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ABSTRACT: Perovskite solar cells are very promising for practical applications
owing to their rapidly rising power conversion efficiency and low cost of
solution-based processing. 2,2°,7,7 -tetrakis-(N,N-di-p-methoxyphenylamine)
9,9’-spirobifluorene (Spiro-OMeTAD) is most widely used as hole transporting
material (HTM) in perovskite solar cells. However, the tedious synthesis and high
cost of Spiro-OMeTAD inhibit its commercial-scale application in the photovoltaic
industry. In this article, we report a carbazole-based compound (R01) as a new HTM
in efficient perovskite solar cells. R0O1 is synthesized via a facile route consisting of
only two steps from inexpensive commercially available materials. Furthermore, R0O1
exhibits higher hole mobility and conductivity than the state-of-the-art
Spiro-OMeTAD. Perovskite solar cells fabricated with RO1 produce a power
conversion efficiency of 12.03%, comparable to that obtained in devices using
Spiro-OMeTAD in this study. Our findings underscore RO1 as a highly promising
HTM with high performance, and its facile synthesis and low cost may facilitate the

large-scale applications of perovskite solar cells.

ACS Paragon Plus Environment

Page 2 of 25



Page 3 of 25

OCoONOOOPR~WN =

ACS Photonics

Photovoltaic technologies hold promise for meeting the escalating worldwide
demands of renewable energies. Since 2009, perovskite solar cells have attracted
considerable attention due to their high efficiency of converting solar energy to
electricity with solution processing and low cost..'"! Typically, the perovskite solar
cell is composed of a perovskite/mesoporous TiO, layer sandwiched between layers
of electron-transporting (hole-blocking) TiO, and a hole transporting material (HTM).
Absorption of sunlight by the perovskite generates electron-hole pairs, which then
transport through TiO, and HTM, before being collected by the electrodes. Organic
HTMs are promising candidates in high-performance perovskite solar cells due to
their versatile molecular structures and excellent photoelectrical properties.!®!!
Among them, 2,2°,7,7’-tetrakis-(N,N-di-p-methoxyphenylamine) 9,9’-spirobifluorene
(Spiro-OMeTAD) is most widely used to achieve high efficiency in perovskite solar
cells.**! For example, a very high efficiency of 19.3% was recently achieved for
perovskite solar cells with Spiro-OMeTAD as the HTM.[¥ However, the onerous
synthesis and exorbitant cost of Spiro-OMeTAD inhibit its up-scale application in
photovoltaic industry.!'” As alternatives, various inorganic materials such as Cul'"’!
and CuSCN!"*"! have been used as HTMs in perovskite solar cells. But the inorganic
semiconductors usually suffer from low conductivity, and the perovskite solar cells

using such HTMs exhibit low efficiencies. Therefore, developing new HTMs with

high performance yet low cost is of great importance from the practical point of view.
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Carbazole-based HTMs have been proven to be promising materials in both organic
light emitting diodes and solar cells, owing to their excellent charge-transport and
photoelectric properties.!'“"® 1t is known that the highest occupied molecular orbital
(HOMO) level of carbazole-based donor is slightly lower than that of triphenyl amine
based donor."”?? In general, the open-circuit voltage Vo, of perovskite solar cells is
determined by the difference between the quasi-Fermi level of the electrons in the
TiO, and that of the holes in the HTM.[*! Therefore, a higher V. is anticipated for the
perovskite solar cells with carbazole-based HTM compared to the ones based on
Spiro-OMeDA because the donor of the latter is triphenyl amine derivate.*?
Carbazole-based compounds caught the attention of researchers as novel HTMs,!'®!
but the synthesis of such materials often involves multiple steps, including protection
and deprotection. Therefore, in the race of novel HTMs for perovskite solar cells, the
design and synthesis of novel organic compounds with simplified synthetic routes but
excellent hole-transport properties remains highly desired.

