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Abstract

Thin film tandem solar cells provide a promising approach to achieve high efficiencies.
These tandem cells require at least a bottom low bandgap and an upper high bandgap
solar cell. In this contribution, 2 high-performance Cu(In,Ga)Se, cells with bandgaps as
low as 1.04 and 1.07 eV are presented. These cells have shown certified efficiencies
of 15.7% and 16.6% respectively. Measuring these cells under a 780-nm longpass fil-
ter, corresponding to the bandgap of a typical top cell in tandem applications
(1.57 eV), they achieved efficiencies of 7.9% and 8.3%. Admittance measurements
showed no recombination active deep defects. One additional high-performance
CulnSe, thin film solar cell with bandgap of 0.95 eV and efficiency of 14.1% is pre-
sented. All 3 cells have the potential to be integrated as bottom low bandgap cells

in thin film tandem applications achieving efficiencies around 24% stacked with an

KEYWORDS

1 | INTRODUCTION

Currently, there is an increasing demand to provide cheap high-effi-
ciency solar cells that can exceed state-of-the-art single-junction solar
cell technologies. One approach to achieve this is through using tan-
dem solar cells. Tandem or multijunction solar cells have the potential
to achieve efficiencies of more than 30%.%2 Thin film solar cells repre-
sent the second generation of photovoltaic technology providing a
wide range of possible applications and opportunities to further
decrease the cost of solar cells.® Thin film tandem cells thus provide
a promising approach to obtain high efficiencies at low costs. For thin
film tandem cells, different technologies were used focusing on inte-
grating high bandgap solar cells on standard thin film technologies

through 2-terminal,* 3-terminal,®> or 4-terminal junctions.6 Recently,

efficient high bandgap top cell.

admittance steps, deep defects, high-performance solar cells, low bandgap CIGS, quasi-Fermi-level
splitting, tandem applications

an increasing number of absorber materials with the potential to act
as a top higher bandgap cell have been investigated.”*® Perovskites
have demonstrated the ability to achieve high efficiencies,'® and
because of their high bandgap, they have been implemented as top
cells in different tandem configurations using standard bottom
cells.*"*2 On the other side, Cu(ln,Ga)Se, (CIGS) is so far the most
promising technology for thin film solar cells.** Solar cells based on
CIGS absorbers have currently achieved the highest efficiency for
low-cost thin film PV technologies with a record efficiency of
22.9%.2> CIGS has been used in tandem applications by stacking indi-
vidual devices with different bandgap absorbers of CIGS-CdTe,*®
CIGS-dye sensitized,”” CIGS-CGS,'® CIGS-CIGS," and recently
CIGS-perovskite with efficiencies exceeding 20%.2%?* The record tan-

dem solar cell based on CI(G)S as a bottom cell?? reported an
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efficiency of 6.0% for CIGS and 4.8% for CIS under a 16.1% perovskite
upper high bandgap cell (bandgap of 1.57 eV). In this contribution, we
report on the optimization of CIS and CIGS bottom cells, where we
introduce promising high-performance solar cells that have the poten-
tial to be integrated in tandem devices, with efficiencies of 7.4% to
8.3% for the bottom cell measured under a longpass filter correspond-
ing to the bandgap of the reported perovskite solar cell.?> One of
these cells is a ternary CIS compound that has a lower bandgap com-
pared to CIGS and a less complex structure.?® The other 2 cells are
quaternary CIGS compounds with low Ga content leading to bandgaps
of 1.04 and 1.07 eV, which is considerably lower than state-of-the-art
CIGS compounds, with efficiencies as high as 15.7% and 16.6% (both
certified) respectively. Using the reported 16.1% perovskite top cell, 2
our reported cells have the potential of achieving efficiencies of 23.5%
to 24.4% in tandem configuration. We report on the characterization
of the 3 high-performance low bandgap cells.

