
APL Mater. 7, 041105 (2019); https://doi.org/10.1063/1.5090773 7, 041105

© 2019 Author(s).

Scalable and efficient Sb2S3 thin-film solar
cells fabricated by close space sublimation
Cite as: APL Mater. 7, 041105 (2019); https://doi.org/10.1063/1.5090773
Submitted: 29 January 2019 . Accepted: 18 March 2019 . Published Online: 04 April 2019

Liping Guo, Baiyu Zhang, Shan Li, Qian Zhang , Michael Buettner, Lin Li, Xiaofeng Qian , and Feng

Yan 

ARTICLES YOU MAY BE INTERESTED IN

The growth and phase distribution of ultrathin SnTe on graphene
APL Materials 7, 041102 (2019); https://doi.org/10.1063/1.5091546

Reactions at noble metal contacts with methylammonium lead triiodide perovskites: Role
of underpotential deposition and electrochemistry
APL Materials 7, 041103 (2019); https://doi.org/10.1063/1.5083812

Tunable perpendicular magnetic anisotropy in epitaxial Y3Fe5O12 films

APL Materials 7, 041104 (2019); https://doi.org/10.1063/1.5090292

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/1240234336/x01/AIP/Lakeshore_APM_PDF_2019/AIP_APL_Materials_1640x440_FastHall_-_APR_FREE.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.5090773
https://doi.org/10.1063/1.5090773
https://aip.scitation.org/author/Guo%2C+Liping
https://aip.scitation.org/author/Zhang%2C+Baiyu
https://aip.scitation.org/author/Li%2C+Shan
https://aip.scitation.org/author/Zhang%2C+Qian
http://orcid.org/0000-0003-2523-1553
https://aip.scitation.org/author/Buettner%2C+Michael
https://aip.scitation.org/author/Li%2C+Lin
https://aip.scitation.org/author/Qian%2C+Xiaofeng
http://orcid.org/0000-0003-1627-288X
https://aip.scitation.org/author/Yan%2C+Feng
https://aip.scitation.org/author/Yan%2C+Feng
http://orcid.org/0000-0002-0208-6886
https://doi.org/10.1063/1.5090773
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5090773
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5090773&domain=aip.scitation.org&date_stamp=2019-04-04
https://aip.scitation.org/doi/10.1063/1.5091546
https://doi.org/10.1063/1.5091546
https://aip.scitation.org/doi/10.1063/1.5083812
https://aip.scitation.org/doi/10.1063/1.5083812
https://doi.org/10.1063/1.5083812
https://aip.scitation.org/doi/10.1063/1.5090292
https://doi.org/10.1063/1.5090292


APL Materials ARTICLE scitation.org/journal/apm

Scalable and efficient Sb2S3 thin-film solar cells
fabricated by close space sublimation

Cite as: APL Mater. 7, 041105 (2019); doi: 10.1063/1.5090773
Submitted: 29 January 2019 • Accepted: 18 March 2019 •
Published Online: 4 April 2019

Liping Guo,1,a) Baiyu Zhang,2,a) Shan Li,3 Qian Zhang,3 Michael Buettner,4 Lin Li,1 Xiaofeng Qian,2,b)

and Feng Yan1,4,b)

AFFILIATIONS
1Department of Metallurgical and Materials Engineering, The University of Alabama, Tuscaloosa, Alabama 35487, USA
2Department of Materials Science and Engineering, Texas A&M University, College Station, Texas 77843, USA
3Department of Materials Science and Engineering, Harbin University of Technology, Shenzhen 518055, China
4Centre for Materials for Information Technology, The University of Alabama, Tuscaloosa, Alabama 35487, USA

a)Contributions: L. Guo and B. Zhang contributed equally to this work.
b)Authors to whom correspondence should be addressed: fyan@eng.ua.edu and feng@tamu.edu