Herein, we report a novel high-performance HTM, R01, with very simple molecular
structure, which was synthesized via a facile route with low cost and high yield. The
structures of RO1 and Spiro-OMeTAD are shown in Scheme 1. RO1 is
carbazole-based and bridged by 3,4-ethylenedioxythiophene. Its structure is much
simpler than not only Spiro-OMeTAD but also other organic HTMs reported to date

(Table S1). The much smaller size of the R01 allows a deeper penetration into the

mesoporous TiO,, which facilitates the hole extraction, thus improving device
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performance. In this work, the perovskite solar cells device using R01 as HTM shows
efficiency 7 of 12.03% and V. of 0.98 V under the irradiation of simulated AM1.5G
solar light. Our findings make R0O1 a very promising alternative HTM in perovskite
solar cells, and its facile synthesis may facilitate driving down the fabrication cost of

perovskite-based photovoltaic technology.

sUNic e
~ O [} N}
RO1

Molecular weight: 528.67

Spiro-OMeTAD
Molecular weight: 1225.46

Scheme 1. Molecular structures of the HTM R01 and Spiro-OMeTAD. The molecular
weights are given in g/mol.

The facile synthesis of RO1 was achieved in only two simple steps with inexpensive
commercial materials, which is much more straightforward than Spiro-OMeTAD.
Briefly, 9-ethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole was

first synthesized according to the reported method.'”*’ R01 as yellow powders (Figure

S1) was then obtained by reacting commercial
5,7-Dibromo-2,3-dihydrothieno[3,4-b][1,4]dioxine with
9-ethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole through

palladium-catalyzed Suzuki-Miyaura cross-coupling reaction (Scheme S1). The facile
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synthesis has a high yield of 73%. More synthesis details can be found in the

experimental section.
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Figure 1. (a) Absorption and emission spectra of R01 and Spiro-OMeTAD. (b) DSC curve of
RO1 with the melting temperature being marked by an arrow. Inset shows the region around

the glass transition temperature.

The absorption and photoluminescence spectra of R0O1 and Spiro-OMeTAD are
shown in Figure la, and the corresponding properties are listed in Table 1. The
maximum absorption peak of R01 appears at 360 nm, which is a blue shift of 27 nm
relative to that of Spiro-OMeTAD. Moreover, the fluorescence emission peaks of R01
and Spiro-OMeTAD are located at 467 and 446 nm, respectively, i.e., R0O1 exhibits a
red shift of 21 nm relative to Spiro-OMeTAD. Correspondingly, the Stokes shifts of
RO1 and Spiro-OMeTAD as determined by the equation A A= Aey—Aaps are 107 nm
and 59 nm, respectively. Compared to Spiro-OMeTAD, the much larger Stokes shift
of RO1 implies that RO1 can undergo much more geometrical changes upon
excitation." Therefore, the larger Stokes shift in combination with the smaller size of

RO1 permits better filling into the porous TiO, films, which is beneficial for
6
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enhancing the hole-extracting efficiency in solar cells. The thermal stability of R0O1
was examined using the thermal gravimetric analysis (TGA). The TGA data indicate
that RO1 is quite stable and its thermal degradation starts at 388 °C (Figure S2).
Differential scanning calorimetry (DSC) curve (Figure 1b) shows that the glass
transition temperature (T,) and the melting point (T,,) of RO1 are 104 °C and 171 °C,
respectively, which are lower than those of Spiro-OMeTAD (T=125 °C and T;=248
°C). 124

Tabl 1. Optical and electronic properties of R01 and Spiro-OMeTAD.

HTM Ap/imM  Aeynm  ESY eV HOMO/eV LUMO/eV"
RO1 360 467 2.88 -5.30 2.42
Spiro-OMTAD 387 446 291 -5.24 -2.33

[a] Optical band gap (E,) obtained from the onset value of absorption; [b] LUMO calculated by
LUMO=HOMO+E,.

To determine and compare the oxidation potential of R01 and Spiro-OMeTAD,
cyclic voltammetry (CV) measurements were carried out with HTMs in a solution of
tetrabutylammonium hexafluorophosphate (0.1 M) in dichloromethane. The scan rate
is 50 mV s™, and the data are shown in Figure 2a. The HOMO levels of R01 and
Spiro-OMeTAD, taken from the first oxidation potential, were calculated as 5.30 eV
and 5.24 eV, respectively (Table 1). As expected, the HOMO level of the

carbazole-based RO1 is lower than that of the triphenyl-amine-based Spiro-OMeTAD
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by about 60 mV. Therefore, we anticipate a higher V,. value for the R01-based
perovskite solar cells than the ones with Spiro-OMeTAD.

