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ABSTRACT

The efficiency of current kesterite CuaZnSn(Sx,Sei1-x)4 (CZTSSe) thin-film solar cells is limited by
the large open-circuit voltage (Vo) deficit, which is associated with band tailing in CZTSSe.
Herein, we report a facile process, i.e., controlling the initial chamber pressure during the post-
deposition annealing, to effectively lower the band tail states in the synthesized CZTSSe thin films.
Through a detailed analysis of the external quantum efficiency derivative (dEQE/d)L) and low
temperature photoluminescence (LTPL) data, we find that the band tail states are significantly
influenced by the initial annealing pressure. After carefully optimizing the deposition processes
and device design, we are able to synthesize kesterite CZTSSe thin films with energy differences
between inflection of dEQE/dA and LTPL as small as 10 meV. These kesterite CZTSSe thin films
enable the fabrication of solar cells with a champion efficiency of 11.8% with a low V. deficit of
582 mV. The results suggest that controlling annealing process is an effective approach to reduce

the band tail in kesterite CZTSSe thin films.

Metal chalcogenide thin film solar cells (TFSCs) hold a great potential for producing clean
and affordable solar electricity because they offer exceptional opportunities for low cost
manufacturing of high performance photovoltaic (PV) modules.'¢ In particular, Cu(In,Ga)Se>
(CIGS) and CdTe TFSCs have already achieved high power conversion efficiencies (PCEs) over
22% and have shown steady growth in the renewable energy market.!>7 In spite of the outstanding
performances, the widespread deployment of CIGS and CdTe TFSCs is hindered by the inclusion
of rare (e.g., In, Ga, and Te) and environmentally unfriendly (e.g., Cd) elements in the absorber

materials.®® The recently emerging kesterite-based absorber materials, such as Cu2ZnSnS4 (CZTS),



CuzZnSnSes (CZTSe), and CuaZnSn(Sx,Sei1x)4 (CZTSSe), have attracted significant attention due
to their low toxicity and earth-abundant elemental constitutions, direct and tunable bandgaps from
1.0 to 1.5 eV, high absorption coefficients of 10* cm™, and high theoretical efficiencies of up to
30%.% %13 The record PCE of CZTSSe-based TFSCs has been steadily increased to 12.6% in

20142, but the progress has stalled in recent years.

Despite their similarities, CZTSSe TFSCs significantly underperform their sister
technology CIGS TFSCs.” One of the main reason limiting the performance of CZTSSe is the large
open-circuit voltage (Voc)-deficit, defined as Eo/q-Voc, where Eg is bandgap energy of the kesterite
absorber and ¢ is the electron charge.'*!® The V. deficit of the champion CZTSSe TFSCs (617
mV)? is significantly larger than that of their CIGS counterparts (310 mV).” Many studies attribute
this deficit to band tailing caused by the cationic disordering.'* '!® The natural complexity of the
quaternary compounds increases the likelihood of formation of various defects, especially the anti-
site defect complexes, which are believed to be the primary cause for the band tailing because of
their low defect formation energies.'* '° These defects are likely formed during the high
temperature sulfurization (or selenization) process which promotes a random distribution of
cations in the crystal lattice, leading to the cationic disordering.?’ To reduce the Voc-deficits of
CZTSSe based TFSCs, recent efforts have focused on identification and control of band tail states
in kesterite CZTSSe (see details in Table S1).% 10 12 15.17. 2134 Among various approach, one
prospective pathway to mitigate band tailing is to develop a better control of the CZTSSe
synthesized process conditions, most importantly, the post-deposition annealing conditions to

suppress or remove cation site disorder and associated band tailing.

In this letter, we examine the interplay between the post-deposition annealing conditions

and the band tailing in the CZTSSe films by a systematic investigation of the dependence of



CZTSSe thin film properties on annealing pressures and a detailed comparison of the energy
difference between the inflection of external quantum efficiency derivative (dEQE)/d\) and low
temperature photoluminescence (LTPL) for the corresponding CZTSSe TFSCs. We show that
band tail states in CZTSSe can be manipulated through a facile control of the initial chamber
pressure during the annealing process. With careful optimization of all component layers, we
achieve the champion CZTSSe TFSCs with a certificated PCE of 11.8%, a low V. deficit of 582
mV, and the smallest value of energy difference between dEQE/dA and LTPL (10 meV) measured

under an AM 1.5G illumination.

