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20.3% efficiency, which were independently certified by
Fraunhofer ISE.

The external quantum efficiency (EQE) of these 20.1
and 20.3% efficient CIGS solar cell as depicted in Figure 2
show a very nice flat spectral response between 500
and 900 nm on a high level of approximately 90–95%
(in particular for the 20.1% cell). The comparison with
solar cells from the ipe as described in Reference [3]
shows an improved collection between 750 and 1050 nm. A
qualitative comparison with NREL’s 19.9% cell shows a
slight superiority of our EQE between 550 and 1050 nm.

Our cells show a higher open circuit voltage Voc than the
optical band-gap derived from the EQE would suggest.
This can be attributed to the compositional double-grading
of the CIGS absorber (high Ga content at the front and at
the back; low Ga content region near the front) which we
normally see when employing our CIGS process. This
grading separates the optical from the electrical band-gap.

Apart from this result, it is important to note that
these record cells are not single incidences but part of a
high-efficiency baseline. Figure 3 (baseline data up to
April 2010) shows the development of the baseline
results beyond 19%. A great number of over 180 cells
could reach or exceed an efficiency of 19.0%. The
frequency F of CIGS solar cells with efficiencies h equal
to or greater than the number stated in brackets is as
follows: F(h! 19.0%)¼ 186, F(h! 19.5%)¼ 63, F(h!
19.9%)¼ 13, F(h! 20.0%)¼ 5 and F(h! 20.1%)¼ 4.
These results show a high degree of stability and
reproducibility of the new high-efficiency baseline.

From these results we have analysed the I/V-
characteristics of cells with an efficiency of 20% or
better in more detail as shown in Table I including the
latest 20.3% cell. The diode parameters as the shunt
resistance rp, the series resistance rs, the saturation current
density J0 and the ideality A are extracted from illuminated
I/V-curves. Comparing the average values of the best
five of these cells with the 19.9% cell form NREL
(Voc¼ 690mV, FF¼ 81.2%, Jsc¼ 35.5mA/cm2, J0¼
2.1# 10$12 A/cm2, A¼ 1.14, rs¼ 0.37V cm2), we can
see that our cells have a higher Voc (þ26mV), a lower FF
($3.2%), a higher Jsc (þ0.5mA/cm2), a higher J0 (by one
to two orders of magnitude), a higher A (þ0.27) and a
lower rs ($0.12V cm2). This comparison shows that there
are still several paths to the 20% efficiency level for CIGS
solar cells, which allows us to assume that there is still
room for improvement even on this high performance
level.

These results are supported by Figures 4 and 5, which
show the distribution of A and J0 for 64 CIGS cells with
efficiencies equal to or greater than 19.5%. The average
value for this big set of cells for A is 1.44. Most of the
cells’ J0 values range between 1.4# 10$11 and 1.4#
10$10 A/cm2.

Finally, we have analysed the correlation between the
efficiency of the same set of 64 cells and their average
composition determined by X-ray Fluorescence (XRF).

Figure 1. I/V-curve of independently certified (by Fraunhofer ISE

on 15th of April and 30th of June 2010) newworld record cells of

20.1% (cell area: (0.5028&0.0015) cm2) and 20.3% (cell area:

(0.5015& 0.0063) cm2) efficiency.

Figure 2. External quantum efficiency of the 20.1 and 20.3%

record cells (measured by Fraunhofer ISE) and comparison to ipe

results.

Figure 3. High-efficiency baseline statistics: frequency F of

CIGS solar cells with efficiencies equal to or greater than

19%: F(h! 19.0%)! 186, F(h! 19.5%)¼ 63, F(h! 19.9%)¼
13, F(h!20.0%)¼ 5, and F(h!20.1%)¼ 4.

Prog. Photovolt: Res. Appl. 2011; 19:894–897 ! 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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Pseudobinary Phase Diagram of CIGS 
I-V of Record CIGS Cells from ZSW 

(Certified by Fraunhofer ISE) 
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Interface Layer: 
Cu-depleted ODC (!) 
Higher bandgap (1.6 eV) 
Higher e- density 

Grain Interior: 
Stoichiometric (") 
Lower bandgap (1.1 eV) 
Higher h+ density 
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Open Questions 
 

Depletion or inversion? 
 

Energy level alignment? 
 

Hole/electron barrier? 
 

Space charge region? 
 

How do holes get out? 
 

Nanoscale phase segregation? 
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read from the left axis. Filled symbols indicate Cu ratio
and are read from the right axis. The 19!9% CIGS
exhibits a slightly lower Ga ratio near the surface of the
film than does the comparison piece, suggesting that
some vestige of the In-only termination survives the
high-temperature processing. The Cu ratio for both
films shows reduced values near the surface, typical of
the defect chalcopyrites15 found in high-efficiency
devices.
Figure 5 shows a scanning electron microscope

(SEM) cross section and plan view of a portion of the
CIGS/Mo/SLG film that was not finished into devices.
As expected, the cross section (Figure 5a) shows large

grains extending from the back to the front of the film.
The CIGS is 2!2mm thick via SEM cross-section or by
mechanical profilometer. This thickness is about
0!5mm thinner than previous record devices. As
improved performance in the record device was due to
decreased recombination rather than decreased series
resistance, the thinner absorber layer is not likely an
essential characteristic of the improved device. An
atypical feature of the plan view (Figure 5b) is the
appearance of voids in the CIGS. Other work has
linked voids in CIGS with excess Se,16 thus these voids
may be a product of the fluctuation of the Se rate to
high values (see Figure 1).

