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Atomic layer deposited (ALD) Al2O3 films on Cu(In, Ga)Se2 (CIGS) surfaces have
been demonstrated to exhibit excellent surface passivation properties, which is advantageous in reducing recombination losses at the rear metal contact of CIGS thin-film
solar cells. Here, we report, for the first time, experimentally extracted electronic
parameters, i.e. fixed charge density (Qf ) and interface-trap charge density (Dit),
for as-deposited (AD) and post-deposition annealed (PDA) ALD Al2O3 films on
CIGS surfaces using capacitance–voltage (C-V) and conductance-frequency (G-f)
measurements. These results indicate that the AD films exhibit positive fixed charges
Qf (approximately 1012 cm−2), whereas the PDA films exhibit a very high density
of negative fixed charges Qf (approximately 1013 cm−2). The extracted Dit values,
which reflect the extent of chemical passivation, were found to be in a similar range
of order (approximately 1012 cm−2 eV−1) for both AD and PDA samples. The high
density of negative Qf in the bulk of the PDA Al2O3 film exerts a strong Coulomb
repulsive force on the underlying CIGS minority carriers (ns), preventing them to
recombine at the CIGS/Al2O3 interface. Using experimentally extracted Qf and Dit
values, SCAPS simulation results showed that the surface concentration of minority
carriers (ns) in the PDA films was approximately eight-orders of magnitude lower
than in the AD films. The electrical characterization and estimations presented in
this letter construct a comprehensive picture of the interfacial physics involved at the
Al2O3/CIGS interface. C 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4932512]

Most recently, a new world record conversion efficiency of 21.7% has been reported for
thin-film solar cells based on CIGS.1 Current approaches and future priorities within the CIGS
photovoltaic community are focused on passivation concepts to reduce carrier recombination at
interfaces and to enhance cell efficiencies. These approaches involve novel methods to passivate the
front and rear surface of the CIGS absorber by (i) implementing alkali post-deposition treatments
at the front surface,1–3 (ii) passivating the rear surface of the CIGS/Mo interface using ALD Al2O3
films,4,5 and (iii) implementing back surface field-effect passivation using gallium grading schemes
within the CIGS absorber layer.6
In our previous studies,4,5 we reported that Al2O3 rear-surface passivation of ultra-thin CIGS
solar cells can significantly enhance the open-circuit voltage (Voc) due to a reduced rear surface
recombination velocity at the CIGS/Mo interface, ultimately leading to a notable enhancement in
cell efficiency [i.e., by more than 3.5% (abs.)] compared with corresponding unpassivated reference

a R. Kotipalli and B. Vermang contributed equally to this work.
b Electronic mail: raja.kotipalli@uclouvain.be
c Electronic mail: bart.vermang@imec.be

2158-3226/2015/5(10)/107101/6

5, 107101-1

© Author(s) 2015

© 2015 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license. See:
http://creativecommons.org/licenses/by/4.0/ Downloaded to IP: 130.238.171.63 On: Tue, 15 Dec 2015 12:55:44

107101-2

Kotipalli et al.

AIP Advances 5, 107101 (2015)

