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ABSTRACT: A challenge in PV designs, including those with an electron transport layer
(ETL), is the presence of ‘parasitic absorbers’. These are layers that absorb light without &
significantly converting it to electrical current, impacting the total external quantum

efficiency (EQE). Strontium titanate (STO), a high-band-gap (3.20 eV) perovskite metal ‘

oxide, holds promise as an electron transport layer (ETL) for solar energy harvesting.
Despite STO’s potential, it primarily operates in the UV spectrum, not fully utilizing the
broader light range, and hence can be the source of parasitic absorbers. In this study, we 2
report a significant enhancement in the EQE of STO through the integration of a triplet '3
sensitizer—emitter (TSE) system, designed to upconvert the visible spectrum into UV light o e /T
and improve the charge extraction from STO. The TSE system uses carbazolyl © B O
dicyanobenzene (4CzIPN) as a sensitizer and p-terphenyl (TP) as an emitter. To
investigate the EQE of such a system, we fabricate STO as a PV cell. The revised PV cell
architecture (ITO/Ti0,/STO/TSE/PEDOT:PSS/Al) is a modification of the conven-
tional configurations (ITO/TiO,/STO/PEDOT:PSS/AL). With the TSE thin film, the modified STO PV cell shows better charge
extraction under sunlight compared to the standard STO PV cell, indicating that the upconversion process can enhance the hole
conductions from STO to PEDOT:PSS through the TSE system. We noted an EQE increase with intense light of 4 > 345 nm in
thicker TSE layers and a decrease in the EQE under similar light intensity in thinner TSE layers. The Kelvin probe force
measurement (KPFM) data showed that the TSE layer receives holes from STO under illumination. Additionally, time-resolved
photoluminescence (TRPL) experiments showed that the TSE/STO thin film is able to produce UV emission after irradiation with
lower energy light. Then, the EQE variation in thicker TSE layers under intense irradiation can be attributed to the solid-state
upconversion, indicating its thickness-dependent performance. These findings underline the strategies for maximizing the utilization
of the solar spectrum in PV applications.
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H INTRODUCTION materials, including metal oxides. Furthermore, the electron
transport layer (ETL)*™"° and hole transport layer (HTL)"'~"*
are utilized to facilitate efficient charge separation and transport,
reducing the likelihood of charge recombination. Metal oxides,
including those used in perovskite solar cells, are commonly
employed as ETLs.® However, in a photovoltaic structure, some
layers like the ETL can act as ‘parasitic absorbers’. This means
that they might absorb some of the incoming light without
contributing much to the generation of electrical current.'"”
While metal oxides primarily absorb light in the UV region, it is
still important to consider their quantum efliciency. This metric

Photovoltaic (PV) technology has attracted much interest as a
potential approach for generating sustainable energy due to the
increased global awareness of the requirement for carbon-
neutral energy production for environmental sustainability." As
compared with other renewable energy sources and fossil-based
conventional energy sources, solar energy is rather abundant,
delivering several kilowatt-hours per square meter daily.”
Among many PV technologies, the perovskite-based PV
technology has received much attention due to its large band
gap for utilizing higher energy photons for energy conversion
and generating a higher open-circuit voltage (VOC).>” —
To enhance the efficiency of photovoltaic systems, Received: November 27, 2023
technologies such as luminescent solar concentrators’ and Revised:  December 21, 2023 ‘
multijunction cell technology” are used. These technologies Accepted: December 22, 2023
help the system capture and utilize a broader range of light from Published: January 10, 2024
the spectrum. The inverted solar cell design also refines this
process. It provides stability and is compatible with a variety of
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Figure 1. (a) Molar absorption coefficient of 4CzIPN, QP, and TP in benzene. (b) PL intensity at 344 nm of 50 yM 4CzIPN (1 mL) coupled with 25
mM TP (1 mL) after different N, bubbling times (5, 10, 15, 30, and 60 min) under the 450 nm light excitation intensity of 2005 mW cm™2 (c) PL
intensity at 344 nm of 50 uM 4CzIPN (1 mL) mixed with 25 mM TP and 300 M QP with the TP/QP volume (in mL) ratios of [1:0], [3:1], [2:1],
[1:1], [1:2], [1:3], and [0:1] under the 450 nm light excitation intensity of 2098 mW cm . (d) Plotted graph of the TTA-UC quantum yield at 344 nm
of emission intensity for SO uM 4CzIPN (1 mL) coupled with 25 mM TP (1 mL) and at 354 nm of emission intensity for SO 4uM 4CzIPN (1 mL)
coupled with 300 uM QP (1 mL). For all PL measurements: the light source is 450 nm LED; volume of solution in the cuvette = 2 mL; and light path

length through the cuvette = 10 mm.

indicates how these materials convert absorbed photons into
electricity.