ABSTRACT
Antimony sulfide as a cost-effective, low-toxic, and earth-abundant solar cell absorber with the desired bandgap was successfully deposited
using a scalable close space sublimation technique. The deposition process can separately control the substrate and source temperature with
better engineering of the absorber quality. The device performance can reach 3.8% with the configuration of glass/FTO/CdS/Sb2S3/graphite
back contact. The defect formation energy and the corresponding transition levels were investigated in detail using theoretical calcula-
tions. Our results suggest that Sb2S3 exhibits intrinsic p-type owing to S-on-Sb antisites (SSb) and the device performance is limited by
the S vacancies. The localized conduction characterization at nanoscale shows that the non-cubic Sb2S3 has conductive grains and benign
grain boundaries. The study of the defects, microstructure, and nanoscale conduction behavior suggests that Sb2S3 could be a promising
photovoltaic candidate for scalable manufacturing.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5090773

Solar cells convert solar energy directly into electricity and
provide one of the most effective ways to generate renewable,
sustainable, and affordable energy.1,2 Recently, a group of non-
cubic chalcogenide photovoltaics shed light on the potential thin
film solar cell application.3–5 The orthorhombic Sb2Se3 thin film
solar cell can achieve power conversion efficiency (PCE) up to
7.6% with inexpensive low-temperature evaporations, e.g., vapor
transport deposition (VTD), demonstrating the great potential of
these materials.6–10 Compared to the low bandgap of antimony
selenide Sb2Se3 (i.e., 1.1 eV), antimony sulfide Sb2S3 possesses a
wide bandgap of ∼1.7 eV, as well as desired photovoltaic behav-
ior.11,12 The Sb2S3 solar cells with the solution-based process
with PCE of ∼7.5% have also been achieved.13 These materials
exhibit unique crystal structures with quasi-one-dimensional rib-
bons bonded by weak van der Waals force, e.g., (Sb4X6)n ribbons
in Sb2X3,14 where X = (Se, S). The ribbon-like morphologies lead to

highly anisotropic charge transport, different from traditional cubic
solar cell materials with isotropic transport (e.g.„ CdTe, CIGS, and
perovskites).3,8,15

To date, a variety of growth technologies have been developed
for Sb2S3 film deposition to achieve high-quality absorber with the
ribbons aligned with the buffer layer for desired charge transport.3

For example, Sb2S3 solar cells can achieve PCE of 3.5% with rapid
thermal evaporation (RTE).15–18 Recently, high efficiency Sb2S3 solar
cells using the solution-based process were reported. For instance,
sensitized solar cells have PCE of 6.4% using a solution-based tech-
nology18–20 and solution processing for highly efficient Sb2S3 with
PCE of 6.78%–7.5% with varying starting precursors.5 Sb2S3 solar
cells fabricated by atomic layer deposition (ALD) in planar struc-
ture can achieve PCE of ∼5.7%.21 However, it is highly desired
to employ the physical vapor deposition technologies to integrate
the Sb2S3 into the commercial thin-film solar cell manufacturing.
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In particular, fast deposition techniques with independent control
of the substrate and source temperature are highly demanded for
integrating Sb2S3 into the high-throughput manufacturing tech-
nology. The close space sublimation (CSS) process is well known
for CdTe manufacturing which directly vaporizes the solid source
materials and allows high-throughput deposition on moving sub-
strates.10,22,23 The CSS technique can greatly reduce the cost and
improve the absorber quality.14 Recently, the CSS technology has
been successfully applied to Sb2Se3 thin film solar cells with PCE
of 6.8%.14,24

In this work, we experimentally investigated the Sb2S3 growth
and the performance of CSS-grown Sb2S3 solar cells. It is demon-
strated that Sb2S3 can be successfully grown using the CSS technique.
The best device performance is 3.8% PCE. A theoretical study based
on first-principles density functional theory (DFT)25,26 was per-
formed to elucidate its electronic and optical property. In addition,
the study of intrinsic point defects and deep energy states provides
a deeper understanding of the device performance. Our work fur-
ther paves the way of antimony chalcogenide based emerging cost-
effective and earth-abundant thin-film photovoltaics for solar energy
applications.