cells. Additionally, the rear surface recombination rate has been qualitatively addressed in Ref. 7
by means of photoluminescence (PL) measurements, where an elevated PL intensity by one order
of magnitude was seen for passivated CIGS absorbers compared with unpassivated. Such improvements in the cell efficiencies and PL intensity led us to characterize the electronic properties of
the Al2O3/CIGS interface and the dominant passivation mechanism involved. W.W. Hsu et al.8
reported that introducing ALD Al2O3 passivation films on CIGS surfaces could reduce the effective
surface recombination velocity (Seff ) to 14–44 cm/s. Such low Seff values for Al2O3 passivated CIGS
surfaces are attributed to an adequate field-effect passivation in combination with an improved
chemical passivation.
The concept of passivating CIGS surfaces using ALD Al2O3 films is based on previous experience gained from silicon solar cell technologies.9–12 The surface passivation of silicon substrates
using ALD Al2O3 films has drawn intense attention from the silicon photovoltaic community
because of these films’ ability to passivate p- and n-type as well as highly doped p+ silicon surfaces
effectively.9,10 This passivation ability is attributed to a high density of negative Qf (1012–1013 cm−2)
in the Al2O3 bulk (field-effect passivation) in combination with a low interface-trap charge density
Dit (1010–1012 eV−1 cm−2) at the Al2O3/Silicon interface (chemical passivation).9–12 Therefore, in
the case of CIGS surface passivation by ALD Al2O3, experimentally extracting these electronic
properties is important (i) to evaluate the passivation quality, and (ii) to understand the dominant
passivation mechanism involved.
In this study, are for the first time experimentally extracted Qf and Dit values for ALD
Al2O3-passivated CIGS surfaces reported. These values were extracted by characterizing capacitance vs. voltage and frequency (C–V –ω) and conductance vs. frequency and temperature (G–ω–T)
at different voltages on metal–insulator–semiconductor (MIS) structures. The MIS structures consists of a 350 nm thick molybdenum back contact sputtered on a soda-lime glass (SLG) substrate,
followed by a 2 µm thick CIGS absorber layer (with uniform gallium profile) co-evaporated at
510◦C. A 22.5 nm thick Al2O3 film was deposited on the CIGS surfaces in a temporal ALD reactor
at 300◦C using trimethylaluminum and water as precursors. The thickness of the Al2O3 film was
monitored by the growth rate (0.9 Å/cycle). Finally, aluminum front contacts, with a contact area
of 7.8 × 10−3 cm2, were evaporated through a shadow mask. The influence of annealing treatment
on the passivation quality was examined by fabricating two sets of MIS structures: (i) AD Al2O3
films (i.e., non-annealed) on CIGS surfaces and (ii) post-deposition annealed Al2O3 films (at 510◦C
in a selenium (Se) atmosphere) on CIGS surfaces. At this point it is important to note that the
post-deposition annealing treatment performed in our experiments is not a “special anneal” but “a
way to mimic the processing of rear passivated CIGS solar cells”, where the CIGS layer is grown (at
the same temperature and in the same Se atmosphere as the anneal used) on top of the passivation
layer. On the other hand, it also enables us to investigate the effects of annealing treatment on the
electronic properties of Al2O3/CIGS interface.3,4
To quantify and evaluate the electronic properties of the AD and PDA films, a detailed electrical characterization was performed using C–V –G measurements on MIS structures in order to
extract the Qf and Dit values. Fig. 1(a) depicts the C–V characteristics of the AD and PDA films
measured at 10 kHz. In the case of the AD films, a depletion/weak-inversion transition region
occurring at negative applied gate voltages was observed, whereas the transition region occurred
at positive gate voltages for the PDA films. The corresponding flatband voltage (Vfb) positions are
attributed to the polarity and concentration of Qf present in the films.11–14
Fig. 1(b) and 1(c) shows the C–V curves at different frequencies for AD and PDA films. As can
be seen in Fig. 1(b) and 1(c), the C-V curves show strong frequency dispersion effects in the accumulation regime. One possible explanation from the literature that can be put forward to explain
the observed parasitic effects is due to the “oxide, near interface traps and border traps,” residing in the oxide.15–18 These traps communicate with the underlying semiconductor electrons/holes
by tunneling mechanism and the associated time constant depends on the trap distance to the
interface, giving rise to frequency dispersion.15,19 These parasitic effects will alter the measured
capacitance-conductance (C-G) values, which will in turn affect the interpreted Dit up to an order of
magnitude. Therefore, to minimize the influence of these effects on the extracted interface electronic
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FIG. 1. (a) Normalized capacitance–voltage (C–V ) plots at 10 kHz for AD and PDA films, C–V as a function of frequency
for (b) AD and (c) PDA films.