Strontium titanate (STO) is a kind of metal oxide having a
perovskite crystal structure. STO has shown near 100%
quantum efficiency'® in converting photons to electrons during
photocatalytic reactions.'”*° Furthermore, the devices can also
be fabricated in an ambient atmosphere. Due to its large band
gap (3.20 eV),” STO requires higher energy photons (to
generate free carriers), specifically from the UV region, which
comprises only 7% of the solar spectrum. This means that
significant portions of the spectrum, such as the visible and
infrared, remain unused. This inability to harness photons with
energies below their band gap constrains the energy conversion
efficiency of single-junction solar cells to the Shockley—Queisser
limit.>"** Hence, a trade-off exists between using a wider solar
spectrum and having a large open-circuit voltage. This is why
STO is not commonly used as a light absorber in traditional
planar photovoltaic cells.” In planar halide perovskite PVs, STO
has been efliciently used as an ETL, proving more effective than
TiO, nanoparticles in extracting charge from halide perov-
skites.”* It is important to reduce the parasitic absorption in
STO to operate as an efficient ETL. Hence, a new strategy to
improve the charge extraction from STO should be considered.

The photon upconversion system application in photovoltaic
systems has raised interest as it could utilize the lower photon
energy to be converted into higher energy photons for solar—
electricity conversion.” It is encouraging to further improve the
photovoltaic system by harvesting the upconverted photons.
Triplet—triplet annihilation upconversion (TTA-UC) is a
process of consuming two energy photons in sensitizer
molecules and converting them into a high energy photon
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through emitter molecules by a triplet—triplet energy transfer
(TTET) process.”® By interfacing molecular materials having
long-lived triplet excitons and solid crystals, we can engineer
new behaviors, potentially revolutionizing fields such as
photovoltaics, photodetection, sensing, and optical information
processing.”” Numerous studies have integrated the photon
upconversion system to improve the photovoltaic response, in
the form of liquid and solid-state layers.'””*~** Most of these
studies have primarily targeted the upconversion in infrared and
visible spectra with less emphasis on the UV region.

The energy losses during the donor’s intersystem crossing
(ISC) process, specifically the singlet—triplet (S;—T,) state
energy gap (AEgr), have a negative impact on the energy gain of
the overall TTA-UC system, which was studied by Yanai et al.*®
They identified a significant problem that impeded the
combination of a sensitizer and an annihilator, as the energy
level of the annihilator’s T state needed to be lower than that of
the sensitizer’s T, state. In that study, a thermally activated
delayed fluorescence (TADF) molecule called carbazolyl
dicyanobenzene (4CzIPN) was used as the sensitizer. It was
coupled with emitters p-quarterphenyl (QP) and p-terphenyl
(TP) in a deaerated benzene solvent. The small AEg; value of
4CzIPN (0.083 eV) effectively reduces the energy loss during
ISC and expands the range of available annihilators. The
4CzIPN/QP couple exhibited a UV upconverted energy
(AEyc) value of 0.73 eV (445 to 353 nm) with a quantum
yield (®yc) of 1.95% and a threshold intensity (I;) of 0.8 W
cm™2 Similarly, the 4CzIPN/TP couple displayed a AE value
of 0.83 eV (445 to 343 nm) with a ®y¢ of 1.4% and a I, of

approximately 1.8 W cm™

https://doi.org/10.1021/acsaem.3c02971
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Figure 2. (a—d) SEM morphology images and (e—h) AFM topography images of ITO/TiO,, ITO/TiO,/STO, ITO/PEDOT:PSS, and ITO/
PEDOT:PSS/STO. Surface potential KPFM images of the same samples under two conditions: (i—1) dark condition and (m—p) illuminated
condition of 80 mW m ™2 345 nm light. (q—t) Summary of electron transfer at the interface after Fermi level alignment under the illuminated condition.

Here, we present and discuss STO as an absorber neighboring (referred to as the TSE/STO PV cell). We compared their
with triplet sensitizer—emitter (TSE) molecules to enable the external quantum efficiency values through the thickness-
conversion of visible light into UV light for reabsorption by dependent TSE layer and also the influence of UV and visible
STO. To analyze the quantum efliciency, we fabricated the STO light sources.
thin film as a photovoltaic cell. We employed the ITO/TiO,/

STO/PEDOT:PSS/Al structure to construct as the conven- B RESULTS AND DISCUSSION

tional STO PV cell. We used TiO, and PEDOT:PSS to facilitate To identify the emergent properties of the TSE materials, we
the conduction of electrons and holes, respectively, to the began by investigating their photoluminescence properties.
electrodes. For the TTA-UC process, we used 4CzIPN, TP, and Figure 1a shows the molar absorption coefficient and € spectrum

QP molecules. To integrate the TSE system with the STO PV of the individual sensitizer (4CzIPN) and the emitters (QP and
cell, we directly fabricated a TSE layer within the STO PV cell TP). It shows that 4CzIPN has higher absorbance in the visible

801 https://doi.org/10.1021/acsaem.3c02971
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Figure 3. (a) Schematic illustration of the STO PV cell (ITO/TiO,/STO/PEDOT:PSS/Al) with the thickness measured for each layer. (b) Optical
transmittance of ITO, ITO/TiO,, and ITO/TiO,/STO. (c) J-V curve of the STO PV cell under irradiance of UV light (4 = 345 nm) with their
respective irradiance intensities. (d) J—V curve of the STO PV cell measured under a 1.5 AM solar simulator.

region (from A < 480 nm), followed by QP and TP. QP and TP
mostly absorb light in the UV region from 4 < 340 nm.

