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ABSTRACT: Combinations of sub 1 μm absorber films with high-work-function back surface contact layers are expected to
induce large enough internal fields to overcome adverse effects of bulk defects on thin-film photovoltaic performance, particularly
in earth-abundant kesterites. However, there are numerous experimental challenges involving back surface engineering, which
includes exfoliation, thinning, and contact layer optimization. In the present study, a unique combination of nanocharacterization
tools, including nano-Auger, Kelvin probe force microscopy (KPFM), and cryogenic focused ion beam measurements, are
employed to gauge the possibility of surface potential modification in the absorber back surface via direct deposition of high-
work-function metal oxides on exfoliated surfaces. Nano-Auger measurements showed large compositional nonuniformities on
the exfoliated surfaces, which can be minimized by a brief bromine−methanol etching step. Cross-sectional nano-Auger and
KPFM measurements on Au/MoO3/Cu2ZnSn(S,Se)4 (CZTSSe) showed an upward band bending as large as 400 meV within
the CZTSSe layer, consistent with the high work function of MoO3, despite Au incorporation into the oxide layer. Density
functional theory simulations of the atomic structure for bulk amorphous MoO3 demonstrated the presence of large voids within
MoO3 enabling Au in-diffusion. With a less diffusive metal electrode such as Pt or Pd, upward band bending beyond this level is
expected to be achieved.
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■ INTRODUCTION

While photovoltaics (PV) is one of the leading technologies for
generation of renewable energy, it only contributes to ∼1% of
global electricity production.1 For PV to be a major source of
electricity, lower cost per watt of generated power, particularly
through reduction in the module production cost, is essential.2

This cost reduction goal has stimulated development of thin-
film PV technologies that employ thin layers (thickness <5 μm)
of direct-band-gap absorbers compatible with large-area
monolithic integration.3,4 The two leading thin-film PV
technologies based on Cu(In,Ga)Se2 (CIGSe) and CdTe
absorbers have achieved cell efficiencies as high as 22%.5,6

However, their dependence on relatively scarce (i.e., In, Ga, and
Te) or toxic (i.e., Cd) elements could impose potential

limitations on the sustainable large-scale deployment of these
technologies.4,7

Kesterite Cu2ZnSn(S,Se)4 (CZTSSe) absorbers are the most
promising nontoxic and earth-abundant alternatives to CIGSe
and CdTe. However, the CZTSSe record efficiency is about
12.6%; there is an almost 10% gap in efficiency between
CZTSSe and CIGSe.8 This performance gap has been mainly
attributed to the large density of bulk defects in CZTSSe,
particularly Cu−Zn antisite defects.9−16 One potential
approach to overcome the large bulk defect density is to use
thinner absorbers in combination with high-work-function
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contact materials to increase the internal electric field (Figure
1a).17,18 Although application of high-work-function back
contact layers such as MoOx to thick CIGSe and CdTe devices
have led to improvements in performance by reducing the
interface barrier, due to the larger density of bulk defects in
CZTSSe, significant improvements in performance can only be
expected in combination with films thinner than 1.5 μm.19,20

Therefore, as shown in Figure 1b, only for sub 1 μm films with
highly reflective large-work-function contacts power conversion
efficiencies beyond 15% are expected.
Sub 1 μm films can be grown directly onto high-work-

function buffers, or thicker films can be exfoliated and thinned
followed by buffer deposition.21,22 While high-work-function
materials such as MoO3,

23 WO3,
24 etc. could be directly

deposited by physical vapor deposition on various surfaces,
their limited chemical and thermal stabilities necessitate major
modifications to the film growth conditions to ensure their
successful integration into the film growth processes.25,26

Therefore, exfoliation of thick films, followed by etching and
contact deposition, could be a more practical alternative in
realizing thin devices combined with high-work-function
contact layers. While exfoliation processes have not been
extensively discussed for CZTSSe/Mo/glass stacks, mechanical
exfoliation has been previously achieved for CIGSe utilizing
CIGSe/MoSe2 interfaces, which is attributed to the weak van
der Waals forces between MoSe2 layers.27,28 Although
exfoliations of CIGSe films were mostly performed with the
purpose of transferring high-quality devices onto flexible
substrates, a few reports also focused on compositional analysis
of the back surface via X-ray photoelectron spectroscopy
(XPS)), confirming that the exfoliation occurs at the MoSe2/
Mo interfaces.27,29,30