About 60-nm thick CdS window layers were deposited on a
cleaned fluorine-doped SnO2 coated soda-lime glass (FTO TEC 10,
Pilkington, USA) by chemical bath deposition (CBD) at a bath tem-
perature of 65 ○C. The CdS films were annealed in air at 400 ○C
for 30 min to improve the crystallization with CdCl2 solution treat-
ment. Sb2S3 thin films were grown in Ar ambient using a commercial
CSS system (MTI, USA). The high purity Sb2S3 powder (99.999%,
Alfa Aesar, USA) was placed on the bottom AlN plate, and the CdS
coated FTO substrate was loaded on the top AlN plate (10 mm dis-
tance from the Sb2S3 powder). To optimize the growth conditions
of Sb2S3 absorbers, the substrate and source temperatures were var-
ied from 300 ○C to 400 ○C and 500 ○C to 580 ○C, respectively, at
chamber base pressure about 5 mTorr, and the deposition pressure
is about 15 mTorr. The Sb2S3 thin film thickness can be tuned by
varying the deposition time from 30 to 100 s, then switching off
the halogen lamp heater, and cooling the film naturally to room
temperature. The as-grown Sb2S3 films were rinsed with de-ionized
water, and then graphite and Ag paste was screen printed on the
Sb2S3 (with an active area of 0.08 cm2) to define the solar cells.
The finished solar cell’s current-voltage (J-V) curve was character-
ized using a solar simulator (Newport, Oriel Class AAA 94063A,
1000 W xenon light source) with a source meter (Keithley 2420)
at 100 mW/cm2 AM 1.5G irradiation. A calibrated Si-reference cell
and meter (Newport, 91150 V, certificated by NREL) was used to
calibrate the solar simulator before each measurement. The exter-
nal quantum efficiency (EQE) data were obtained by using a solar
cell spectral response measurement system (QE-T, Enli Technol-
ogy, Co., Ltd). The film thickness was determined by using the
surface profilometer (Dektak V220). The structure of the grown
films was characterized by using an X-ray diffraction (XRD) sys-
tem (X’Pert). The film morphologies and chemical composition
were determined by using the scanning electron microscope (SEM,
JEOL 7000) with Electron-dispersive Spectroscopy (EDS) attached
to the SEM. The Raman experiments were conducted on a single
stage Raman spectrometer with a solid-state laser (Horiba LabRam
HR, 532 nm wavelength). The absorbance and transmittance
spectra were measured using a UV-Vis spectrometer (Shimadzu

UV-1800). The atomic force microscopy (AFM) and conductive
AFM images were recorded on a grounded Sb2S3 sample using
atomic force microscopy (AFM, Park XE70). The topography and
current images were simultaneously recorded in contact mode using
a Pt/Ir coated contact probe (ANSCM-PT from AppNano, Inc.).
The cantilever spring constant was about 3 N/m, and resonance
frequency was ∼60 kHz.

Atomistic, electronic structures and optical properties of Sb2S3
crystals were calculated using first-principles DFT25,26 as imple-
mented in the Vienna Ab Initio Simulation Package (VASP).27

The Perdew-Burke-Ernzerhof (PBE)28 form of exchange-correlation
functional within the generalized gradient approximation (GGA)29