It is critical to have a high PL intensity from the TTA-UC
process, especially in the entire UV region, for light absorption
and photogeneration in STO. As shown in Figure S1, the PL
spectra of both 4CzIPN/TP and 4CzIPN/QP were measured
under 4 = 450 nm of excitation light. The spectrum of
upconverted photons spanned within 330 < 4 < 400 nm, with a
peak at 4 = 344 nm for 4CzIPN/TP and a double peak (4 = 354
nm & A = 370 nm) for 4CzIPN/QP. Therefore, for the success
of the TTA-UC process, the reabsorption of upconverted light
(i.e, UV light) by the unreacted TSE molecules in the
surrounding should be avoided.

Dissolved oxygen is known to quench the triplet formation in
the TTA-UC process and thus reduce the PL intensity. N,
bubbling (purging with a flow rate = 10 mL/min) into the TSE
pair solution was implemented as a deoxygenation process.
Figure 1b shows the PL intensity at A = 344 nm after different N,
bubbling times. The measured PL intensity increased gradually
with the N, bubbling time until it saturated after 30 min. 30 min
of the N, purging time appears to be optimum in our setup for
reducing a significant amount of dissolved oxygen.

The concentration dependence of the TSE pairs toward the
PL intensity was investigated under the irradiation 4 = 450 nm.
For the case of varying concentrations of 4czIPN (5 to 400 uM)
and fixed concentrations for TP (25 mM) (Figure S2a), it was
found that the PL intensity showed an uphill trend (Figure S2b).
Suppose two molecules of the sensitizer and two emitter
molecules are needed for the TTA-UC process (i.e., a 1:1 mol
ratio is needed) but the intensity does not increase further with
the 4czIPN concentration after 100 #M. The uphill trend means
that further increase of the sensitizer 4czIPN might induce light
reabsorption for the unreacted 4czIPN molecule in the TTA-UC
process.

Theoretically, a higher concentration of the emitter molecules
could result in a better PL intensity since the quantum yield of a
TTA-UC system is limited by the concentration of the
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annihilator.® The dependence of the emitter mixture (QP
and TP) with different ratios on the PL intensity was studied to
find the feasibility of mixed emitter molecules in increasing the
PL intensity at 4 < 340 nm. 50 M 4CzIPN (1 mL) was mixed
with 25 mM TP and 300 uM QP with different TP/QP volume
(in mL) ratios of [1:0], [3:1], [2:1], [1:1], [1:2], [1:3], and
[0:1]. Figure S3 shows the PL intensity response. The detected
upconverted fluorescence peaks at specific wavelengths on the
4CzIPN/TP and 4CzIPN/QP couples are in accordance with
the report of ref base-text.”>” As shown in Figure 1c, the PL
intensity response at 4 = 344 nm was summarized. The highest
intensity appeared only for the case of TP/QP = 1:0 (i.e., the
4CzIPN/TP pair). The small intensity cases could be due to the
triplet—triplet energy transfer (TTET) mostly happening
between 4CzIPN and QP. Additionally, as shown in Figure
S3, it was observed that TP/QP = [3:1], [2:1], and [1:1]
exhibited a decreasing trend in the photoluminescence intensity
of the peak at A = 370 nm. In contrast, the original 4CzIPN/QP
case consistently showed a higher peak intensity at 4 = 370 nm
compared to A = 354 nm. This trend suggests that the presence
of TP in proximity to QP could induce a redistribution of energy
levels in the molecules and a shift in the photoluminescence
spectrum.

Since the 4CzIPN/QP pair could exhibit a strong PL intensity
at A = 354 nm, where STO can partially absorb the light, such a
UV light source should also be considered. The UC quantum
yield (@) vs excitation intensity of the 4CzIPN/TP pair (at 4
= 344 nm) and the 4CzIPN/QP pair (at 4 = 354 nm) was
calculated (and is plotted in Figure 1d) using the method as
mentioned in the previous study,‘?’5 which is based on the
integrated photoluminescence spectral profile of Coumarin 6
(see the Supporting Information). The @y values obtained for
the 4CzIPN/TP and 4CzIPN/QP couples were similar. Their
@ values are different (®ye of 4CzIPN/TP < @y of
4CzIPN/QP) only in the case of strong light (light intensity >
2000 mW/cm?).> The @, value observed in Figure 1d is lower
than that reported in ref 35 (i.e., @y & 2.4% at 2000 mW/cm?).