As shown schematically in Figure 1c, once the kesterite film
becomes thinner than ∼1 μm, the photon absorption length
(λ) is comparable to the film thickness (h).31,32 This results in a
larger number of interactions between the back surface defects
and photogenerated carriers. As a result, the composition and
defect structure of the back surface and kesterite/contact
interfaces could play a more significant role in the overall
carrier recombination. Therefore, it is necessary to characterize
the kesterite back surface composition and electronic structure
after the exfoliation and chemical etching processes.
In the present study, nanocharacterization tools, including

nano-Auger, Kelvin probe force microscopy (KPFM), and
cryogenic focused ion beam (cryo-FIB), are employed to
determine the influence of processing steps, including
exfoliation, etching, and MoO3 deposition on the electronics
and chemistry of the back surfaces/interfaces in CZTSSe thin-
film solar cells. CZTSSe films were mechanically exfoliated
along the CZTSSe/Mo(S,Se)2 interfaces and thinned by
chemical etching (via bromine−methanol solution) and
chemical-mechanical polishing (CMP). Note that thinning
was limited to 200 nm due to pinhole formation. The
compositions of the back surfaces before and after the etching
were evaluated by nano-Auger elemental analysis. Smooth
cross-sections for cross-sectional nano-Auger and KPFM
measurements were prepared by grazing angle of incidence
cryo-FIB.33,34 Cross-sectional KPFM measurements revealed
that MoO3 as a hole transport layer induces larger upward band
bending in CZTSSe in comparison with Mo(S,Se)2. However,
Au diffusion into MoO3 resulted in work function and potential
fill factor degradation. Density functional theory (DFT)
simulations demonstrated that the large void density in
amorphous MoO3 is consistent with Au in-diffusion. A further
increase in back surface band bending is expected by exploring

Figure 1. Combination of high-work-function back contacts and thinner absorbers: (a) band alignment within a sub 1 μm thin-film solar cell with the
effect of the higher back contact work function shown as solid lines in the diagram; (b) VOC and power conversion efficiency as functions of the
kesterite absorber film thickness, simulated by wxAMPS for highly reflective (R = 1) and nonreflective (R = 0) back contacts; (c) schematic showing
the exciton formation region in thinner absorber films, which is close to the back surface and contact/absorber interfaces.
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alternative contact layers and metal electrodes with a smaller
tendency for interdiffusion or intermixing.

■ EXPERIMENTAL SECTION
Film Growth, Exfoliation, and Solar Cell Fabrication. CZTSSe

thin films were grown by the IBM hybrid solution−particle method.
Details of the growth method are described elsewhere.8,35,36 CZTSSe
films were grown on Mo-coated soda lime glass (SLG). After being
spin coated onto the Mo/SLG substrates, the films underwent
annealing at 600 °C for 2 min under a N2 atmosphere. To maintain
composition and band gap uniformity across the films, no excess S or
Se was incorporated during this annealing step. Instead, the S and Se
were included in the slurry, and during the N2 anneal, the samples
were encapsulated in a glass enclosure to ensure that there is no
significant loss of S or Se. Following the N2 anneal, the samples were
annealed in air at 300 °C for 10 min, primarily to passivate the grain
boundaries. These annealing conditions were optimized for solution-
grown CZTSSe solar cells to achieve efficiencies as high as 12.6% as
explained in refs 8 and 18. Afterwards, full devices were fabricated by
deposition of a CdS buffer layer using chemical bath deposition
followed by radio frequency (rf) magnetron sputtering of a ZnO
window and an indium tin oxide (ITO) top transport layer. The
devices were completed by the deposition of 2 μm thick Ni/Al
collector grids on top of the ITO layer. Full devices were then attached
to a fused silica carrier using an epoxy. Mechanical exfoliation was

achieved by a sudden impact laterally applied to the CZTSSe/Mo rear
interface using a chisel (Supporting Information, Figure S1).