and a plane wave basis set with a 400 eV energy cutoff were employed
for VASP calculations. To account for van der Waals (vdW) inter-
actions between (Sb4S6)n ribbons, we adopted optB86-vdW func-
tional.30–32 The structural optimization and electronic relaxation
were calculated in a Γ-centered Monkhorst-Pack33 k-point sampling
grid of 4 × 12 × 4. The maximal residual force of each atom is less
than 0.01 eV Å−1, and the convergence criterion for electronic relax-
ation was set to 10−6 eV. As the DFT-GGA often underestimates the
bandgap, we adopt the modified Becke-Johnson (MBJ)34 exchange
potential and hybrid HSE06 functional35 for electronic structure and
optical property calculations. We used a 12 × 28 × 12 k-point grid
in the MBJ calculations and 3 × 9 × 3 k-point grid in the HSE06 cal-
culations. The MBJ calculation yields a bandgap close to the HSE06
result for Sb2S3. For the defect calculations, we increase the super-
cell by 2 × 6 × 2 which contains 480 atoms and apply an energy
correction scheme which includes potential alignment and image-
charge correction. There is a trade-off between computational cost
and errors caused by the finite-size effect.36,37 We checked the cell-
dependent defect formation energies and found that the error caused
by the finite-size effect is large in the 1 × 3 × 1 supercell but becomes
much smaller in the 2× 6× 2 supercell, suggesting that it is necessary
to employ a large supercell. The cutoff energy for defect calculations
is set to 300 eV. More details of the calculations and methods can be
seen in the supplementary material.

Since Sb2S3 has a low melting point (Tm ∼ 550 ○C) and high
vapor pressure, we deposit Sb2S3 with a relative lower source tem-
perature than that for Sb2Se3 (Tm ∼ 608 ○C).38 As shown in Fig. 1(a),
the XRD spectrum for the Sb2S3 film was indexed as orthorhom-
bic structure with Pbnm space group, with respect to the Joint
Committee for Powder Diffraction Standards (JCPDS) 42-1393.39

The as-grown Sb2S3 film displays strong (211)-preferred orienta-
tion. The substrate temperature during the growth significantly
impacts the orientation of the Sb2Se3 due to its orthorhombic crys-
talline structure, which is similar to the previous report.16 This
(211)-preferred orientation can benefit charge transfer along the
(Sb4S6)n ribbons, like the (Sb4Se6)n ribbons in Sb2Se3 film.8,14 The
Raman spectrum is shown in Fig. 1(b), suggesting a good crys-
tallinity. The two major peaks located at 139 and 292 cm−1 are
ascribed to the Sb and symmetric vibrations of Sb2S3 pyramidal units
with C3v symmetry, respectively.40,41 Other weak Raman peaks are
indexed at 184 and 247 cm−1. To understand the Sb2S3 electronic
structure, Figs. 1(d) and S1 show the calculated electronic struc-
ture and orbital-resolved projected density of state (PDOS) using
first-principles DFT with MBJ34 and HSE06 functional35 (calcula-
tion details can be found in the supplementary material). The PDOS
indicates that the valence band is dominated by S-p orbitals, and the
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FIG. 1. Crystal and electronic struc-
ture of CSS-grown Sb2S3. (a) XRD pat-
terns for the Sb2S3 film deposited with
a thickness of 600 nm. The standard
Sb2S3 structure is plotted at the bottom
using JCPDS No. 42-1393 as reference.
(b) Raman analysis for the Sb2S3 film.
(c) Atomic configuration with the Pnma
space group and (d) electronic structure
and orbital-resolved projected density of
state (PDOS) of Sb2S3 with bandgap
∼1.7 eV, calculated by DFT with MBJ +
vdW functionals.

conduction band is dominated by Sb-p and Sb-s orbitals. Moreover,
the DFT-MBJ results predicted that the indirect and direct bandgaps
of Sb2S3 are 1.71 and 1.74 eV, respectively, which agree with the
experimental optical bandgap (1.56 and 1.71 eV; see more details
later).

Figure 2(a) shows the top view of the as-grown Sb2S3 film,
indicating a dense and pin-hole free morphology with polyhedron
grains. The grain size distribution is non-uniform with some

extremely large grains (∼1 µm) and some small grains (∼300 nm).
This may be due to the fast deposition process during the CSS
deposition (∼1 µm⋅min−1). The cross-sectional image as shown in
Fig. 2(b) indicates that the Sb2S3 thickness is ∼400 nm with a 50 nm
CdS layer. The chemical composition was determined using the
energy dispersive X-ray spectroscopy (EDS), as shown in the inset of
Fig. 2(b), where the atomic ratio between S and Sb is 60.4:39.6, close
to the stoichiometry of 3:2 in Sb2S3. The chemical distribution across