https://doi.org/10.1021/acsaem.3c02971
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Figure 4. (a) Experimental setup for the I—V characterization of the TSE/glass/STO PV cell using a customized cell holder. (b) EQE/EQE, graph of
the conventional STO PV cell (air), with benzene only, with S0 uM 4CzIPN/300 uM QP solution and with SO yM 4CzIPN/25 mM TP solution under
300 Wm™2 (4 =450 nm) irradiation. (c) Schematic illustration of the TSE/STO PV cell structural design (ITO/TiO,/STO/TSE/PEDOT:PSS/Al).
(d) EQE/EQE, graph of the STO PV cell, the STO PV cell with 1 layer of deposited TSE, and the STO PV cell with S layers of deposited TSE under
450 nm irradiance with low intensity (300 W m™2) and high intensity (15 000 W m™2). (e) EQE/EQE, graph similar to panel (d) but with UV light
irradiation at 8 and 16 W cm™>. (f) Proposed mechanism of the photogeneration carrier in the TSE/STO thin film PV cell.

This discrepancy can be attributed to the insufficient reduction
of oxygen concentration during our N, bubbling process. (Note:
One of the eflicient methods for removing dissolved oxygen is
using the repeated freeze—pump—thaw method.”**” ) None-
theless, we found that this efficiency level was sufficient to
observe the photoresponse effect in our study.

Anatase TiO, and PEDOT:PSS are well-known electron
transport layers (ETLs) and hole transport layers (HTLs),
respectively. Both types of materials have similar transmittance
of light in the UV region. To choose either the inverted or
normal structure type of the STO photovoltaic cell, we utilized
Kelvin probe force microscopy (KPFM). Figure 2 shows the
SEM, AFM, and KPFM images (dark and light conditions) with
contact potential difference (Vpp) values for ITO/TiO,, ITO/
TiO,/STO, ITO/PEDOT:PSS, and ITO/PEDOT:PSS/STO.
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Based on the SEM images, the coating uniformity of each sample
was obtained. The surface roughness of each sample measured
by AFM showed a particle size <100 nm.

Vepp (contact potential difference) is correlated with work
function (@), which is described as Vpp = — (0, — @,)/q, where
q represents the electron charge and @, and @, represent the
work functions of the sample and the tip of the cantilever,
respectively. A material with a low WF value (a high Vpp, value)
will donate electrons to a higher WF value (a low Vipp, value)
caused by the Fermi level alignment.** The KFPM measurement
was implemented by using a Pt type of cantilever tip (work
function of Pt = 5.0 eV) and setting up the ITO surface to be
connected to the electrical ground. The cantilever tip was set to
50 nm above the sample. The LED light at 4 = 345 nm was

https://doi.org/10.1021/acsaem.3c02971
ACS Appl. Energy Mater. 2024, 7, 799—809
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chosen to represent the upconverted light from the TTA-UC
process.

Surface photovoltage (SPV) values could indicate the
magnitude of responsiveness of a material toward the irradiation.
SPV can be calculated through the difference between the Vpp
values under dark (D) and light (L) conditions, i.e., SPV =
Verp, L = Verpp-

BothITO/TiO, and ITO/TiO,/STO showed positive SPV =
+0.58 and +0.78, respectively. These values indicated that under
illumination, TiO, donated electrons to ITO, and STO donated
electrons to TiO, (Figure 2q—r). On the other hand, ITO/
PEDOT:PSS and ITO/PEDOT:PSS/STO (Figure 2s—t) had a
small SPV value (—0.02 < SPV < + 0.06). The positive SPV for
ITO/PEDOT:PSS means a Fermi level alignment due to the
transfer of a photogenerated electron from PEDOT:PSS to ITO,
while the negative SPV value in ITO/PEDOT:PSS/STO means
PEDOT:PSS receives a photogenerated hole from STO.
Overall, due to the high responsiveness in TiO, compared to
PEDOT:PSS, we considered that the structure of the PV cell
should contain TiO, as the ETL between STO and ITO.

Figure 3a illustrates the structural design of the STO PV cell
(ITO/TiO,/STO/PEDOT:PSS/Al) along with the measured
thickness. The typical optical transmittance result of ITO/
TiO,/STO is shown in Figure 3b, where light at A > 350 nm is
partially transmitted. Figure 3c shows the dependency of the
short circuit current (Jc) and open-circuit voltage (Vi) of the
STO PV cell (ITO/TiO,/STO/PEDOT:PSS/Al) on the light
irradiance intensity under UV light. The STO PV cell exhibited
small Jsc and Vo, which is typical for a large band gap material-
based PV cell. The fitting slope value showed that the J5¢ value is
more strongly (ca. SO times) dependent on the light intensity
than the V¢ value. Even though under the AM 1.5G solar
simulator (Figure 3d), the V¢ value does not change much.
Such saturation of the V¢ value could be due to the energetic
loss during the quasi-Fermi level splitting between STO and the
transport layers, as discussed in a previous study.*' This brings
us to another way to improve the performance of the STO PV
cell by increasing the STO layer’s light absorbance to generate
more photocurrent.