Our CZTSSe thin films are obtained by annealing sputtered and soft-annealed Zn/Sn/Cu metallic
precursors under a mixed S and Se vapor atmosphere as shown in Figure S1. Briefly, (i) a metallic precursor
with stacking order of Cu/Sn/Zn was deposited on Mo coated soda lime glass (SLG) substrates at 0 °C by
sputtering; (ii) the metallic precursor was annealed at 300 °C for 60 min under Ar atmosphere (i.e., "soft-
annealing process’) to obtain Cu-Zn and Cu-Sn alloys with smooth morphologies; (iii) the soft-annealed
precursor and chalcogen powders were placed in a graphite box (with a volume of ~ 406 c¢m?) in a rapid
thermal annealing (RTA) chamber; (iv) the chamber was evacuated to a base pressure of 1.0 x 10 Torr and
then the initial pressure was controlled at 400, 500, 600, and 700 Torr through controlling the amount of Ar
gas added to the chamber; (v) the chamber was heated up at a ramp rate of 10 °C/s to 520 °C and held
isothermal for 10 min; (vi) the annealed film was naturally cooled for 1 hour. The detailed pressure and
temperature profiles during the annealing process are shown in Figure S2 and S3. Experimental details are
provided in the Supporting Information.

We first investigate the impacts of initial chamber pressure on the formation of kesterite CZTSSe
by characterizing the structural, morphological, and compositional properties of CZTSSe films annealed
under differnet pressures. Figure 1a shows X-ray diffraction (XRD) patterns of CZTSSe thin films annealed

under different initial chamber pressures. All CZTSSe films show similar XRD patterns of three intense



diffraction peaks near 27.3°, 45.2°, and 53.7°, corresponding to the (112), (220), and (312) planes, along
with three minor peaks (17.5 °, 36.4 " and 66.0 °) of the CZTSe kesterite structure. The peaks belonging to

the CZTS kesterite phase also presents in the vicinity of the CZTSe peaks with higher diffraction angles
due to smaller ionic radius of S (0.184 nm) than Se*” (0.198 nm).> However, it is known that distinguishing
the kesterite CZTS phase by analyzing XRD patterns from secondary phases, such as tetragonal or cubic
CuxSnS; (CTS) and cubic ZnS is difficult because their lattice constants are nearly identical. One promising
solution for phase classification in CZTSSe thin films is Raman spectroscopy measurements with different
excitation laser sources because Zn(S,Se) and Cu,Sn(S,Se)s phases can be distinguished using 325 and 633
nm excitation laser sources, respectively (Figure S4).> From three Raman spectra using different excitation
laser sources, no other phases are identified, indicating the formation of phase pure CZTSSe kesterite under

all annealing conditions.
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Figure 1. (a) X-ray diffraction patterns and (b) Raman spectra using 514 nm exitation laser source
of CZTSSe thin films annealed under different initial chamber pressures. Red and blue dash lines in (a) and
(b) indicate peaks for Cu,ZnSnSe4 and Cu,ZnSnSy, respectively. Surface- and cross-sectional SEM images
of CZTSSe thin films annealed under the initial chamber pressure of (c, g) 400, (d, h) 500, (e, i) 600, and

(f,j) 700 Torr, respectively.

Figure 1c-f shows surface scanning electron microscopy (SEM) images of CZTSSe films annealed
under different pressures. All the films show smooth and dense morphology with grain size ranging from
0.5 to 1.5 um. There is no significant difference regardless of initial chamber pressure. The cross-sectional
SEM images (Figure 1g-j) reveal simililar bi-layered microstructures in all the films, consisting of more
compact submicron sized grains on the top and smaller sized grains accompanied with voids at the bottom
region. In particular, the thickness of the top layer increases with increasing annealing pressure.
Additionally, the formation of interfacial Mo(S,Se), layer between CZTSSe and Mo back contact is not
observed, indicating a negligible thickness of less than 20 nm which is undetectable by SEM. Transmission
electron microscopy (TEM) image (Figure S5) confirms that the interface between CZTSSe and Mo back
contact layer is less than 20 nm. The Se/(S+Se) ratios for CZTSSe thin films as a function of initial chamber
pressure measured using X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry
(ICP-MS) characterizations as well as predicted from XRD and Raman spectra are shown in Table S2. The
results show that Se/(S+Se) ratio in the film is strongly dependent on the initial chamber pressure. The
measured and predicted Se/(S+Se) ratio slightly increases from 0.89 to 0.92~0.94 with increasing initial
chamber pressure, likely due to the different equilibrium partial pressures of S and Se gases during the
annealing process. The results suggest that S becomes more reactive with increasing initial chamber

pressure.