To reduce the thickness, the exfoliated films underwent chemical
etching in 0.125 M bromine−methanol (Br−Me) for 15−45 s.
Alternatively, exfoliated films were treated with 10 min of chemical-
mechanical polishing (CMP) using a polish slurry composed of dilute
HCl solutions and Al2O3 particles (further details of the CMP process
are given in the Supporting Information). Profilometry measurements
showed up to 200 nm reduction in thickness of the exfoliated films by
both these etching methods.

Due to higher compositional uniformity, only films that were
treated by 45 s of Br−Me etching were used for high-work-function
electrode deposition. For cross-sectional studies, 40 nm MoO3 and
200 nm Au blankets were deposited onto the etched surfaces. For
current−voltage (J−V) characterization, solar cells were fabricated by
thermal evaporation of ∼20 nm MoO3 blankets and ∼100 nm of Au in
the form of circular pads with 2 mm diameter.

J−V Characterization of Solar Cells. PV performance before and
after exfoliation was evaluated by J−V measurements using a Newport
solar simulator with simulated AM1.5G illumination. A Keithley 2400
sourcemeter was used for bias application and current measurement.
Performance parameters such as open-circuit voltage (Voc), short-
circuit current (Jsc), fill factor (FF), and power conversion efficiency
(PCE) were derived directly from the J−V curves. J−V characteristics
were measured for the same CZTSSe thin films in pre-exfoliated and

Figure 2. Cross-sectional nano-Auger and KPFM measurements for the CZTSSe/Mo interface: (a) SEM micrograph and elemental maps measured
by nano-Auger on a CZTSSe/Mo sloped cross-section (a line scan (dotted line) measured for Cu, Zn, S, Se, and Mo is shown at the bottom); (b)
topography and surface potential (SP) maps measured by KPFM on the sloped cross-sections (a line scan (dotted line) extracted from the SP
measurements is shown at the bottom); (c) estimated band diagram at the back interface derived from the measured work function values beside
band edge positions reported in the literature.50−52 Cross-sections were prepared by grazing angle of incidence cryo-FIB with 5−8° angles of
incidence.
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exfoliated (mechanical exfoliation followed by Br−Me and MoO3/Au
deposition) conditions.
Preparation of Cross-Sections. To prepare smooth cross-

sections, cryogenic focused ion beam (cryo-FIB; FEI Scios DualBeam)
milling at temperatures below 100 K was employed. To expand the
thickness scale for each layer by 8−12-fold, grazing angles of incidence
(∼4−8°) were employed. For Au/MoO3/CZTSSe stacks, a sacrificial
layer of Pt/Ti or Pt/Ti/Si was deposited by direct current (dc)/rf
magnetron sputtering. A schematic of the milling process is shown in
Figure S2, Supporting Information. Further details of the cryo-FIB
cross-sectioning process can be found in refs 33 and 34. Due to the
geometry of the grazing angle of incidence milling process, Ga+

incorporation is expected to occur at the bottom of the milling
ramp, which includes the soda lime glass substrate. Single-point nano-
Auger spectroscopy performed on the cross-sections confirmed the
absence of Ga within the layers of interest within the stack including
CZTSSe and Mo(S,Se)2 (Figure S3, Supporting Information). Any
Ga+ incorporation below the nano-Auger detection limits is expected
to be limited to depths of a few angstroms from the surface. Due to the
short air exposure prior to KPFM analysis, this Ga+ is expected to be in
the thin surface oxide covering the ramp. The carriers that are
responding to the local electrical field of KPFM would tunnel through
this layer. Therefore, Ga+ is not expected to make a significant
difference in the present KPFM measurements.37,38

Kelvin Probe Force Microscopy (KPFM). KPFM measurements
were performed using a Keysight 5500 scanning probe microscope
with the capability of performing simultaneous topography and surface
potential measurements via a dual lock-in amplifier setup.38 To
prevent surface reactions during the measurements, all experiments
were performed in an environmental chamber that is constantly
purged with an inert gas (i.e., ultra-high-purity N2 or Ar). All the
measurements were performed using highly conductive Pt-coated
atomic force microscopy (AFM) probes (NanoSensors PPP).
Auger Nanoprobe Microscopy (Nano-Auger). High-resolution

