED LOCAL REAR

POINT CONTACTS

Fig. 7. Top-view optical microscopy pictures after particle removal of
SLG/Mo/particle-rich-CdS/Al2 O3 samples as a function Al2 O3 layer thickness.

the ungraded absorber layer formation and the advanced back

contact design. The starting substrate is low-iron SLG 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 0.6 Ω/� and a typical thick-

ness of 350 nm. The advanced back contact design combines an

ALD Al2O3 rear surface passivation layer and CBD of CdS to

generate nanosized LRPC, as described previously. On top of

this rear contact structure, an ungraded CIGS absorber layer of

desired thickness is evaporated, alsodescribed previously. The

buffer layer is deposited using a standard CBD CdS process.

Next, the shunt reducing intrinsic ZnO layer (i-ZnO) and, sub-

sequently, the Al-doped ZnO (ZnO:Al) front contact of the cells

are sputtered. As front contact grid, a Ni/Al/Ni stack is deposited

by evaporation through a shadow mask. The (i-)ZnO(:Al) and

Ni/Al/Ni stack have a total thickness around 400 and 3000 nm,

respectively. Finally 0.5 cm2 solar cells are defined by mechan-

ical scribing with a stylus. No antireflective coating is used.

Light J–V measurements are performed at 25 ◦C under stan-

dard AM1.5 G conditions in a home-made system with a tung-

sten halogen lamp, which is calibrated using a certified silicon

photo diode [31].

III. RESULTS AND DISCUSSION

The proposed technique to create nanosized point openings

in Al2O3 passivation layers—by removing spherical particles

deposited by CBD CdS—works fine for Al2O3 layers that are

not too thick (≤5 nm). Fig. 7 depicts for various Al2O3 thick-

nesses and top-view optical microscopy pictures of SLG/Mo/
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Fig. 8. Representative J–V curves for (a) Al2 O3 rear surface passivated CIGS
solar cells without nanosized LRPC, (b) Al2 O3 rear surface passivated CIGS
cells with nanosized LRPC, and (c) Al2 O3 rear surface passivated CIGS cells
having nanosized LRPC and an additional NaF layer evaporated on top of the
Al2 O3 layer (after particle removal). In all examples, the Al2 O3 and CIGS
layer thickness are around 5.0 nm and 1.58 µm, respectively. In each case, 10
random J–V curves are shown, and the average fill factor is given.

particle-rich-CdS/Al2O3 structures after particle removal. These

pictures show that for too-thick ALD Al2O3 films (≥7.5 nm),

the particle removal becomes unsatisfactory. The self-limiting

nature of ALD reactions leads to an ideal growth control and

the ability to coat high-aspect-ratio structures, as desired for the

suggested point opening approach. However, these ALD advan-

tages also mean that CdS nanoparticles embedded in too-thick

Al2O3 films become irremovable. Therefore, 5 nm of Al2O3

has been used for all passivated cells with LRPC, which are

described next.

Al2O3 rear surface passivated CIGS solar cells require

1) LRPC for appropriate contacting and 2) extra supply of

Na—since Al2O3 layers act as a barrier for Na diffusion from

the SLG substrate. Fig. 8(a) shows representative J–V curves

for ten random Al2O3 rear surface passivated CIGS solar cells

without LRPC. These cells have an average FF of 16%, which

1) proves that there is no appropriate back contacting with-

out point contacts and 2) indicates that the passivation layer

Fig. 9. Average (a) cell conversion efficiency, (b) open-circuit voltage, and
(c) short-circuit current as a function of CIGS absorber layer thickness for Al2 O3

rear surface passivated CIGS solar cells having nanosized LRPC compared
with unpassivated reference CIGS cells. For each CIGS thickness, the same
optimized NaF thickness is used for both the passivated and the unpassivated
cells. Standard deviation is shown as error bars.

is intact after CIGS processing. Fig. 8(b), on the other hand,

shows representative J–V curves for 10 random Al2O3 rear sur-

face passivated CIGS cells with nanosized LRPC. The average

FF increases to 45%, higher compared with the cells without

LRPC but still rather low. In addition, these J–V curves show a

“roll-over” effect, characteristic for devices lacking Na [32].