FIG. 2. Microstructure, chemical com-
position, and nanoscale conductivity of
the CSS grown Sb2S3 film. (a) Top
view of the scanning electron microscopy
(SEM) image; (b) cross-sectional view
of the SEM image; inset of (b) energy
dispersive spectroscopy (EDS) spectra.
EDS spectra of the Sb2S3 film with
detected elements S and Sb in a ratio
of ∼3:2. (c) EDS elemental mapping
of the corresponding cross-sectional
Sb2S3. (d) Atomic force microscopy
(AFM) image and (e) conductive atomic
force microscopy (cAFM). (f) The corre-
lation between topography and conduc-
tivity of grains and grain boundaries was
determined by the current and height dif-
ference shown in (d) and (e) indexed
by the dashed line. The AFM and cAFM
scanning area is 5.0 × 5.0 µm2.
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the film is characterized using EDS mapping, as shown in Fig. 2(c),
where the Sb and S elements distributed uniformly without segrega-
tion. To ascertain the uniformity of the grain size and the localized
conductivity, we performed additional characterization using the
atomic force microscopy (AFM) and conductive AFM (cAFM), as
shown in Figs. 2(d)–2(f). The topography and current images are
5 × 5 µm2. The conductive AFM image was measured with a sample
bias of +6 V. The line profile for the topography height and con-
ductivity in Fig. 2(f) shows that the grain boundary area (valley in
the height profile) has a higher resistivity while the grain (peak of
the height profile) is more conductive, in line with the observation
in Sb2Se3 but very different from other cubic photovoltaic mate-
rials such as CdTe.14 This is possibly due to the (Sb4S6)n ribbons
grown perpendicular to the substrate, where their vdW boundaries
without dangling bonds suppress carrier recombination at the grain
boundaries.

The optical absorption properties were characterized using
UV-Vis spectroscopy, as shown in Fig. 3(a), where the strong
absorption edge starting around 750 nm can also be observed in the
transmittance plot [Fig. 3(b)]. The direct and indirect bandgaps can
be determined as 1.71 and 1.56 eV by extracting the Tauc fitting, as
shown in Fig. 3(c) and the inset. The experimental direct bandgap
is in good agreement with the theoretical calculation, as shown
in Table S2. Figure 3(d) and the inset are the calculated absorp-
tion coefficients of Sb2S3 compared with Sb2Se3. It is shown that
both materials exhibit excellent light absorption, while Sb2S3 shows
slightly better absorption than that of Sb2Se3 in a higher energy

range. Overall, the optical absorption calculation demonstrates that
Sb2S3 is a promising absorber material for non-cubic chalcogenide
solar cells.

To elucidate the surface state of the CSS grown Sb2S3 film,
the X-ray photoelectron spectroscopy (XPS) measurement was per-
formed, and the results are shown in Fig. 4. The binding energies
(BE) of all the peaks were corrected with C1s energy at 284.6 eV.
The full spectrum survey is given in Fig. 4(a), showing the pres-
ence of Sb 3d and S 2p peaks. The high-resolution XPS spectra of
Sb 3d are displayed in Fig. 4(b) with peaks at 539.9 eV for Sb 3d3/2,
and 532 eV for Sb 3d5/2, respectively. These two peaks correspond
to Sb3+ oxidation states in Sb2S3. In the high-resolution S2p spec-
trum, four peaks were observed at 161.5, 163.1, 164.0, and 165.2 eV,
respectively. These peaks correspond to the S 2p3/2 and S 2p1/2, as
shown in Fig. 4(c).