It is well known that chemical p-doping is a powerful tool to lower the HOMO level
and to improve the charge-transport properties of organic semiconductings.*”
However, the defects associated with the p-dopants could limit the performance of
perovskite solar cells.*® Therefore, the optimal p-dopant should satisfy the following
criteria: the position of oxidation potential of the dopant with respect to the energy
levels of host should give enough driving force to extract the holes; the p-dopant
should have good solubility in the HTM. In this work, we chose
tris[2-(1H-pyrazol-1-yl)pyrimidine]cobalt(IIl) tris[bis(trifluoromethylsulfonyl)imide,
MY 1129 as the dopant because of its relative high oxidation potential and good
solubility compared to the commonly used FK102. The structure of MY11 is shown
in Figure S3, and its synthetic is detailed in the Supporting Information.

Figure 2b shows the UV/vis absorption spectra of the RO1 solutions upon the
gradual addition of MY11. It can be clearly seen that the oxidized RO1 species
progressively increase in the light absorption in the visible range of 425-650 nm.
After the effective chemical doping, the enhancements of both V. and fill factor (FF)
of solar cells with RO1 are expected because V. is approximately determined by the
difference between the Fermi level of the TiO, and the HOMO level of R01, while the

FF is related to the charge-transport properties of R01.1*"
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Conductivity measurements (Figure 2¢ and Table 2) indicate that the conductivities
of pristine R01 and Spiro-OMeTAD are 9.39x10” and 7.72x10” Secm™', respectively.
It should be mentioned that the conductivity of RO1 is notably higher than that of
Spiro-OMeTAD. Moreover, the conductivity of RO1 gradually increases with
increasing MY 11 content as a result of the effective p-doping. When the doping level
of MY 11 reaches 12 mol%, which is the solubility limit, the conductivity increases by

two orders of magnitude and reaches 9.24 x 10 Secm.
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Figure 2. (a) CV curves of RO1 and Spiro-OMeTAD. (b) Absorption spectra of R01 with
different doping concentrations in chlorobenzene. (c) Current-voltage characteristics of
pristine and doped HTM films. (d) Current density-voltage characteristics of hole-conducting

layers and the straight lines represent fittings to the SCLC mechanism.
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We further studied the effect of doping on the hole mobility p of R01 by measuring

) [28

the space-charge-limited current (SCLC).”® The current density vs. voltage data in

Figure 2d were fitted to the equation,

9 V?
S =gt s

(1)
where & is the dielectric constant and d is the film thickness. The value of mobility
obtained here (8.19x10” cm’V 'es™") for Spiro-OMeTAD is close to the ones
reported in literature.'® 2 Importantly, the hole mobility of RO1 (2.05x10™
cm®V 'es") is about three times higher than that of Spiro-OMeTAD, indicating a
much faster hole-transport capability. In addition, doping MY11 is very effective to

increase the hole mobility of R0O1, and the highest mobility was found to be 4.78x10™*

cm®sV 'es™" at the doping level of 12 mol%.

Table 2. Electrical properties and the photovoltaic parameters of perovskite solar cells with

different HTMs.
HTMs with different Conductivity Hole mobility Ve Jee FF n%
dopant (Seem™) (cm®V s ') (V)  (mAecm™)

RO1 9.36 x 107 2.05x10* 0.86 167 0522 747
Spiro-OMeTAD 7.72 %107 8.19% 107 0.84 16.8 0542 7.66
R01+4 mol% dopant 220x 10 2.87x10* 0.91 174 0554 8.78
R01+8 mol% dopant 3.78 x 107 3.54 x 10™ 0.93 176 0599 9.82
RO1+12 mol% dopant ~ 9.24 x 10 4.78 x 10* 0.98 179  0.687 12.03
Spiro+12 mol% dopant ~ 9.57 x 107 5.02x 10 0.94 180 0718 12.17