The Jgc response for the TSE/Glass/STO PV cell (i.e., TSE/
Glass/ITO/TiO,/STO/PEDOT:PSS/Al) was investigated
under 4 = 450 nm irradiation. The purpose is to get upconverted
light in the UV region from the TSE solution and to be absorbed
by STO in the PV cell. As shown in Figure 4a, the PV cell was
mounted in a custom solar cell holder, connected to a printed
circuit board (PCB) with electrical cathode and anode pin
connectors by spring-loaded connectors. The N,-deoxygenated
TSE solution can be dropped on the glass through the cell
holder’s 1 cm X 1 cm opening, where the O-ring was used for
sealing the liquid. The top of the opening was covered with a
glass slide to provide a closed system.

The Jsc was recorded and analyzed through the EQE value
(i.e., EQE = (Jschf)/ (I,,e), where h is the Planck constant, fis the
photon frequency, I, is the incident light intensity, and e is the
electron charge). The relative EQE (= EQE/EQE,) gives the
ratio of the measured EQE toward the EQE of the conventional
STO PV cell. As shown in Figure 4b, the EQE/EQE, = 1 is for
the STO PV cell, as the glass interfacing with air (i.e., the air/
glass/STO PV cell) was used as a control experiment. The
influence of benzene solvent on the EQE was also examined for
the case of the benzene/glass/STO PV cell. About 34% of the
EQE was dropped, which is due to low transmittance of light,
probably due to the scattering onto the impurities present in the
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solvent or on the surfaces of the glass comprising the device. In
the case of the TSE/Glass/STO PV cell, an increase of EQE/
EQE, was observed, indicating that the upconverted light (in the
UV region) from the TSE solution increased the photo-
generated carriers in the STO PV cell. The EQE/EQE, of
4CzIPN/TP showed a larger value than that of 4CzIPN/QP,
even though their ®yc values were similar (Figure 1d),
demonstrating that the number of photogenerated carriers in
the STO PV cell depends on the absorbance of light at a shorter
wavelength (4 < 354 nm). Overall, these data suggest that if we
can increase the transmittance of this system, more upconverted
photons can be absorbed by STO.

Figure 4c shows the illustration of TSE/STO PV cells (i.e.,
ITO/TiO,/STO/TSE/PEDOT:PSS/Al), where the sample
was fabricated and investigated for the light responsiveness of
the solid/solid interface of TSE and STO in the PV cells. The
4CzIPN/TP pair was chosen due to its higher EQE. The
thickness of the TSE film was varied by spin-coating either a
single layer or five layers of the TSE solution (4CzIPN/TP in
benzene), creating two distinct samples.

Figure 4d shows the EQE/EQE, for the conventional PV cell
and TSE/STO PV cells with two different thicknesses of the
TSE layer under visible light irradiation (A = 450 nm). The
intensity dependence of the photocurrent response in PV cells
was investigated and compared with the data, as shown in Figure
4b. Using the same light intensity of 300 W/ cm?, the EQE/
EQE, value of TSE/STO PV cells was significantly higher
compared to that of the conventional PV cell. Furthermore, by
transitioning from the TSE/Glass/STO PV cell to the TSE/
STO PV cell, the negative impact related to the light scattering
has been eliminated, highlighting the dependence of the TSE
upconversion performance on the thickness of the TSE layer.
Under 150 times higher intensity (=15 000 W/cm?), the EQE/
EQE, value was enhanced further. This result shows that the
EQE of TSE/STO PV cells did not saturate (see Figure S4)
under the irradiation of a high photon flux, which means that
carrier recombination was more suppressed, unlike the conven-
tional STO PV cell. The positive exponential curve of the
intensity dependence of the TTA-UC quantum yield relation-
ship (Figure 1d) further supports the increase of the EQE.

To further investigate the sensitization in TSE/STO PV cells,
we performed another set of control experiments (Figure SS)
with the TP alone on the STO layer (ITO/TiO,/STO/TP/
PEDOT:PSS/Al), 4CzIPN alone (with varied concentrations)
on the STO layer (ITO/TiO,/STO/4CzIPN/PEDOT:PSS/
Al), and 4CzIPN alone on the TiO, layer (ITO/TiO,/4CzIPN/
PEDOT:PSS/Al). Figure SSb shows that the EQE/EQE, value
of the device with only TP (without the triplet sensitizer
4CzIPN) was relatively smaller compared to the TSE case
(Figure SSe). It shows that 450 nm light (i.e,, 2.7 eV) is not
sufficient to generate charge separation from the large-band-gap
TP material (i.e., 3.60 eV) and also STO (i.e., 3.20 eV). When
the case of 4CzIPN alone on the STO layer with different
amounts of sensitizer was used (Figure S5c for § #M and Figure
S5d for 50 uM), the EQE/EQE, value exhibited a concentration
dependence relationship. However, the values were not higher
than that of PV with STO only (Figure SSa). Moreover, in
contrast to TP on STO, 4CzIPN on STO shows a slightly higher
photocurrent generation. Those data demonstrate the limited
amount of electron conduction in the LUMO of 4CzIPN to the
conduction band of STO. Therefore, in the case of TSE on STO,
we cannot ignore the possibility of minor carrier (electron)
conduction from 4CzIPN to STO, especially near the interface
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of TSE/STO. On the other hand, in the case of 4CzIPN alone on
TiO, (Figure S5f, which means there is no STO in the device),
the EQE/EQE, was larger than that of 4CzIPN on STO.
Moreover, the data also showed that 4CzIPN is highly
responsive to the light intensity. The high EQE/EQE, was
probably due to the efficient charge separation in 4CzIPN and
conduction to the conduction band edge of TiO, (at 4.4 eV),
which is a deeper energy level than that of STO (at 3.75 eV). The
case with 4CzIPN alone on TiO, is however not our focus, as our
goal is to extract charge from STO. Overall, since 4CzIPN alone
on STO did not show a significantly enhanced photocurrent, it is
therefore confirmed that the large increase of the EQE in ITO/
TiO,/STO/TSE/PEDOT:PSS/Al would not occur when TTA-
UC is not taking place.