0.46 046 . 38 38
~ (a) “g (b)
= u] < A
Spoodad - __ E —————————————————— Lodd L 364 --cccoo AR 36
= E A
z -2 N ~ A
Y TR B e e e e e e e e e e e Lo42 "B 344 R------ S S S S S - a4
-] H s é
b | =
'S 5 = E - A
DA e e e | St A e L32
= =
=] =
@)
0381l — ' v —L o038 30d— . . —L30
400 500 600 700 400 500 600 700
Annealing pressure (Torr) Annealing pressure (Torr)
10 10
[(©) (d)
=== m e e e e e — . ——————— - 60 v
_ S o] :
Py @ o) =
s < Y
TR [ S Ty apEpRp—— L 50 >
= 8 5 A\
° I T Y G e 6
= Q 8 k> -
=9 8 o v
= 0. 1o E
= o Q S S S St 4
O
30 T L T T 30 2 T T T T 2
400 500 600 700 400 500 600 200

Annealing pressure (Torr) Annealing pressure (Torr)

Figure 2. Device performance parameters of the CZTSSe TFSCs annealed under different initial chamber pressures,

including (a) Vo, (b) Js, (¢) FF, and (d) 1, measured under simulated AM 1.5G illumination. Each data set was

obtained from 6 solar cells. Blue symbols show average values.

To further investigate the influence of annealing pressure on solar cell performance, we fabricated
TFSCs using CZTSSe films annealed under different initial chamber pressures. Figure 2 shows the
distribution of PV performance parameters of these devices, and the representative current-voltage (J-V)
curves are shown in Figure S6a. The average and best performances of CZTSSe TFSCs increase when
initial chamber pressure is increased from 400 to 500 Torr and then decrease when the pressure is further
increased. Interestingly, the initial chamber pressure has larger impacts on V. and FF than on Js. (See Table
S3 for details). The smallest V.-deficit of 609 mV is achieved in CZTSSe TFSCs annealed under an initial

chamber pressure of 500 Torr, while other devices show the V.-deficit values of over 670 mV.



To understand the relationship between V.-deficit caused by band tail states and performance of
CZTSSe TFSCs as a function of initial chamber pressure, we compare the energy differences between the
effective bandgap measured from the inflection of EQE, i.c., the peak in dEQE/dA, and the bandgap
measured from LTPL spectra (Figure 3). For all the CZTSSe samples, LTPL peaks are shifted to lower
energies relative to the bandgaps determined by the EQE spectra. The energy differences determined from
the dEQE/d)\ and LTPL data are 110, 27, 38, and 42 meV for the device with CZTSSe films annealed under
the initial pressure of 400, 500, 600, and 700 Torr, respectively, showing the trend consistent with the
variation of PV performance, especially the Voc in CZTSSe TFSCs (Figure 2a). The large energy difference
between bandgaps measured from dEQE/dA and LTPL is mainly attributed to antisite defect complexes in
the CZTSSe layers, such as V¢, + Snz, and Cuzq+Snz,, which introduce nonradiative recombination centers
or band tailing.> !% 26 32 Additionally, notable differences are observed in the subbandgap absorption of
these CZTSSe films, determined by the EQE data followed a reported method (Figure S7).'* The 500 Torr
sample exhibits the lowest subbandgap absorption coefficient, indicating the lowest band tail state density
among the samples. The combined results suggest that precise control of the initial chamber pressure can

effectively reduce the band tailing in the CZTSSe films and enhance device performance of CZTSSe TFSCs.

The underlying mechanisms for lower band tail states at higher initial chamber pressures are yet to be
determined. Some possible hypotheses include (i) the high external pressure may reduce Sn loss and,
consequently, reduce Sn-related antisite defects such as Vs, and Znsy; (i1) the high initial chamber pressure
may enhance the Se contents near surface region, leading to less anitsite defect density than that with a
lower Se content. We are undergoing investigations on different experimental conditions, such as
substitution of Ag at Cu site, metal stacking order of the precursor, soft-annealing process (i.e., holding
time, temperature, and atmosphere), and sulfo-selenization process (i.e., hold time, step annealing process,
temperature, and etc.) for CZTSSe thin films, by using various characterization techniques to clearly explain