The Sb2S3 solar cell was fabricated in an FTO/CdS/Sb2S3/
graphite cell structure, as shown in Fig. 5(a), and their device per-
formance was measured accordingly. Figures 5(b) and 5(c) show
the energy level alignment and the current-voltage (J-V) curve,
and the external quantum efficiency (EQE) of the device, respec-
tively. The typical device performance is listed in Table I. The best
device performance is 3.83% with the open circuit voltage of 0.66 V,
short circuit current density (Jsc) of ∼13 mA cm−2, and Fill Factor
(FF) of ∼44.65%. Therefore, the CSS-grown Sb2S3 film device per-
formance is on par with the thermal evaporation deposited Sb2S3
solar cells, though still lower than that of the dye-sensitized solar
cells.12,13,15,21,38

FIG. 3. The experimental and theo-
retical optical properties of the CSS
grown Sb2S3 film. [(a) and (b)] The
absorbance and transmittance spectrum
of the Sb2S3 with (c) the direct and indi-
rect bandgaps extracted from the optical
spectra, respectively. (d) Calculated opti-
cal absorption coefficients of Sb2Se3 and
Sb2S3.
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FIG. 4. XPS of the CSS grown Sb2S3
film. (a) Survey XPS spectra, (b) Sb 3d,
and (c) S 2p for the as-grown Sb2S3 film.

FIG. 5. Device performance of the Sb2S3
cells. (a) illustrative energy level diagram
of the layers in the cells; [(b) and (c)]
the current density-voltage (J-V curve)
and EQE spectra of the orientation-
dependent films.

TABLE I. Sb2S3 solar cell device performance parameters of the champion device
grown by CSS.

Voc (V) Jsc (mA cm−1) FF (%) Rs (Ω cm2) Rsh (Ω cm2) PCE (%)

0.66 13.0 44.65 129.25 1787 3.83

To understand the defect chemistry inside the CSS deposited
Sb2S3, we perform first-principles defect formation energy calcu-
lations. Here, we consider five types of intrinsic defects, including
Sb vacancy (VSb), S vacancy (VS), S interstitial (Si), and Sb and S
antisites (SbS and SSb), and the calculation details can be found in
the supplementary material. Figures 6(a) and 6(b) show the forma-
tion energy of each defect type under S-rich and S-poor condition,
respectively, and Fig. 6(c) shows the corresponding transition lev-
els of charged defects. As shown in Fig. 6(c), VSb, Si, and SSb are
p-type defects (labeled in red); VS and SbS are n-type defects (labeled
in blue). Only VSb and SSb show relatively shallow acceptor levels
(0/-1), i.e., transition levels located near valence band maximum

(VBM). The ionization energy of these two levels is located at
∼0.07 eV and ∼0.28 eV, respectively. However, the formation energy
of Sb vacancy is relatively high, which is above 2 eV in S rich con-
dition, while SSb has a formation energy of ∼1 eV, much lower than
VSb. Thus, SSb is potentially the dominant defect type in Sb2S3 that
contributes to the p-type conduction. As for the n-type defects, VS
exhibits a rather deep donor level (2/0) far below the conduction
band minimum (CBM), indicating that it is difficult to ionize, thus
rarely contributing to n-type conductivity. In addition, SbS shows
the n-type transition level (∼0.2 eV); nevertheless, it is unlikely to
form in the S-rich condition due to its high formation energy above
2 eV. Overall, Sb2S3 exhibits p-type conductivity and SSb is the dom-
inant native acceptor defect species. The loss of S will lead to the
low device performance by diminishing Sb2S3 intrinsic p-typeness
because VS and SbS have lower formation energy, while VSb has
higher formation energy in S-poor condition, compared to the S-rich
condition. The calculation results are in agreement with the previous
report.42 These observations are similar to the defect study of the
Sb2Se3 system.43 In summary, the intrinsic p-type conductivity of
Sb2S3 originates from SSb, and the S chemical potential significantly

FIG. 6. Defect formation energy dia-
grams of Sb2S3 under (a) S-rich and (b)
S-poor conditions. (c) Transition levels of
charged defects in Sb2S3.
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impacts the conduction. It is expected that the higher carrier con-
centration can be achieved in the S-rich condition, although our
calculation results suggest that the S vacancies are still likely to form
even in the S-rich case.