Auger elemental mapping was achieved by using a PHI-700 nano-
Auger microscope with a lateral resolution of ∼8 nm. An electron
beam of 20 kV, 10 nA, generated by a field emission (FE) electron
gun, was focused on the sample surface, and the resulting Auger
electrons with various kinetic energies were collected by a cylindrical
mirror analyzer (CMA) with a 360° collection angle.39 Additionally, to
remove carbonaceous surface contaminants, the tool is equipped with
an Ar+ ion sputtering gun, which enables low-energy in situ Ar+

sputtering prior to elemental analysis.
Density Functional Theory (DFT) Modeling. All DFT

simulations were performed with the Vienna Ab initio Simulation
Package (VASP) using projector augmented wave (PAW) pseudopo-
tentials (PPs) and the Perdew−Burke−Ernzerhof (PBE) exchange-
correlation functional.40−45 Since standard DFT functionals such as
PBE underestimate the band gap, the electronic structure at the final
stage was calculated with the more accurate HSE06 hybrid
functional.46 The systems after relaxation with the PBE functional
were rescaled to the HSE06 CZTS0.25Se0.75 lattice constant different by
several percentages. The layers of MoOx were added in two steps (four
plus four MoO3 molecules). After each deposition, the system was
annealed at 400 K for 1000 fs, cooled to 0 K for 200 fs, and relaxed to
the ground-state configuration using the conjugate-gradient algorithm.
The three bottom layers of CZTS0.25Se0.75 slabs were permanently
fixed in bulklike positions and passivated by H atoms to simulate
continuous bulk. The amorphous MoO3 (a-MoO3) sample was
generated by DFT molecular-dynamics (DFT-MD) simulations using
the melt-and-quench approach. The system with randomly placed Mo
and O atoms at artificially low density, 3.70/(1.5)3 g/cm3, was
annealed at 1300 K for 1000 fs, providing good intermixing. After
being rescaled to the normal density of 3.70 g/cm3, the system was
annealed at 1300 K for 3000 fs, cooled to 0 K for 15000 fs, and relaxed
to the ground-state configuration below the 0.05 eV/A force tolerance
level. The amorphous density was validated by preparing several
sacrificial a-MoO3 samples and relaxing them at variable volume,
confirming the stability of the 3.70 g/cm3 density. The electronic

structure for the generated sample was calculated using both PBE and
HSE06 functionals, confirming a defect-free band gap.

■ RESULTS AND DISCUSSION

Back interfaces for as-grown films with Mo/glass substrates
were characterized first via cross-sectional nano-Auger and
KPFM measurements. Figure 2a displays the secondary
electron micrograph as well as elemental maps for Cu, Zn, S,
Se, and Mo measured on a sloped cross-section prepared by
cryo-FIB (8° angle of incidence for the ion beam) on as-grown
CZTSSe thin films. The elemental maps as well as Auger line
scans confirm the presence of a region between Mo and
CZTSSe where only Mo, Se, and S are present. This is
consistent with the formation of a Mo(S,Se)2 interlayer
between Mo and CZTSSe by the direct reaction between the
chalcogens (S and Se) from the precursor ink and the Mo
substrate during the film growth.47,48 Due to the nature of its
formation, close control over the thickness and quality of this
Mo(S,Se)2 interlayer is challenging, thereby inhibiting reprodu-
cibility in the device performance levels.49 Figure 2b shows the
topography and surface potential maps for a sloped CZTSSe/
Mo(S,Se)2/Mo cross-section of an as-grown film with a 5°
angle of incidence. In the surface potential maps, three regions
can be identified: Mo, Mo(S,Se)2, and CZTSSe. The Mo(S,Se)2
interlayer surface potential is about 520 meV smaller than that
of Mo (520 meV larger work function) and 260 meV smaller
than that of CZTSSe (260 meV larger work function).
Therefore, the Mo(S,Se)2 interlayer is expected to induce an
upward band bending of about 260 meV in the CZTSSe
adjacent to the back interface. On the basis of the KPFM
measurements in conjunction with previous reports on the
band edge position measurements for CZTSSe and Mo(S,Se)2
via photoemission spectroscopy,33,50−52 a band structure for the
CZTSSe/Mo(S,Se)2/Mo interfaces is proposed in Figure 2c
(details of the band structure derivation are given in the
Supporting Information). As shown in the band diagram in
Figure 2c, there is a large downward band bending at the
Mo(S,Se)2/Mo interface that inhibits the hole transport to the
Mo metal electrode except for very thin Mo(S,Se)2 layers where
hole tunneling could occur from the CZTSSe to the Mo
(dashed arrow in the diagram), forming a quasi-Ohmic
contact.34,53 Therefore, although the Mo(S,Se)2 back contact
layer can induce a fairly large upward band bending near the
back surface, its thickness needs to be well-controlled (few
hundred nanometers) to not block the hole transfer to the Mo
electrode.47 As mentioned above, since Mo(S,Se)2 is not
directly deposited on the CZTSSe, proper thickness control
could be challenging.
To determine the composition of the CZTSSe adjacent to