Under UV light (Figure 4¢), the EQE/EQE, value for TSE/
STO PV cells exceeded that of the conventional PV cell only
under intense light and with a thicker TSE layer. It is clear that
UV light induces charge separation in STO of the conventional
PV cell, particularly in 4 < 345 nm. With low UV intensity (8 W
cm™?), no photocurrent enhancement was observed in the TSE/
STO PV cells with a single TSE layer, as compared with the
conventional PV cells. It is noteworthy that the UV light source’s
spectrum (Figure S6) includes components with 1 > 345 nm,
which were partially transmitted through STO and absorbed by
4CzIPN. However, these components did not cause charge
separation in 4CzIPN, i.e., electrons (or holes) in 4CzIPN’s
LUMO (or HOMO) did not transfer to STO’s conduction band
(or valence band) to add the source of photogenerated carriers.
Even with a thicker TSE layer (in TSE/STO PV cells with S-
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layer TSE and intensity = 8 W cm™), no enhancement in
photocurrent was observed as the thicker TSE layer should have
a higher light absorption. The only possible source for the
observed EQE improvement was upconversion in the TSE layer.
The EQE enhancement with the thicker TSE layer under high-
intensity UV light indicates that the photogeneration charge in
STO is due to a higher upconversion quantum yield, with the
TSE layer promoting the conduction of holes from STO’s
valence band to the HOMO of PEDOT:PSS (Figure 4f)
through the HOMO level of TSE. It could also be said that the
holes in TSE, generated after triplet—triplet energy transfer,
might be conducted to PEDOT:PSS, while other holes from
STO will replace it (by conduction from STO to TSE). To
investigate charge transfer under illumination, we fabricated
ITO/TiO,/STO/TSE and performed KPFM measurement. As
shown in Figure S7, the SPV value of the TSE surface on ITO/
TiO,/STO/TSE was more negative. It means that the bulk TSE
layer receives holes under illumination (both UV and visible
light) from the underlying STO layer.

We also investigated the light responsiveness of TSE on STO
from the time-resolved photoluminescence (TRPL) measure-
ment. The STO/TSE thin film layer was fabricated on the glass
substrate so that we see the direct PL response of TSE
neighboring with STO. The TRPL response data (Figure S)
shows that TSE on STO was able to generate UV emission of
350 nm when irradiated with a longer wavelength (375 nm)
pulse laser source. This observation implies that TSE, in the
form of a solid thin film (after the evaporation of benzene),
retains its ability to perform upconversion. This suggests that in
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a thin film, the sensitizer and emitter molecules are in close
proximity, facilitating the energy transfer required for TTA-UC
even after the solvent has evaporated. Another possibility is that
some benzene molecules might still be trapped in the thin film,
contributing to stabilizing the triplet states.

Finally, the photocurrent performances of the STO PV,
4CzIPN/STO PV, and TSE/STO PV cells were compared
(Figures 6 and S8) using the 1.5 AM solar simulator, and the
result showed similar trends as the data shown in Figures 4 and
SS. The enhancement of about 31% for the S-layer TSE/STO
PV cell compared to the STO PV cell clearly shows that solid-
state upconversion occurred in the TSE/STO PV cells. It could
also mean that the small AEg; value of 4CzIPN effectively
promotes intersystem crossing for the TTA-UC process, instead
of exciton diffusion and charge separation at the 4CzIPN/STO
interface.

B CONCLUSIONS

To conclude, this study demonstrates that integrating a triplet
sensitizer—emitter (TSE) system with STO significantly
enhances the external quantum efficiency (EQE) under visible
light, particularly with 4CzIPN/TP as a thin film in the TSE/
STO PV cell, and further improvements are observed under a
higher irradiance intensity. The thickness dependence of the
TSE upconversion performance contributes to an increased
efficiency without saturation in EQE/EQE,, highlighting the
potential of TSE/STO PV cells to utilize the high photon flux
effectively. The efliciency outcomes might be enhanced by
performing the sample preparation and measurements in an
inert gas environment along with using an effective method to
remove dissolved oxygen from the TSE solution. Regardless, the
findings in this present study underscore the promising
performance of using the TSE system as a thin film in PV cells
for maximizing photon absorbance from a longer wavelength
light source and reducing the parasitic light absorber.