2 | MATERIAL AND METHODS

Polycrystalline CIS and CIGS absorbers were fabricated on molybde-
num-coated soda lime glass using a 1-stage coevaporation process for
CIS and a 3-stage process for CIGS in a physical vapor deposition tool
at substrate temperatures of 530°C. The absorbers were grown
targeting a [Cu]/([Ga] + [In]) ratio less than 1 (Cu-poor conditions).
Energy-dispersive X-ray spectroscopy (EDX) at an acceleration voltage
of 20 kV is used to estimate the elemental average composition of
the absorbers. The absorbers showed a [Cu]/[In] ratio of 0.88 for CIS
with a bandgap of 0.95 eV, a [Cul/([In] + [Ga]) ratio of 0.94 for CIGS
with a bandgap of 1.04 eV, and 0.91 for CIGS with a bandgap of
1.07 eV. After the absorber growth, the 3 samples were etched in a
5 wt% aqueous solution of potassium cyanide (KCN) for 30 seconds
to remove residual oxides.?* The cells were finished by depositing a
chemical bath deposited thin cadmium sulfide (CdS) buffer layer
followed by sputtering both window layers: a high resistance ZnO and
a biased zinc oxide as a TCO?® before evaporating contacting nickel/alu-
minium grids using electron beam evaporation. The biased zinc oxide is
a highly conductive nominally undoped ZnO, obtained by means of an
additional plasma near the substrate during sputter deposition and is
characterized by its high infrared transparency, which makes it particu-
larly useful for low bandgap cells. Details can be found in.2¢ Magnesium
fluoride (MgF») antireflection coating (ARC) layer was deposited at the
top of the 3 cells using the same electron beam deposition tool. Each
of the 3 substrates is composed of 6 solar cells with areas of approxi-
mately 0.5 cm?, which were defined by mechanical scribing.

Finished solar cells were characterized in current-voltage (IV)
using a class AAA solar simulator and external quantum efficiency
(EQE) using chopped illumination from a halogen/xenon lamp and a
lock-in amplifier to measure the photocurrent. To extract the activa-
tion energy of the dominant recombination channel, current-voltage
characteristics as function of temperature (IVT) were measured in a
temperature range of 320 to 50 K using a closed-cycle helium cryo-
stat. The short-circuit current density (Jsc) previously measured in
the solar simulator (V) under standard test conditions was used to

set the full illumination intensity for the IVT measurements. A

mechanical shutter was used to allow dark and illuminated measure-
ments within the same experiment. Admittance measurements were
performed in the dark, after keeping the sample mounted in the dark at
room temperature for 1 night, with an LCR meter using the same cryo-
stat setup. All characterizations were performed after adding the ARC
layer. For the extraction of the quasi-Fermi-level splitting (gFLS),
photoluminescence (PL) spectra were recorded on CdS-covered
absorbers in a home-built calibrated setup at room temperature under
continuous monochromatic illumination with 660-nm wavelength.2”-2
The spectral and absolute corrected PL spectra are converted into energy
space. In a semilogarithmic plot, the high-energy wing of the PL peak is
fitted linearly and is evaluated by means of the simplified Planck's gen-

eralized law,2’ providing the qFLS as well as the temperature.

3 | PERFORMANCE AND DEFECT ANALYSIS

Current-voltage measurements were performed on the 3 cells: CIS with
a bandgap of 0.95 eV referred to in the text as CIS_0.95, CIGS with a
bandgap of 1.04 eV referred to in the text as CIGS_1.04, and CIGS with
a bandgap of 1.07 eV referred to in the text as CIGS_1.07. The bandgaps
of the 3 cells were determined by linear extrapolation of the long-wave-
length slope in the EQE measurements shown below. Two of the 3 cells
were sent to Fraunhofer-Institut fur Solare Energiesysteme (ISE) for cer-
tification, and their IV characteristics are presented in Figure 1A. Figure 1
A also presents the electrical behavior under light for CIS_0.95 measured
in-house. Table 1 summarizes the electrical parameters extracted for the
best and an average of 6 solar cells for each of the 3 absorbers. Trends
of open-circuit voltage (Voc) deficit and short-circuit current density (Jsc)
as a function of absorber bandgap are shown in Figure 2. All IV measure-
ments were performed after adding an ARC layer.

In Figure 1A, it is observed that Voc increases and Jsc decreases
with increasing bandgap. To better compare the different cells with dif-
ferent bandgaps, the V¢ deficit (Voc.qer) Was calculated for each of the
3 cells from the difference between their bandgap energies (Eg) and
their corresponding Voc as in Equation 1. Furthermore, the electrical
efficiency (ne) was calculated as the ratio between Vo times fill factor
(FF) of each cell to the Shockley-Queisser (SQ)%° limit for Voc times FF
at the corresponding bandgap of each cell as in Equation 2. The optical
efficiency (no,) was calculated as the ratio between the Jsc of each cell
to the SQ limit for Jsc at the corresponding bandgap as in Equation 3%%:

1

Voc.def = 7 Ec-Voc, (1)

Voc* FF
el = —sa.-sq° (2)