the back interface, solution-deposited films were mechanically
exfoliated along the CZTSSe/Mo(S,Se)2 interfaces. A sche-
matic of the CZTSSe device exfoliation procedure is shown in
the Supporting Information (Figure S1). The local Auger
spectroscopy results confirm that exfoliation occurs between
CZTSSe and Mo(S,Se)2, since the layer remaining on top of
the glass substrate is composed of Mo(S,Se)2 (Supporting
Information, Figure S4) and no Mo was found on the exfoliated
CZTSSe surfaces. This is consistent with the poor adhesion
between Mo(S,Se)2 and CZTSSe. Figure 3a displays the SEM
micrograph and nano-Auger elemental maps for the CZTSSe
back surface immediately after exfoliation (denoted as “As-
exfoliated”). The back surface exhibited a mesa−valley structure
where the mesas are Se-rich while the valleys are enriched in
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Cu, Zn, and O. The presence of valleys in the planar SEM
micrograph is consistent with the observation of the voids in
the cross-sectional measurements shown in Figure 2. Variations
in Sn distribution across the mesas and valleys are less dramatic,
with only slight signal intensity enhancements in the valleys.
Considering the smaller escape depth for Sn and O Auger
electrons (∼1 nm) compared to the other elements mapped
here (≥2 nm), it can be concluded that the back surface,
particularly in the valleys, is terminated with a thin layer of
SnOx (or SnSe2−xOx). The back surface morphology and
composition are controlled by liquid-phase reactions during the
thin-film growth process as well as the solid-state reactions near
the back surface throughout the postdeposition annealing steps.
Subtler compositional and morphological variations were
observed on exfoliated thermally evaporated CZTSe films
(Figure S5, Supporting Information), consistent with the strong
influence of the growth method on the properties of the back
surfaces. However, regardless of the growth method, Sn and O
enrichment at the back surface has been observed, which could
be due to solid-state reactions during the annealing processes
where O is supplied by the ambient (in the air annealing
process) or soda lime glass substrate, in agreement with the
observation of larger O concentrations near the back interface
in cross-sectional nano-Auger measurements even prior to
exfoliation (see Figure S6, Supporting Information).18

Large levels of compositional nonuniformity at the back
interface could result in high recombination velocities which
limit the hole transport to the buffer layer.54 The back surface
composition can be modified by immersing the exfoliated films
in 0.125 M Br−Me for 15 and 45 s, as shown in Figure 3b,c.
After 45 s of Br−Me etching, the back surface composition
became more uniform and the majority of the back surface
oxide was removed. The Br−Me etching mechanism for
selenide compounds is described as a two-step process that
includes preferential etching of metals (i.e., Cu, Zn, and Sn) in
the form of soluble bromides followed by halogenation of the
Se0 or SeO2.

21,55,56 For surfaces terminated with a thin layer of
SnOx (or SnSe2−xOx), Br−Me etching could attack the metal-
rich layer underneath the oxide, therefore removing the oxide

Figure 3. Nano-Auger elemental maps on exfoliated CZTSSe surfaces:
secondary electron micrograph and Auger elemental maps for Cu, Zn,
Sn, Se, and O for surfaces after (a) exfoliation, (b) 15 s of Br−Me
etching, and (c) 45 s of Br−Me etching.