The cross-sectional scanning electron microscope (SEM) image of a typical

perovskite solar cell is shown in Figure 3. One-step deposition method was used to
10
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prepare the CH3;NH;Pbl; (Cly perovskite/mesoporous TiO, layer (640 nm thick)
sandwiched between the compact TiO; (40 nm thick) and the RO1 layers (100 nm
thick).”” An Au layer with the thickness of about 140 nm was evaporated on the top
of RO1 as the cathode. As shown in Figure 4a and Table 2, under the irradiation of
simulated AM1.5G solar light, the device using the pristine R01 as the hole-
transporting layer exhibits 1 of 7.47% (V,.=0.86 V, J=16.66 mA/cm‘z, and
FF=0.522). Importantly, all performance parameters of the R01-based devices were
progressively improved with increasing MY 11 content. The device based on R0O1 with
12 mol% dopant exhibits the highest power conversion efficiency of 12.03%. At the
same time, V.. increases from 0.86 V to 0.98 V, J,. from 16.66 mA/cm?to 17.87
mA/cm'z, and FF from 0.522 to 0.687. The enhancement of V. in the devices is a
result of the lowered HOMO level of RO1 after the MY 11 doping. The improved
conductivity and hole mobility of the RO1 after doping are responsible for the
increased J. and FF.

In a control experiment, we fabricated devices using Spiro-OMeTAD as the HTM,
and the obtained maximum n value is 7.66% (V.=0.84 V, J;=16.83 mA/cm'z, and
FF=0.542). Thus, the performance of the R01-based device is comparable to the
device using the state-of-the-art Spiro-OMeTAD. As expected, V. of the device with
RO1 is slightly higher than that of the Spiro-OMeTAD counterpart, which also holds
true after doping. This improvement of V, can be attributed to the relatively lower

HOMO level of R01 than that of Spiro-OMeTAD, consistent with the electrochemical

11
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measurement result. Furthermore, as shown in the photocurrent density-voltage (J-V)
curves in Figure 4a, the dark current of the RO01-based devices decreases
progressively with increasing MY11 concentration from 0% to 12 mol%, indicating
the continuous reduction of charge recombination due to the improved conductivity
and hole mobility of RO1 after doping. It is worth noting that the perovskite solar cell
based on RO1 with 12 mol% dopant shows a relatively lower dark current and higher
onset voltage compared to the device with Spiro-OMeTAD, which is also responsible

for the higher V..

Mesoporous
TiO,/CH;NH;Pbl;_Cl,

Compact TiO, layer

Figure 3. Cross-sectional SEM image of the perovskite solar cell.

It is noteworthy that the maximum # of the R01-based devices in this study was
achieved with the dopant concentration of 12 mol% which is lower than that of the
reported FK102 (15 mol%).!"” This can be explained by the higher oxide potential of
MY 11 compared to that of FK102. Correspondingly, as shown in Figure 4b, the
incident-photon-to-current conversion efficiency (IPCE) spectra of the perovskite

solar cells incorporating R01 exhibit a broad working range from 350 nm to 800 nm,

12
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and the maximum IPCE value increases gradually with increasing MYl

concentration, which is in accordance with the tendency of the J-V characteristics.
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Figure 4. J-V characteristics (a) and the corresponding IPCE spectra (b) of perovskite solar

cells with different HTMs.

We used transient absorption spectroscopy to investigate the charge transfer at the
perovskite/HTM interface because this technique can provide direct evident on the
carrier dynamics including charge transfer and recombination. As shown in Figure 5a,
the negative absorption peak at around 760 nm is a result of the ground-state bleach of
perovskite. The carrier dynamics shown in Figure 5b are analyzed by fitting the
kinetic data with a two-exponential decay function: AA = A; exp(—t/t;)) + As
exp(—t/t;), where Ajand 1i, 1 = 1 and 2, are the time-independent coefficients and time
constants, respectively. For the perovskite/RO01 bilayer, t; = 10.88 £ 2.60 ns and ©
= 40.49 + 2.24 ns were obtained, while in the case of perovskite/Spiro-OMeTAD,
the time constants are t; = 7.20 = 1.97 ns and t, = 40.20 *+ 1.34 ns. These data
reveal that the carrier recombination of the perovskite-R01 bilayer is comparable to

that of the perovskite/Spiro-OMeTAD counterpart. Clearly, the superb properties of
13
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RO1 such as small size, facile synthesis, large Stocks shift and low HOMO level,
make it highly promising for applications in large-scale production of perovskite solar

cells.
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Figure 5. Transient absorption spectra of (a) perovskite/Spiro-OMeTAD and perovskite/R01
films measured after excitation at 480 nm. (b) Normalized kinetic traces for the ground-state
bleach recovery of perovskite-Spiro-OMeTAD and perovskite-R01 bilayers probed at 760 nm

and 755 nm, respectively.