VE*FFQ

J
Nop = ‘15%7 (3)
sC

where Voc™® is the SQ limit for Voc with values of 705, 789, and
817 mV, FF*Q is the SQ limit for FF with values of 0.88, 0.88, and
0.89, Jsc>Q is the SQ limit for Jsc with values of 50.9, 46.1, and
44.7 mA/cm? for bandgaps of 0.95, 1.04, and 1.07 eV respectively, cal-
culated with an AM1.5 spectrum.3? Based on the calculated efficiencies
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TABLE 1

well as for CIGS_1.04 and CIGS_1.07 certified by Fraunhofer-ISE
Sample Efficiency (%) FF (%) Voc (mV)
CIS_0.95 (in-house) 14.1 (13.2) 70.6 (68.3) 462 (462)
CIGS_1.04 (in-house) 17.3 (16.1) 77.5 (75.1) 577 (575)
CIGS_1.07 (in-house) 18.3 (17.3) 78.9 (77.9) 621 (617)
CIGS_1.04 (certified) 15.7 76.6 578
CIGS_1.07 (certified) 16.6 76.9 619

IV parameters for the best solar cell for CIS_0.95, CIGS_1.04, and CIGS_1.07, measured in-house under standard test conditions as

Jsc (MA/em?)  Vocaer (MV) e (%) Mop (%) gFLS (meV)
432 (41.8) 488 53 85 494

38.7 (37.3) 463 64 84 633

37.3 (36.0) 449 66 83 674

354 462 64 77 -

34.9 451 66 78 -

Values in brackets represent the average of 6 solar cells on each sample. The Voc deficit and electrical and optical efficiency are calculated as reported.3?
The last column displays the quasi-Fermi-level splitting of the absorbers covered with CdS at 1-sun equivalent illumination

550 L] T L) ﬂ{-\ 45 L) L} L)
— 500 \m ;Ea ®)
> L \ { =< 40} -
g 450} 1 E
= 400F 1 E’ 35} .
o L E
!'5 5l ! | g; b Ise 3
E 300: 153 —e—J . @ 780 nm
S0 250f ————4 A 25t -
E bV, deficit 1 E
S 200F v, deficit@780nm] S sl ]
> 150 f—aFLS deficit ] &
b V52 deficit 1 =
100 M i I U ]5 i i A
0,95 1.00 1.05 095 1.00 1.05
Bandgap Energy (Eg) Bandgap Energy (E)

FIGURE 2 A, Voc deficit, Voc deficit with a longpass filter at a
wavelength of 780 nm, Voc>? deficit, and qFLS deficit. B, Jsc and
Jsc with a longpass filter at a wavelength of 780 nm as function of
bandgap energy (Eg) for CIS_0.95 (in-house), CIGS_1.04 (certified), and
CIGS_1.07 (certified) [Colour figure can be viewed at
wileyonlinelibrary.com]

summarized in Table 1, it can be concluded that the cells lose more in
recombination than in incomplete absorption (N < 1,y,). Moreover, the
Voc deficit decreases and electrical efficiency increases with the addition
of Ga as presented inTable 1 and shown in Figure 2A, indicating reduced
recombination. It is likely that the main effect of Ga addition is a gradient
with increasing band gap toward the back contact, as usually observed in
Cu(In,Ga)Se; cells prepared by the 3-stage process, and which prevents
back contact recombination.®® The Voc®Q deficit is also plotted in
Figure 2A, which corresponds to the difference between the bandgap
and the SQ Vo limit with values of 245, 251, and 253 mV for bandgaps
of 0.95, 1.04, and 1.07 eV respectively. To verify whether the improved

recombination properties with Ga are intrinsic to the absorber, or occur

when processing the finished solar cell, we determine the gFLS of the
different absorbers covered only with CdS. The gFLS at the equivalent
illumination of 1 sun is obtained from calibrated PL measurements at
room temperature, and has values of 494, 633, and 674 meV for the 3
cells respectively. The difference between the gFLS and the SQ limit
VocoQ is reduced from 211 to 156 to 143 meV (difference between
VocS® and Voc = 243, 212, and 196 mV) with the addition of Ga, but
it is still quite high. Moreover, the difference between the bandgap
and the gFLS for the 3 cells referred to as the gFLS deficit is reduced sig-
nificantly from 456 to 317 to 276 meV with the addition of Ga as pre-
sented in Figure 2A. Accordingly, the better electronic performance of
the Ga containing solar cells is indeed at least partially linked to a better
electronic quality of the absorber itself, but further optimization of the
buffer/window stack still promises further efficiency potential.