properties, all the measured C-V-G curves were first corrected for parasitic free C-V-G curves using
“dual-frequency five-element circuit model” proposed in Ref. 20.
The effective fixed charge density (Qf ) for both AD and PDA films was estimated from the
flatband voltage (Vfb) of the low frequency C-V curve using the following equation:13

Co x Wms − Vf b
(1)
Qf =
A∗q
where Wms = −0.97 V is the estimated work function difference between metal (Al) and semiconductor (CIGS) for an acceptor concentration of NA = 5 × 1015 cm−3, Cox is the oxide capacitance
per unit area, q is the elementary electric charge and A is the top Al gate area. The extracted Vfb
values as a function of temperature for the AD and PDA films are in the range of −2.1 to −2.7 V and
+3.3 to +3.6 V, resulting in a fixed oxide charge density of +1.6 to +2.5 × 1012 cm−2 and −9.4 to
−11.0 × 1012 cm−2, respectively. These results reveal that the field-effect passivation due to negative
fixed charges is activated only for post-deposition annealed Al2O3 films, and that the extracted
negative fixed charge density Qf is within a range similar to that observed on silicon surfaces.9–12
This indicates that the field-effect passivation quality achieved by the PDA films on CIGS surfaces
is comparable to that achieved by ALD Al2O3 films on silicon surfaces.9–11 Furthermore, due to the
presence of highly negative Qf values in the PDA films, the net concentration of minority carriers
(ns) at the CIGS surface will be reduced, thereby satisfying one of the requirements to reduce the
surface recombination rate (Us) according to the Shockley–Read–Hall formalism.21,22
Another possibility for reducing US is to reduce the interface trap charge density (Dit) at the
Al2O3/CIGS interface, since it reflects the chemical passivation quality at the interface. Reliable
estimations of Dit on the AD and PDA films were performed using normal and full conductance
methods over limited band energies (i.e., near band edge).14,23 Figs. 2(a) and 2(b) shows the
normalized interface-trap parallel conductance over angular frequency (Gp/ω) as a function of the
small-signal ac frequency ( f ) for the AD and PDA films, respectively. The plots of Gp/ω vs. f
were generated for a broad range of temperatures (100-260 K, in steps of 20 K) for depletion
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FIG. 2. Measured Gp/ω as a function of applied AC frequency at different temperatures for the (a) AD films, (b) PDA films
and (c) extracted interface-trap charge density as a function of the bandgap energy.

gate voltages. The Dit values were estimated from the peak maximum of the Gp/ω vs. f plot,
which corresponds to the energy loss at the interface as a consequence of trapping and de-trapping
mechanisms. The relation between Gp(ω) and the trap density Dit is given as:14
G p (ω)
qDit
=
ln[1 + (ωτit)2]
ω
2ωτit

(2)

from which one can deduce:
Dit =

(
)
2.5 G p
A ∗ q ω max

(3)

where (Gp/ω)max is the maximum (Gp(ω)/ω) value and τit is the interface-trap response time constant. The extracted Dit values as a function of temperature for the AD and PDA films are in
the range of (1.4–2.2) × 1012 eV−1 cm−2 and (8.3–11.0) × 1011 eV−1 cm−2, respectively, and the
corresponding Dit as a function of energy bandgap is shown in Fig. 2(c).
Table I represents the range of Qf and Dit values extracted for the AD and PDA films in
the depletion to mid-gap voltage regimes at 300 K on several devices (mapping). These results
indicate an improved chemical passivation for the PDA samples compared with the AD samples.
However, the Dit values obtained for the PDA samples are slightly higher than those obtained
for the ALD Al2O3 films on silicon surfaces.9–12 One possible reason for such low Dit values on
silicon surfaces is the growth of a thin (1–2 nm) SiOx interfacial layer, which improves the chemical
TABLE I. Extracted Q f and D it at 300K for AD and PDA films. The + and − polarities represent positive and negative fixed
charges in the Al2O3 film, respectively.
Sample
AD
PDA