In Table S1, we compare the physical properties and performance of R01 with other
organic HTMs reported so far in literature. It is clear that the performance of RO1 is
comparable to the best HTMs, while its structure and synthesis are much simpler.
Spiro-OMeTAD remains as the dominant HTM in the research field of perovskite
solar cells with record-high performances, but it may not be the ultimate HTM for
industry-scale production of perovskite solar cells because of its high cost (331.0
EUR per g). Furthermore, we should note that carbazole-based HTMs consistently

exhibit low HOMO levels and high device efficiencies, and this class of organic
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materials deserve more attention in the search of HTMs with easy synthesis, low cost
and high performance for practical applications of perovskite solar cells. We believe
that engineering the composition and morphology of perovskite layers as well as their
interfaces with charge transporting layers can significantly increase the efficiency of
solar cells using such HTMs.

In summary, a novel carbazole-based HTM RO01 with tunable p doping has been
successfully designed and synthesized. Because of its relatively small size, structural
flexibility and low HOMO level, R01 showed very good performances as HTM in
perovskite solar cells. The highest power conversion efficiency (n = 12.03%)
achieved in devices fabricated with R0O1 is comparable to that of the control devices
with Spiro-OMeTAD (n = 12.17%) fabricated in this study. These results underscore
RO1 as a very promising HTM candidate with high performance, and its relatively
facile synthesis and low cost will motivate further experimental works and potentially

facilitate the large-scale applications of perovskite solar cells.

Experimental Section

Synthesis: The details of materials can be found in Supporting Information. The
synthesis of 5,7-Bis(9-ethyl-9H-carbazol-3-yl)-2,3-dihydrothieno[3,4-b][1,4]dioxine,
RO1, is much more succinct than that of  Spiro-OMeTAD.
9-ethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole was

synthesized according to the reported methods.””) RO1 could be obtained through
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palladium-catalyzed Suzuki-Miyaura cross-coupling reaction (Scheme S1) with a high
yield of 73%. A mixture of
9-ethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (1.172 g, 3.65
mmol), 2,5-dibromo-3,4-ethylenedioxythiophene (542 mg, 1.81 mmol), Pd(PPhs)4
(100 mg, 0.09 mmol), K,CO;3 (2.76 g, 20 mmol), THF (20 mL), toulene (20 mL) and
H,0 (10 mL) was refluxed for 24 h under N,. After cooling, water was added and the
reaction mixture was extracted three times with CH,Cl,. The combined organic layer
was washed with H,O and brine, dried over anhydrous Na,SOj, and evaporated under
reduced pressure. The crude product was purified by column chromatography
(PE/CH,CI, = 2/1) on silica gel to yield the product as a yellow solid. (699 mg, 73%).
IH NMR (400 MHz, DMSO-ds, ppm): 8.34-8.38 (m, 1H), 8.08-8.17 (m, 3H),
7.82-7.93 (m, 2H), 7.42-7.67 (m, 6H), 7.19-7.27 (m, 2H), 4.49-4.57 (m, 4H), 4.28 (s,
4H), 1.34-1.39 (m, 6H); 13C NMR (100 MHz, DMSO-d¢, ppm): 140.53, 138.87,
138.38, 126.64, 124.29, 122.63, 121.09, 119.57, 117.79, 114.57, 110.06, 109.92,
65.18, 37.63, 14.36. MALDI-TOF-MS (m/z): calcd. For C34H23N>0,S: 528.2 [M+];
Found: 528.1. Synthesis of tris[2-(1H-pyrazol-1-yl) pyrimidine]cobalt((IIl) tris
[bis(trifluoromethylsulfonyl)imide can be found in the Supporting Information.
Methylammonium iodide (MAI) was synthesized following a previously reported
procedure'[zg] To form the non-stoichiometric CH3NH;3;Pbl; «Cly precursor solution,
methylammonium iodide and lead (II) chloride (Aldrich, 99%) are dissolved in