Note that 1) Al2O3 films are known to be excellent gas dif-

fusion barriers [33] and that 2) this roll-over effect is not as

pronounced as in Na-free cells [32]. Therefore, Fig. 8(c) shows

representative J–V curves for 10 random Al2O3 rear surface

passivated CIGS cells having LRPC and—after removal of the
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CdS nanoparticles—an additional NaF layer evaporated on top

of this Al2O3 layer. Fig. 8(c) proves that the low FF’s in Fig. 8(b)

are indeed caused by Al2O3 acting as an Na diffusion barrier.

Even more, the combination of LRPC and extra Na supply leads

to a high average FF of 79%.

The rear surface of Al2O3 rear surface passivated CIGS so-

lar cells with nanosized LRPC are better passivated compared

with unpassivated reference cells, which becomes more obvious

in the case of thinner CIGS absorber layers. Fig. 9 shows the

average 1) Eff., (b) VOC , and (c) JSC as a function of CIGS ab-

sorber layer thickness for Al2O3 rear surface passivated CIGS

solar cells having nanosized LRPC and unpassivated reference

CIGS cells. Note that for each CIGS thickness, the same op-

timized NaF thickness is used for both the Al2O3 passivated

and the unpassivated reference cells. Fig. 9(a) shows that higher

average efficiencies are measured for all the Al2O3 rear passi-

vated cells. In addition, the difference becomes more apparent

for the thinnest CIGS layers. Fig. 9(b) demonstrates that this

increase in efficiency is obtained thanks to an improvement

in VOC for the Al2O3 rear passivated cells. The most logical

explanation for this increase in VOC is a significant enhance-

ment in rear surface passivation (=lower Sb ) for the Al2O3

rear-passivated cells [23], [27]. This boost in surface passiva-

tion becomes clearer for thinner CIGS absorber layers, as this

well-passivated rear surface then gets closer to the space charge

region of the cell. In addition, it is remarkable that this change in

VOC as a function of absorber layer thickness for rear passivated

compared with unpassivated cells is very similar to Fig. 3. Un-

fortunately, the average JSC of the passivated and unpassivated

cells is similar for all CIGS thicknesses, as seen in Fig. 9(c).

This comparable behavior in JSC for passivated and unpassi-

vated cells can be explained by a too-small improvement in Rb

for only 5 nm of Al2O3 as rear surface passivation layer, as

already shown in Fig. 6.

IV. CONCLUSION AND OUTLOOK

For the first time, the concept of rear surface passivation—

as used in advanced Si cell technologies (PERC/PERL)—is

developed for and shown in industrially viable CIGS solar cells:

5 nm of ALD Al2O3 is used to passivate the CIGS rear surface

and the formation of nanosphere-shaped precipitates in CBD

CdS to generate point contact openings. The same (VOC) be-

havior is shown for rear surface passivated CIGS solar cells

compared with unpassivated reference cells [see Fig. 9(b)] as

for rear surface passivated Si solar cells compared unpassivated

Si cells (see Fig. 3). Thanks to a significant improvement in rear

surface passivation, an obvious increase in VOC is measured,

especially for ever thinner CIGS absorber layers, as this well-

passivated rear surface gets closer to the most active region of

the cells.

However, more reflective rear surface passivation layers need

to be integrated to increase JSC and, hence, efficiency, even fur-

ther. As seen in Fig. 6, 5 nm of ALD Al2O3 increases Rb only

slightly compared with the referential Mo/CIGS rear interface.

Therefore, the focus is now on integrating thicker passivation

layers to combine improved rear surface passivation with en-

hanced optical confinement. For that reason, research is ongoing

to 1) combine Al2O3 rear surface passivation with other point

contact opening approaches (lithography, laser ablation) or 2)

combine the CBD CdS proposed technique to create nanosized

point openings with other CIGS passivation layer candidates.

The final target is—compared with unpassivated state-of-the-art

CIGS solar cells of normal thickness—to develop CIGS cells

having improved rear surface passivation and rear internal re-

flection, leading to a substantial increase in cell efficiency, even

for thinner CIGS absorber layers.
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