Figure 4. Nano-Auger elemental maps of CMP-treated CZTSSe surfaces: secondary electron micrograph and Auger elemental maps for Cu, Zn, Sn,
Se, and O for an exfoliated CZTSSe surface after 10 min of CMP treatment.
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layer by a lift-off mechanism. The improvement in composi-
tional uniformity is confirmed by the pixel analysis of the Cu,
Zn, Sn, and Se elemental maps for all three measurement steps
(Figure S7, Supporting Information) where the pixel density
distribution range became narrower with 45 s of Br−Me
etching. It should be noted that Br−Me etching occurs
preferentially in the valleys, since a larger density of deep
valleys is evident even after 15 s of etching. Due to this vertical
etching effect, the Br−Me etching time should be limited to less
than 1 min.
While a higher density of valleys (and higher interface

roughness) can enhance the internal reflection, it could prevent
formation of a conformal high-work-function contact layer on
the kesterite absorbers, thereby having a negative impact on the
junction’s electronic quality.57 As an alternative, chemical-
mechanical polishing (CMP) of exfoliated surfaces was
investigated to prepare flat exfoliated surfaces prior to contact
deposition. Figure 4 displays the nano-Auger secondary

electron micrograph and elemental maps for Cu, Zn, Sn, Se,
and O for an exfoliated CZTSSe surface treated with 10 min of
CMP using a polish slurry composed of dilute HCl and Al2O3

abrasive particles. Despite formation of a relatively smooth and
O-free surface, nonuniformities in Cu, Zn, and Sn distributions
are observed after CMP treatment. In particular, a considerable
fraction of the surface appears to be Cu-rich and/or Sn-rich,
which could be attributed to local formation of CuSey and
CuxSnSey secondary phases after CMP (local spectroscopy
results are shown in the Supporting Information, Figure S8).
This is consistent with selective etching of Zn-rich phases by
the HCl solution.21,58 Therefore, although CMP treatment
could effectively prepare very flat absorber/contact interfaces, it
is unable to achieve compositional uniformity.
To realize larger upward band bending for enhanced hole

extraction, 40 nm thick MoO3 and 200 nm Au blanket films
were deposited onto the exfoliated CZTSSe surfaces by thermal
evaporation. To minimize any thermally activated elemental

Figure 5. Cross-sectional nano-Auger and KPFM measurements for the Au/Mo/CZTSSe interface: (a) SEM micrograph and elemental maps
measured by nano-Auger on the cross-section (a line scan (dotted line) measured for Cu, Sn, Mo, O and Au is shown at the bottom); (b)
topography and surface potential (SP) maps measured by KPFM on the cross-sections (a line scan (dotted line) extracted from the SP
measurements is shown at the bottom); (c) estimated band diagram for the interface derived from the measured work function values beside the
band edge positions measured by femtosecond ultraviolet spectroscopy in ref 17. Cross-sections were prepared by grazing angle of incidence cryo-
FIB with a 4° angle of incidence.
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intermixing at the interfaces, besides natural heating due to the
thermal evaporation processes (temperature <70 °C), samples
were not subjected to any thermal treatment during or after the
Au/MoO3 evaporation. Since Br−Me etching is more effective
in achieving uniform elemental distributions, exfoliated films
were treated with 45 s of Br−Me etching prior to MoO3
deposition. Figure 5a shows the cross-sectional nano-Auger
secondary electron and elemental maps for Cu, Sn, Mo, O, and
Au on the Au/MoO3/CZTSSe sloped cross-section; a line scan
taken along the yellow dotted line is also shown. The line scan
includes Pt as well as Au since a thin sacrificial layer of Pt/Ti
was sputtered on top of the Au blankets prior to cryo-FIB
milling. It should be noted that there is an overlap between the
primary Au Auger peaks used for the line scan measurements
and a secondary Pt peak, resulting in a strong Au signal within
the Pt layer. Both the maps and the line scan indicate the
presence of a MoOx layer that has an abrupt and conformal
interface with CZTSSe. In contrast, the transition from the Au
to the MoOx is gradual, with a large concentration of Au
present within the MoOx region.
The topography and surface potential maps as well as a