anhydrous N,N-dimethylformamide at a 3:1 molar ratio of MAI to PbCl,.
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Solar Cell Fabrication: Solar cell devices were fabricated on fluorine-doped tin oxide
(FTO) coated glass (Pilkington). First, the FTO was etched with 2 M HCI and zinc
metal powder to define the electrodes. Substrates were then sonicated sequentially in
2% Hellmanex detergent, deionized water, and after drying finally treated with
oxygen plasma. A hole-blocking layer of compact TiO, was deposited by spin-coating
(2000 rpm for 60 sec) a mildly acidic solution of titanium isopropoxide in anhydrous
ethanol, and annealed at 500°C for 30 min. Then, 600 nm of mesoporous TiO, was
deposited by spin coating a solution of dyesol paste in ethanol with a mass ratio of
1:2.5 at 2000 rpm for 60 sec. This mesoporous layer was sintered at 500 °C for 60
min. To fabricate the perovskite layers, a non-stoichiometric CH;NH;Pbl; (Cly
precursor solution was spin-coated on the mesoporous TiO, in a nitrogen-filled glove
box, at 2000 rpm for 45 sec. After spin coating, the films were left to dry at room
temperature in the glove box for 5 minutes followed by annealing on a hotplate in the
glove box at 95°C for 60 minutes. R01 and Spiro-OMeTAD were each dissolved in
chlorobenzene (100 mg mL™). tert-butylpyridine (TBP; 15.92 mL) and lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI, 9.68 mL, 520 mg mL™ in acetonitrile)
were  added  directly to 03 mL of the HTM  solutions.
Tris[2-(1H-pyrazol-1-yl)pyrimidine]cobalt(IIl) tris[bis(trifluoromethylsulfonyl)imide,
MY11] was predissolved into acetonitrile and added into the HTM solution with
ratios of 0-12 mol%. The coating process was carried out at 2000 rpm for 30 sec, and

then the devices were stored overnight in the dark under dry air. The humidity level
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was about 30%. Finally, gold electrodes were deposited by thermal evaporation to

complete the fabrication of the solar cells.

Characterizations: 'H and >C NMR spectra were recorded by using Bruker
AVANCE III 400 MHz instruments with tetramethylsilane (TMS) as the internal
standard. Mass spectra (MS) and high-resolution MS (HRMS) were performed using
a Waters LCT Premier XE spectrometer. The absorption spectra of HTMs in solutions
were measured with a Varian Cary 500 spectrophotometer. Extinction spectra were
measured on a Varian Cary 5000 UV-vis—NIR spectrophotometer. Differential
scanning calorimetry (DSC) data was taken using Shimadzu DSC-60A in a
temperature range of 40-200 °C at a heating rate of 5 °C min™. A field emission
scanning electron microscope (FESEM, FEI Quanta 600FEG) was used to acquire
cross-section SEM images. Cyclic voltammetry measurements were carried out on a
CHI411 electrochemical workstation with HTM in a solution of tetrabutylammonium
hexafluorophosphate (0.1 M) in dichloromethane with a scan rate of 50 mV s'. The
Ag/AgCl electrode was used as the reference electrode and platinum wire as the
working electrode. Charge transport properties of the HTMs were investigated
according to the procedure reported in literature.” HTM films were deposited on
glass substrates by drop casting in dry air, followed by dark storage overnight. Their
transport characteristics were measured with a Keithley 2420 source meter. Helios
UV-NIR femtosecond transient absorption spectroscopy was used to measure the

samples in this study. The experimental setup was detailed elsewhere®”!. The solar

18

ACS Paragon Plus Environment

Page 18 of 25



Page 19 of 25

OCoONOOOPR~WN =

ACS Photonics

cell performance was measured using a solar simulator (Newport, Oriel Class A,
91195A) at 100 mA cm * illumination (AM 1.5G), which was calibrated with a Si
reference cell certificated by NREL. All the solar cells were masked during the J-V

measurements to define an active area of about 0.09 cm”.

B ASSOCIATED CONTENT

Supporting Information

Synthesis details, TGA data and comparison of various HTMs are given. This
information is available free of charge via the Internet at

http://pubs.acs.org/photonics.
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