The electrical parameters of the 2 certified cells are also presented
in Table 1. Table 1 indicates an excellent match between the certified
samples and the in-house measured ones in Voc and FF. However,
the Jsc measured in-house is overestimated as it is measured without
spectral correction. The certified Jsc for CIGS_1.04 has a value of
35.4 mA/cm? leading to an efficiency of 15.7%. For CIGS_1.07, a certi-
fied Jsc of 34.9 mA/cm? leads to an efficiency of 16.6%. The certified
values prove the high performance of the fabricated cells, showing effi-
ciencies around 16% for bandgaps as low as 1.04 eV. Moreover, the FF
increases for CIGS_1.04 and CIGS_1.07 compared to CIS_0.95.

Targeting tandem applications, a longpass filter of 780 nm
(1.59 eV photon energy) was used, corresponding to the bandgap
(1.57 eV) of a perovskite top cell in a state-of-the-art thin film tandem
solar cell reported.?? The IV characteristics measured under this filter
for the 3 low bandgap cells are presented in Figure 1B. The filter acts
in place of the upper high bandgap cell in tandem applications. The

measured Jsc under the longpass filter was then divided by a factor


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

ELANZEERY ET AL.

TABLE 2
CIGS_1.04, and CIGS_1.07, measured in-house under a longpass
optical filter of a wavelength of 780 nm

IV parameters for the best solar cell for CIS_0.95,

Sample with an Optical  Efficiency FF Voc

Filter of 780 nm (%) (%) (mV)  Jsc (mA/cm?)
CIS_0.95 74 71.0 438 239
CIGS_1.04 7.9 770 554 185
CIGS_1.07 8.3 780 596  17.9

corresponding to the ratio between the measured Jsc under standard
conditions and the certified one to correct for the spectral mismatch in
our in-house setup. The IV parameters for the 3 cells are presented in
Table 2. The 3 cells achieved efficiencies of 7.4% to 8.3%, more than
the CI(G)S cells (4.8%-6%) reported as bottom low bandgap cells in
the 22.1% record perovskite/CIGS devices.?? Our cells also show
comparable bandgaps and promising potentials of efficiencies up to
24.4% for tandem applications. Figure 2 summarizes the Voc deficit
measured with full spectrum, Voc deficit measured with the optical fil-
ter at a wavelength of 780 nm, VocQ deficit, and qFLS deficit
(Figure 2A), as well as Jsc measured with full spectrum and with the
same optical filter (Figure 2B), as function of bandgap energy.
Reflection measurements were performed for each of 3 low
bandgap solar cells. Based on the reflection measurements, a tailored
MgF, ARC layer was deposited for each cell separately. The thickness
of the ARC layer corresponds to the wavelength of the highest reflec-
tion maxima from reflection measurements.>* Figure 3 represents the
certified EQE spectra for CIGS_1.04 and CIGS_1.07 measured at
Fraunhofer-ISE Labs as well as for CIS_0.95 measured in-house after
adding the ARC layer for the 3 cells. The certified EQE measurements
are in an excellent agreement with the ones measured in-house (not
shown here). High EQE values very close to 100% were achieved for
the targeted wavelength region. The QE in the short wavelength
region for CIGS_1.04 and CIGS_1.07 is lower than that of CIS_0.95
because of a thicker CdS layer that has been deposited for longer
durations for these 2 cells. CIS_0.95 retains a high EQE up to long
wavelengths because a biased ZnO layer was used as transparent con-

ductive oxide (TCO), which has a high transparency in this spectral

-~ 100
S~
-
> 80F -
2
g
‘5 60F -
=
] .
=
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s 20} [—OGS_ 107 i
g — CIGS_1.04;
—CIS_0.95 !
=N Vi L i A

400 600 800 1000 1200 1400
Wavelength (nm)

FIGURE 3 EQE measurements for CIS_0.95 measured in-house
under standard test conditions, CIGS_1.04 and CIGS_1.07 measured
at Fraunhofer-ISE Labs. All measurements were performed after
adding an ARC layer. The short dashed line represents the 780-nm
wavelength corresponding to the bandgap of the state-of-the-art top
cell?? [Colour figure can be viewed at wileyonlinelibrary.com]
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CIGS_1.04]
CIGS_1.07]
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FIGURE 4 Temperature dependence of the open circuit voltage for
CIS_0.95 (black), CIGS_1.04 (red), and CIGS_1.07 (blue). A linear fit
at high temperatures (short dotted line) is used to extract the
activation energy at O K. The short dashed line represents the bandgap
energy for CIS_0.95 (black), CIGS_1.04 (red), and CIGS_1.07 (blue)
[Colour figure can be viewed at wileyonlinelibrary.com]

region because of low free-carrier absorption.?> IVT measurements
between 320 to 50 K were performed under light conditions for the
3 cells to identify the dominant recombination path in these cells.
The activation energy given by the open-circuit voltage extrapolated
to 0 K is comparable to the bandgap for each cell as shown in
Figure 4, indicating that the dominant recombination path is in the
bulk of these absorbers.®® The extrapolated activation energies at
0 K show slightly higher values compared to the bandgap extracted
from EQE because of an expected 75 meV additional activation
energy accounting for the temperature-dependent thermal velocity
and effective density of states indicated in®¢ and reported in®” as well.
To identify the defects present in these cells, admittance measure-
ments at O V bias voltage were performed in the dark after keeping
the samples in the dark at room temperature overnight.