surface potential line scan (along the dotted line) measured by
cross-sectional KPFM on Au/MoO3/CZTSSe interfaces are
displayed in Figure 5b. For this sample, instead of Pt/Ti, a Pt/
Si/Ti blanket was sputtered prior to cryo-FIB cross-sectioning.
A closer look at the line scan reveals that the MoOx layer’s work
function is about 230 meV smaller than the Au work function.
This is in contrast to the previous reports that estimated the
MoO3 work function to be at least 1 eV larger than that of

Au.59,60 Besides the substoichiometric nature of this oxide (O/
Mo < 3) and air exposure between the evaporation steps, such
low work function levels for the MoOx could be in part due to
the significant amount of Au incorporation.61 According to the
measured work functions and band edge positions (measured
by femtosecond ultraviolet photoelectron spectroscopy (fs-
UPS)17,62), an approximate band diagram has been proposed in
Figure 5c. Despite Au incorporation, the Au/MoOx contact
layer is estimated to induce 400 meV upward band bending in
the CZTSSe adjacent to the contact/absorber interface. Since
the MoOx used in this study is oxygen-deficient, the hole
conduction can occur via the empty Mo d-states present due to
a large concentration of oxygen vacancies.63,64 XPS and fs-UPS
measurements have shown that the d-state band is about 200
meV below the Fermi level.17 The CZTSSe valence band
appears to be well-positioned relative to the conductive defect
state band in MoOx, therefore enabling effective hole extraction
from the back surface. However, it should be noted that the
enhanced upward band bending and proper band alignment
can be compromised by the detrimental effect of Au−MoOx
intermixing, leading to formation of a barrier between Au and
CZTSSe for a significant fraction of the interface. This
necessitates exploration of alternative contact electrodes in
combination with MoOx.
To observe the impact of enhanced upward band bending

near the hole transport layer in the PV performance of CZTSSe
solar cells, J−V characteristics were evaluated before and after
exfoliation for a 2 μm thick film (Supporting Information,
Figure S9). Before exfoliation, the CZTSSe cell showed Voc =

Figure 6. DFT simulation of MoOx/CZTSSe interfaces and amorphous MoO3: MoOx/CZTSSe stacks with band-decomposed charge density
visualized as blue spots for states within the energy ranges (a) −0.1 to +0.1 eV and (b) 0.1 to 0.3 eV; (c) band alignment between MoOx and
CZTSSe estimated from local DOS calculations; (d) atomic structure for a-MoO3 with a bulk density of 3.70 g/cm3 where Mo and O atoms are
shown as green and red spheres, respectively; (e) bulk DOS calculated by PBE for a-MoO3 with a 3.70 g/cm3 density. The valence band maximum
(VBM) and conduction band minimum (CBM) are at −0.91 and +0.96 eV, respectively, leading to an estimated band gap of 1.87 eV.
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452 mV, Jsc = 34 mA/cm2, FF = 61%, and PCE = 9.3%. In
comparison, exfoliation, followed by Br−Me etching and
MoO3/Au deposition, resulted in Voc = 454 mV, Jsc = 38
mA/cm2, FF = 55%, and PCE = 9.7%. While the change in Voc
is negligible (consistent with the simulations shown in Figure
1), the FF was reduced by 6%, possibly because of Au−MoOx
intermixing that increased the conductivity of the hole
transport layer and therefore enhanced the shunt conductance.
However, the power conversion efficiency saw a 0.4% boost
mainly due to the 4 mA/cm2 increase in Jsc. This increase in Jsc
can be attributed to the fact that the Au back electrode in the
exfoliated devices is a very good infrared reflector which returns
the transmitting infrared photons from the back surface to be
absorbed by CZTSSe.17 Although these results confirm the
possibility of realizing working devices via mechanical
exfoliation, there are several practical challenges that need to
be addressed to observe significant improvements in PV
performance: (i) crack formation within the CZTSSe film
during the exfoliation process; (ii) lack of reliable thinning
methods for reducing the thickness of 2 μm after exfoliation
without pinhole or crack formation; (iii) pinhole formation in
the case of growing films thinner than 2 μm prior to exfoliation.
These challenges have been discussed in more detail in refs 17
and 62.
The MoOx/CZTSSe interfaces were evaluated by DFT