No. of samples

Q f (cm−2)

Dit (eV−1 cm−2)

10
10

+(8.1–33.0) × 1011
−(9.4–20.0) × 1012

(1.2–3.4) × 1012
(8.1–15.0) × 1011
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passivation quality at the Al2O3/c-Si interface.9,12 This leaves sufficient room for further research on
the interface chemistry of Al2O3/CIGS that is beyond the scope of this study.
The passivation quality achieved by the AD and PDA films were further investigated by estimating the minority carrier concentration at the CIGS surface. These estimations were performed
using a one-dimensional numerical solar cell capacitance simulator (SCAPS-1D) model of an
Al/Al2O3/CIGS/Mo structure. In order to maintain the electrical contact in such 1D simulations,
the Al2O3 films were modeled with characteristics similar to the CIGS thin film; these films differ
only with respect to thickness (22.5 nm). The mean values of the experimentally extracted Qf
and Dit range shown in Table I were inputted as bulk (i.e. in the 22.5 nm Al2O3 layer) and interface (i.e. in-between Al2O3/CIGS) charges in the simulator, respectively, where the CIGS baseline
parameters for the simulations were obtained from Ref. 24. The corresponding electron (ns) and
hole (ps) concentrations at the CIGS surface for the AD and PDA samples were simulated under
one-sun illumination conditions (100 mW/cm2, air mass 1.5).
Fig. 3 represents the ns and ps concentration profiles estimated using SCAPS simulations for
the AD and PDA films as a function of distance from the Al2O3/CIGS interface. These estimations
were performed using the films’ corresponding Qf and Dit values. The results suggest that for the
AD films, because of the presence of positive fixed charges (Qf ), an inversion layer of minority
charges (i.e., ns > ps) is formed beneath the Al2O3 film. In contrast, in the PDA films, the high
density of negative Qf in the bulk of the Al2O3 film drives the CIGS surface into accumulation
mode (i.e., ps > ns). Under such accumulation conditions, the valence and conduction bands bend
upwards, resulting in a built-in electric field that hinders the minority carriers (i.e., up hill for
electrons) from recombining at the interface.8 The surface concentration of minority carriers (ns) for
the PDA films is approximately eight orders of magnitude lower than that for the AD films. Indeed
this can reduce the surface recombination rate to a great extent, depending on the magnitude and
ratio of electron-to-hole capture cross- sections (σn/σp) at the Al2O3/CIGS interface, reaching levels
comparable to those obtained on p-type silicon surfaces with ALD Al2O3 passivation.9–12
The electronic properties of the ALD Al2O3/CIGS surfaces and interface have been experimentally extracted for the first time. On the basis of C–V and G- f measurements, the PDA films exhibit
a high density of negative fixed charges in combination with slightly lower interface trap charges
as compared to the AD films. This results in a significant reduction of the surface recombination
velocity at the Al2O3/CIGS interface. Through experimental extractions and numerical simulations,
we confirm that the passivation quality improves considerably from AD to post-annealed films,

FIG. 3. Numerically simulated surface concentration of electrons and holes for the AD and PDA films for a uniform CIGS
acceptor concentration of NA = 5 × 1015 cm−3 under one-sun illumination conditions (100 mW/cm2, air mass 1.5).
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primarily due to the negative fixed charge-induced field-effect passivation over chemical passivation
in post-annealed films. This result indicates that the annealing of the ALD Al2O3 film plays a vital
role in activating the field-effect passivation and in reducing the overall recombination losses at the
interface. As a consequence of the excellent passivation quality of the optimized (annealed) ALD
Al2O3 films, they can be considered as a promising candidate to passivate the CIGS/Mo interface to
substantially enhance the cell performance. We expect our work will not only help to understand the
passivation mechanism involved at ALD Al2O3/CIGS interface, but also to quantify the rear surface
passivation quality of the CIGS solar cells i.e. Mo/Al2O3/CIGS interfaces in a better way.
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