B EXPERIMENTAL SECTION

Main Chemicals. The sensitizer 4CzIPN (99.0%, Ossila), emitter
QP (98.0%, TCI), emitter TP (99.0%, TCI), strontium nitrate
(>99.0%, Sigma-Aldrich), titanium diisopropoxide bis-
(acetylacetonate) (75 wt % in isopropanol, Sigma-Aldrich), citric acid
(>99.5%, Sigma-Aldrich), ethylene glycol (99.8%, Sigma-Aldrich),
Coumarin 6 (98%, Sigma-Aldrich), anatase TiO, (powder, Sigma-
Aldrich), and PEDOT:PSS (Sigma-Aldrich, 3.0—4.0% in H,0) were
used as received without any further purification.

Photoluminescence Response Measurement of the TSE
Solution. The TSE solutions were prepared from the mixture of the
sensitizer and emitter powders in benzene (concentration information
is mentioned in the main text). A spectrophotometer (IHR 550,
HORIBA) equipped with a CCD detector (Syncerity, HORIBA) was
used for the measurement of the upconverted fluorescence intensity of
the TSE solution. The intensity was measured in the wavelength range
of 300—500 nm (average scan rate = 3 times; exposure time = 2 s; front
entrance slit = 0.2 mm). A controlled volume (3 mL) of the TSE
solution was placed in a UV transparent quartz cuvette (Scioutlet, 45
mm X 12 mm X 12 mm dimension). The 450 nm excitation LED light
source (Figure S6, Chanzon, SO W, 450 nm LED, fwhm = 15 nm) was
connected to the power supply to adjust the excitation intensity. N, gas
was purged (N, bubbling) into the TSE solution before PL
measurement. The N, flow rate was set at 10 mL/min. The light
irradiated the TSE solution in the cuvette, and then the upconverted
fluorescence transmitted through the notch filter (Pixelteq, 2 mm
thickness X 20 mm diameter) and reached the spectrophotometer. The
notch filter allowed 4 < 400 nm, for which the purpose was to filter the
incident light (at the 450 nm spectrum). The upconverted fluorescence
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of the TSE solution was around 350 nm, which is the wavelength having
~82.4% transmittance through the notch filter.

Synthesis of the STO Precursor Solution by the Sol-Gel
Method. The STO precursor solution was synthesized with adjust-
ment from a previous study™ and our previous study.** First, 3 mmol of
strontium nitrate was dissolved in S mL of distilled water, obtaining a
clear colorless solution. An equimolar amount of titanium diisoprop-
oxide bis(acetylacetonate) was then added to form a milky, slightly
orange solution. Next, 12 mmol of citric acid, dissolved in 10 mL of
distilled water, was added to the mixture to promote homogeneity and
the hydrolysis reaction. Additionally, 48 mmol of ethylene glycol was
introduced to facilitate polymerization between the titanium ion and
strontium nitrate. The molar ratio of titanium ions, citric acid, and
ethylene glycol was set to 1:4:16. The molar ratio between citric acid
and the strontium ion was adjusted to 4:1 to improve the homogeneity
of the sol—gel network. The mixed precursor solution was heated at a
constant 70 °C while being continuously stirred for 3 days, eventually
forming a pale yellowish sol—gel STO precursor. The synthesized STO
precursor gel was added to DMSO, creating a solution with a
concentration of 3 g/mL.