the relationship between the initial chamber pressure and the reduced band tails.
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Figure 3. EQE (black), LTPL (blue), and dEQE/dA (red circles) spectra of CZTSSe TFSCs
annealed under the initial chamber pressure of (a) 400, (b) 500, (c) 600, and (d) 700 Torr.
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The aforementioned results motivate us to further optimize the fabrication processes of TFSCs based
on CZTSSe films annealed under the initial pressure of 500 Torr. The optimization processes include (i)
reducing CdS layer thickness, (ii) introducing a MgF, anti-reflection layer, and (iii) fine tuning
compositional ratio of CZTSSe, as shown in Figure S8. Figure 4 shows (a) J-V and (b) EQE curves of the
champion CZTSSe device with a PCE of 11.8%, a Vo of 485 mV, a J of 37.50 mA/cm?, and a FF of
64.91%, measured under an AM 1.5G illumination. The result was certified by Korea Institute of Energy
Research (KIER), as shown in Figure S9. The EQE spectrum of this device shows nearly 95% in the visible
region and then decreases in the longer wavelength region, as shown in Figure 4b. Importantly, the V-
deficit of this champion device (~582 mV), with a 10 meV energy difference between the bandgaps

measured from dEQE/d\ and LTPL, is among the smallest values for kesterite TFSCs reported in literature.
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Figure 4. (a) J-V curve and (b) EQE (black), LTPL (blue), and dEQE/dA (red circles) spectra of
the champion CZTSSe TFSC.

Though our CZTSSe TFSC shows the smallest value of V-deficit and the smallest band tailing
measured from dEQE/dA and LTPL (10 meV), the device efficiency is still lower than the current world-
record CZTSSe TFSC prepared by a hydrazine based on solution process reported by Mitzi et al. at IBM.*
3 The comparison of our device and the world-record efficiency device is summarized in Table S3. The
device parameters are calculated based single diode equations (Equation S1 and S2) using the J-V curves,
and the calculated graphs are shown in the Figure S10. It is seen that our champion device shows a lower
FF, which may be due to the higher recombination velocity at the CZTSSe/Mo interface. As shown in
Figure 1, our CZTSSe thin films contain rather small grains and voids near the CZTSSe/Mo interface.
Consequently, a large density of grain boundaries increases nonradiative recombination. As a result, our
champion device shows a higher ideality of 1.75 and a higher dark of 2.5 x 10° mA/cm? than that of the
IBM device (1.45 and 7.0 x 10® mA/cm?, respectively). Interestingly, however, the V.-deficit of our
CZTSSe TFSC (582 mV) is smaller than that of IBM device (617 mV). This discrepancy can be attributed

to the lower bandgap of the present CZTSSe TFSC.

In conclusion, we have studied the impacts of the initial chamber pressure during annealing process
on band tailing in CZTSSe thin films and corresponding solar performance. The morphology and crystal

structure of CZTSSe thin films were not significantly changed regardless of initial chamber pressure,
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however, the device performance of CZTSSe TFSCs was strongly dependent on initial chamber pressure.
In particular, the analysis on the dEQE/dA and LTPL data revealed that band tail defect densities in CZTSSe
films can be controlled by the initial annealing pressure. Using this strategy, we demonstrated the best
CZTSSe TFSC with a PCE of 11.8% with a record low V-deficit of 582 mV, and a small energy difference
of 10 meV between bandgaps measured from dEQE/d\ and LTPL. This facile process could provide an

effective approach for large scale manufacturing of CZTSSe TFSCs.

EXPERIMENTAL METHODS

The Cu-Sn-Zn stacked metallic precursor thin films were deposited on Mo coated soda lime glass
substrates using DC sputtering technique at 0 °C. The precursor thin films were annealed under Ar
atmosphere to form the Cu-Zn and Cu-Sn alloys at 300 °C for 60 min. To synthesize the CZTSSe
thin films, the chalcogenide powders such as S and Se and precursor thin films were placed in a
graphite box in a closed isothermal chamber system and heated to 520 °C for 10 min. The annealing
chamber including precursor thin film, chalcogenide powder in the graphite box was evacuated to
a base pressure of 5.0 x 107 Torr, and then the initial pressures were controlled as 400, 500, 600,
and 700 Torr through adjusting Ar gas flow to the chamber. The TFSCs were fabricated with a
multi-layered structure of MgF2/Al/Al-N1/AZO/i-ZnO/CdS/CZTSSe/Mo/Glass. The detailed

experimental conditions and characterizations are given in the Supporting Information.

ASSOCIATED CONTENT

Temperature and pressure profiles during whole annealing process, preparation of CZTSSe films
and fabrication processes of Al/Al-Ni/AZO/i-ZnO/CdS/CZTSSe/Mo/Glass structured solar cells,

Raman spectra using different exitation laser sources, TEM image at interface between CZTSSe
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