CONCLUSIONS

A new record efficiency of 19!9% was demonstrated
for a CIGS solar cell. The device exhibits significantly
lower recombination and higher fill factor than earlier
devices. Slight modifications to the CIGS surface are
believed to be responsible for the improved perform-
ance.
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for the UPS !He I" measurements of the investigated
CIG!S"Se samples is #10 Å, which results in an informa-
tion depth of #2 nm. The information depth of our IPES
measurements is approximately twice that of the UPS tech-
nique. Thus, the Eg values determined by the different spec-
troscopies paint a depth-resolved picture of the band gap
energy in the investigated CIG!S"Se samples.

The findings discussed, in conjunction with Fig. 1, are
summarized schematically in Fig. 2, in which the differently
determined Eg values !optical reflection, left; XES/XAS,
center; UPS/IPES, right" for the investigated CIGSe
!CIGSSe" samples are presented in the upper !lower"
schemes. Note that only the UPS/IPES techniques can derive
the position of the Fermi energy within the band gap. There-
fore, we presented the schemes such that the VBM is at the
same energy. For both, the CIGSe and the CIGSSe sample,
we find an increasing band gap energy with decreasing in-
formation depth, which indicates the formation of a surface
region with significantly higher Eg. The difference in the Eg
values determined by XES/XAS and UPS/IPES, respectively,
is smaller for the CIGSe sample compared to that for the
CIGSSe sample. At first sight, this might be explained by the
slightly larger CIGSSe XES/XAS information depth. A
closer look, however, suggests that this is very unlikely be-
cause of the exponential attenuation function. Thus, we
rather interpret that finding as an indication that the
Eg-widened !i.e., Cu-poor" region is more pronounced for the
CIGSe absorber, which might shed light on the lower-than-
expected performance of wide-gap chalcopyrite thin film so-
lar cells.

In summary, we presented a detailed study that demon-
strates how a combination of various spectroscopic tech-
niques can be used to derive depth-dependent band gap in-
formation for compound semiconductors. We find that the
band gap of Cu!In,Ga"!S,Se"2 thin film solar cell absorbers
varies greatly as a function of depth and that this variation is
dependent on the presence or absence of S at the absorber
surface. This approach is expected to be very useful in de-
termining the electronic structure of real-world thin film sur-
faces from a variety of materials systems for energy conver-
sion devices.
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for the UPS !He I" measurements of the investigated
CIG!S"Se samples is #10 Å, which results in an informa-
tion depth of #2 nm. The information depth of our IPES
measurements is approximately twice that of the UPS tech-
nique. Thus, the Eg values determined by the different spec-
troscopies paint a depth-resolved picture of the band gap
energy in the investigated CIG!S"Se samples.

The findings discussed, in conjunction with Fig. 1, are
summarized schematically in Fig. 2, in which the differently
determined Eg values !optical reflection, left; XES/XAS,
center; UPS/IPES, right" for the investigated CIGSe
!CIGSSe" samples are presented in the upper !lower"
schemes. Note that only the UPS/IPES techniques can derive
the position of the Fermi energy within the band gap. There-
fore, we presented the schemes such that the VBM is at the
same energy. For both, the CIGSe and the CIGSSe sample,
we find an increasing band gap energy with decreasing in-
formation depth, which indicates the formation of a surface
region with significantly higher Eg. The difference in the Eg
values determined by XES/XAS and UPS/IPES, respectively,
is smaller for the CIGSe sample compared to that for the
CIGSSe sample. At first sight, this might be explained by the
slightly larger CIGSSe XES/XAS information depth. A
closer look, however, suggests that this is very unlikely be-
cause of the exponential attenuation function. Thus, we
rather interpret that finding as an indication that the
Eg-widened !i.e., Cu-poor" region is more pronounced for the
CIGSe absorber, which might shed light on the lower-than-
expected performance of wide-gap chalcopyrite thin film so-
lar cells.

In summary, we presented a detailed study that demon-
strates how a combination of various spectroscopic tech-
niques can be used to derive depth-dependent band gap in-
formation for compound semiconductors. We find that the
band gap of Cu!In,Ga"!S,Se"2 thin film solar cell absorbers
varies greatly as a function of depth and that this variation is
dependent on the presence or absence of S at the absorber
surface. This approach is expected to be very useful in de-
termining the electronic structure of real-world thin film sur-
faces from a variety of materials systems for energy conver-
sion devices.
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