Fabrication of the STO PV Cell (ITO/TiO,/STO/PEDOT:PSS/
Al). The fabrication of STO PV Cell is based on our previous study on
I1TO/TiO,/STO thin film.** Prepatterned ITO substrates (Zhuhai
Kaivo, 20 mm X 10 mm X 1.1 mm of ITO on 20 mm X 20 mm glass)
were cleaned sequentially with soap, acetone, isopropyl alcohol, and
ethanol in an ultrasonic bath and dried with a nitrogen purge. 100 L of
anatase TiO, dissolved in ethanol (1 g of TiO, dissolved in 3 mL of
ethanol) was dropped on the ITO surface for the spin-coating process
(30 s of 200 rpm, followed by 30 s of 2000 rpm and 30 s of S000 rpm).
The TiO,-coated ITO substrate was heated to 120 °C on the hot plate
for 10 min. The TiO, layer was then heated at 550 °C in the quartz tube
furnace for 30 min. After that, 100 yL of the STO precursor solution
was cast on the ITO/TiO, sample. The STO sol—gel precursor was
used to fabricate the STO thin film, where a total of 20 layers of STO
were coated in this step. The spin-coating step was initiated at 200 rpm
for 30 s to evenly spread the solution over the substrate. Subsequently,
the spin-coating step continued at 2000 rpm for 30 s, followed by spin-
coating at 5000 rpm for 30 s. The multilayer thin film was spin-coated
on the substrate subsequently with the introduction of a drying process
for each coated film layer. After each coated layer, a drying process was
introduced to evaporate the solvent before the next solution was applied
to prevent solvent trapping. To ensure DMSO evaporation, the thin
film was dried on a hot plate at 180 °C for 15 min for each layer, as
DMSO is not volatile in ambient conditions and has a boiling point of
189 °C. (Note: Drying over the boiling point of the solvent will cause
the solvent to boil, resulting in bubble formation and destroying the
uniformity of the thin film.) Once all of the multilayer thin film coatings
were completed, the samples underwent annealing for 2 h at 300 °C in
the tube furnace, followed by a heat treatment process for 2 h at 500 °C.
Next, 50 uL of filtered PEDOT:PSS was coated on the ITO/TiO,/
STO sample. PEDOT:PSS was filtered with a 0.45 um nylon filter
(Whatman) prior to use. The PEDOT:PSS layer was heated at 120 °C
on the hot plate for 30 min. Finally, an aluminum electrode was
deposited on the PEDOT:PSS layer of the ITO/TiO,/STO/
PEDOT:PSS sample with a thermal evaporator (Auto 306, HHV). A
7 X 20 mm aluminum layer was deposited through a customized
deposition mask during this process.

Fabrication of the TSE/Glass/STO PV Cell (TSE/Glass/ITO/
TiO,/STO/PEDOT:PSS/AI). A 3D-printed holder module designed for
a printed circuit board (PCB) was created to hold the fabricated PV cell
and to probe the anode and cathode electrodes (Figure S9). The cell
holder’s cap was designed with a 1 cm X 1 cm opening for incident light
irradiance and for containing the TSE solution. The TSE mixtures were
50 uM 4CzIPN:25 mM TP and 50 uM 4CzIPN:300 uM QP solutions.
The choice of concentration is based on the previous study.”>** (Note
that QP has a low solubility in benzene compared to those of TP and
4CzIPN.) 600 uL of the TSE solution was dropped on the glass side of
ITO/TiO,/STO/PEDOT:PSS/Al through the cell holder’s 1 cm X 1
cm opening to form TSE/glass/ITO/TiO,/STO/PEDOT:PSS/Al
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Fabrication of the TSE/STO PV Cell (ITO/TiO,/STO/TSE/
PEDOT:PSS/AI). The fabrication process is similar to ITO/TiO,/
STO/PEDOT:PSS/AL But, the TSE solution (from S0 uM 4CzIPN:25
mM TP in benzene solution) was deposited (30 s of 200 rpm, followed
by 30 s of 2000 rpm and 30 s of S000 rpm) before the PEDOT:PSS
layer. The thin film was heated on the hot plate for 15 min at a
temperature of 200 °C and then heated in the furnace for 30 min at 400
°C to evaporate the residual solvent.

Thin Film Thickness Measurement. The thickness of the spin-
coated thin film was measured using a profilometry machine
(DektakXT, Bruker). To determine the film thickness, a portion of
the coated surface was carefully removed by applying a mechanical force
with a blade, exposing the underlying substrate region. The film
thickness was then measured by calculating the difference between the
original coated surface and the newly exposed surface.

Kelvin Probe Force Microscopy Measurement. The Kelvin
probe force microscopy (KPFM) mode was used from an AFM (Park
Systems NX-10) with noncontact mode cantilevers (NSC36_B/Pt,
Park Systems). The scanning rate was set to be 0.5 Hz with a scan area
of 10 ym X 10 um. For the KPFM mode, the cantilever tips were set 50
nm from the sample. The profile of the light source is shown in Figure
S6. The surface topology images and the SKPM images were obtained
and analyzed using XEI software, which is an image processing program
for scanning probe microscopy data developed by Park Systems.

Time-Resolved Photoluminescence (TRPL) Measurement. A
spectrometer (FLS920, Edinburgh Instrument), equipped with a 375
nm pulsed laser, was used to measure the photoluminescence response
of the thin film samples, which are glass/STO/TSE and glass/STO.
These thin film samples were fabricated by spin-coating onto microslide
glass, a process similar to that used for the TSE/STO PV samples but
without additional layers.

PV Performance Measurement. The PV cells were mounted on
the holder module (Figure S9). The I-V characteristics of the PV cell
were measured using a source measure unit (SMU 2450, Keithley)
under the irradiance of 450 nm visible light (Chanzon), 345 nm UV
light (Marktech), and solar AM 1.5. To simulate average AM 1.5 solar
irradiance, a solar simulator (LS1000, Solar Light Company),
controlled by its xenon light power supply (XPS-1600, Solar Light
Company), was used. With a pyranometer (PMA2144, Solar Light
Company), the solar light was adjusted to 1000 W/m?, simulating
average solar irradiance.
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