In summary, we demonstrate the Sb2S3 thin film solar cells
with 3.8% PCE successfully fabricated using the scalable close space
sublimation deposition technique. The microstructure and optical
properties of the CSS grown Sb2S3 have been characterized exper-
imentally and studied using theoretical approaches. The detailed
electronic structure and defect calculations provide insights into the
conduction mechanism inside the Sb2S3 films, which suggests that
the device can be further improved by controlling the S environ-
ment during film deposition or through post-deposition sulfuriza-
tion. Our results show that Sb2S3 is suitable for large-scale manufac-
turing at low cost using CSS-like fast vapor transport technology and
it is feasible to integrate Sb2S3 into the conventional manufacturing
process for thin film solar cells.

See supplementary material for the lattice parameters and the
calculation details of defect formation energy diagram and transition
levels of charged defects.
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68, 177 (2013).
41C. Pilapong, T. Thongtem, and S. Thongtem, J. Alloys Compd 507, L38
(2010).
42M. Zhong, X. Wang, S. Liu, B. Li, L. Huang, Y. Cui, J. Li, and Z. Wei, Nanoscale
9, 12364 (2017).
43X. Liu, X. Xiao, Y. Yang, D.-J. Xue, D.-B. Li, C. Chen, S. Lu, L. Gao, Y. He,
M. C. Beard, G. Wang, S. Chen, and J. Tang, Prog. Photovoltaics Res. Appl. 25,
861 (2017).

APL Mater. 7, 041105 (2019); doi: 10.1063/1.5090773 7, 041105-6

© Author(s) 2019

https://scitation.org/journal/apm
ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-7-006904
https://doi.org/10.1126/science.aal1288
https://doi.org/10.1126/science.aad4424
https://doi.org/10.1038/nphoton.2015.85
https://doi.org/10.1039/c8ta08296k
https://doi.org/10.1039/c8ta08296k
https://doi.org/10.1039/c8ta05614e
https://doi.org/10.1039/c8ta05614e
https://doi.org/10.1021/am502427s
https://doi.org/10.1088/0268-1242/31/6/063001
https://doi.org/10.1038/nphoton.2015.78
https://doi.org/10.1038/nenergy.2017.46
https://doi.org/10.1038/s41467-018-04634-6
https://doi.org/10.1016/j.apsusc.2018.01.090
https://doi.org/10.1002/er.3899
https://doi.org/10.1002/adfm.201304238
https://doi.org/10.1002/solr.201800128
https://doi.org/10.1016/j.joule.2018.04.003
https://doi.org/10.1039/c7tc02460f
https://doi.org/10.1016/j.matlet.2017.02.046
https://doi.org/10.1002/pip.2724
https://doi.org/10.1002/pip.2724
https://doi.org/10.1039/c6cp02072k
https://doi.org/10.1039/c7ta00291b
https://doi.org/10.1039/c4nr04148h
https://doi.org/10.1002/pip.3040
https://doi.org/10.1116/1.2214689
https://doi.org/10.1016/j.nanoen.2018.04.044
https://doi.org/10.1016/j.nanoen.2018.04.044
https://doi.org/10.1103/physrev.136.b864
https://doi.org/10.1103/physrev.140.a1133
https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevb.28.1809
https://doi.org/10.1103/physrevlett.92.246401
https://doi.org/10.1103/physrevlett.92.246401
https://doi.org/10.1103/physrevlett.103.096102
https://doi.org/10.1103/physrevb.83.195131
https://doi.org/10.1103/physrevb.13.5188
https://doi.org/10.1063/1.2190220
https://doi.org/10.1063/1.2404663
https://doi.org/10.1103/physrevlett.102.016402
https://doi.org/10.1103/physrevb.89.195205
https://doi.org/10.1021/acsphotonics.7b00858
https://doi.org/10.1016/s0040-6090(01)01538-3
https://doi.org/10.1016/j.vibspec.2013.07.007
https://doi.org/10.1016/j.jallcom.2010.08.003
https://doi.org/10.1039/c7nr03574h
https://doi.org/10.1002/pip.2900