simulations where a bilayer comprised of eight MoO2 and,
subsequently, eight MoO3 molecules was brought into contact
with S/Se-terminated CZTSSe surfaces. The MoO2 was in
direct contact with a S/Se-terminated CZTSSe so that the Mo
atoms could form bonds to S/Se while maintaining their
bulklike charge state. As shown in Figure 6a, the interface
between MoOx and CZTSSe is near-ideal with direct Mo−S
and Mo−Se interfacial bonds. In addition, no dangling bond is
found at the interface. The band-decomposed charge density
for two energy ranges of −0.1 to +0.1 eV and 0.1 eV−0.3 eV
showed that no state is present at the interface (blue regions in
Figure 6a,b). By evaluating the variations in the local density of
state (DOS) curves calculated for four different layers in the
MoOx/CZTSSes structure, the valence band offset between the
CZTSSe and MoOx is estimated as 1.87 eV (Supporting
Information Figure S10 displays the four layers and
corresponding DOS curves). On the basis of the calculated
valence band offset and band gaps,9 the band alignment shown
in Figure 6c is estimated. The small offset between the CZTSSe
valence band (VB) and MoOx conduction band (CB) is
consistent with the observation of no band gap in DOS
calculations for the MoOx/CZTSSe structure (Supporting
Information, Figure S11). Considering that the Fermi level in
CZTSSe is about 0.5 eV above the edge of the VB, a minimum
100 meV upward band bending is expected even for such an
atomically thin MoOx overlayer.

51

To further explain the propensity of Au diffusion into the
MoOx contact layer, DFT calculations were used to model the
structure of bulk amorphous MoO3 (a-MoO3). Parts d and e of
Figure 6 display the atomic structures for a-MoO3 with a bulk
density of 3.70 g/cm3. Amorphous MoO3 was particularly
chosen considering that the films used in this study were
deposited at temperatures no higher than 70 °C by thermal
evaporation. In this structure, a large void space can be
observed whose dimensions are larger than the radius of Au
atoms, consistent with the high permeability of the MoO3 to Au
in-diffusion. Furthermore, owing to the 2D-like layered
structured with large interlayer spacing, even a crystalline

MoO3 layer might not act as a barrier to Au diffusion.60

Therefore, other metal electrodes with larger ionic radii than
that of Au and work functions close to that of Au need to be
explored for use with MoO3.

■ CONCLUSION
In summary, a unique combination of nanocharacterization
tools, including nano-Auger, KPFM, and cryo-FIB measure-
ments, were employed to determine the electronics and
chemistry of the back interfaces in thin-film kesterite solar
cells and gauge the possibility of surface potential modification
in the absorber via direct deposition of high-work-function
metal oxides on exfoliated surfaces. Cross-sectional nano-Auger
and KPFM measurements indicated that a thick Mo(S,Se)2
layer forms between the CZTSSe and Mo, which induces about
240 meV upward band bending in the CZTSSe layer, while
forming a 450 meV barrier for the hole transfer into the Mo
electrode. To deposit a high-work-function alternative contact
layer, mechanical exfoliation was employed, wherein cleavage
occurred at the interface between Mo(S,Se)2 and CZTSSe.
Planar nano-Auger measurements showed considerable levels
of compositional nonuniformities on the exfoliated surfaces.
This compositional nonuniformity was minimized by short Br−
Me etching of the surfaces. Cross-sectional nano-Auger and
KPFM measurements on Au/MoO3/CZTSSe blankets showed
an upward band bending of about 400 meV within the CZTSSe
layer, despite substantial Au incorporation into the MoOx layer.
DFT simulations of the atomic structure for bulk amorphous
MoO3 showed the presence of large voids within the structure
that enable Au in-diffusion. With employment of less diffusive
metal electrodes such as Pt or Pd, upward band bending
beyond 500 meV is expected to be achieved.
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