Figure 5A to C shows the temperature-dependent capacitance
spectra for CIS_0.95, CIGS_1.04, and CIGS_1.07 respectively. From
these figures, it can be deduced that there are 3 capacitance features
for each cell, which are marked in Figure 5A. At high temperatures (step
1), we observe a broad capacitance dispersion, which might be related
to tail states or in-homogeneities.*® Alternatively, such a dispersion
might indicate the presence of a broad defect-related capacitance step
at frequencies well below our measurement range. In that case, the
low inflection frequency well below 100 Hz, and correspondingly long
characteristic lifetime, suggests only a weak recombination activity even
at room temperature. At the lowest temperatures (step 3), we observe a
mobility or carrier freeze-out (with an activation energy of 50-60 meV
for the 3 cells), because the capacitance drops to the geometrical capac-
itance of the absorber of approximately 5 nF/cm?.

If significant recombination-active deep defects were present
within the absorber, these defects would need to correspond to step
2 at intermediate temperatures. The inflection frequencies of the capac-

itance spectrum corresponding to step 2, scaled by T~2,*?

are plotted in
an Arrhenius plot presented in Figure 5D to F. From the slope of the
Arrhenius plot, the activation energy of the midtemperature admittance
step (step 2) was deduced. The activation energy for CIGS_1.04 is
around 115 meV and CIGS_1.07 is close to 90 meV. For CIS_0.95, a

double step could be observed with activation energies of 40 and
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FIGURE 5 Temperature-dependent capacitance spectra for (A) CIS_0.95, (B) CIGS_1.04, and (C) CIGS_1.07, and corresponding Arrhenius plots
for (D) CIS_0.95, (E) CIGS_1.04, and (F) CIGS_1.07 [Colour figure can be viewed at wileyonlinelibrary.com]

135 meV. To confirm whether this capacitance step is indeed related to
a defect signature or a barrier, the extracted activation energies were
compared to the temperature dependences of series resistance and
dark diode current from IVT measurements.**41

The series resistance is virtually constant with respect to temper-
ature and thus cannot explain the second capacitance step. The for-
ward-bias dark current densities were found to follow a simple diode
model without signatures for interface barriers for all 3 devices. This
indicates that the main admittance step is not related to a barrier*!
but to shallow defects. Based on the activation energies of step 2, it
can be observed that the activation energy of the main capacitance
step decreases from 135 to 115 to 90 meV with the addition of Ga.
This energy is in the range of the energies of 3 shallow acceptors
observed by PL.*2** Accordingly, we attribute the second capacitance
step to shallow dopant defects and find that the capacitance spectra
of all 3 devices do not show any obvious signatures of efficient recom-
bination active deep defects.

4 | CONCLUSION

Two CIGS high-performance solar cells with bandgaps as low as 1.04
and 1.07 eV were presented. These CIGS solar cells have Voc of
578 and 619 mV, FF of 76.6 and 76.9% with Jsc of 35.4 and
34.9 mA/cm?, leading to certified efficiencies of 15.7% and 16.6%
for bandgaps of 1.04 and 1.07 respectively. These cells are promising
candidates for the bottom cell in tandem applications. Recently, a sim-
ilar result of 16.1% efficiency (in-house measurements) was presented
with a band gap of 1.0 eV.®” Our certified 16.6% efficiency is at the
moment the best low bandgap cell reported. Using a longpass filter
of 780 nm (corresponding to a bandgap of 1.59 eV for a high bandgap
top cell), these CIGS cells achieve efficiencies of 7.9% and 8.3%
respectively. No deep recombination active defects can be revealed
from admittance measurements. One more high-performance solar
cell with an even lower band gap was also presented. A CIS cell with
a bandgap of 0.95 eV and an efficiency of 14.1%. The 3 cells have
the potential to achieve high efficiencies (23.5%-24.4%) in combina-
tion with an efficient high bandgap top cell.??
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