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ABSTRACT. Photon upconversion represents a promising avenue to reduce the spectral mismatch
losses limiting the efficiency of solar cells. Here we studied in detail the impact of inserting
Yb**/Er** co-doped KY7F2 upconversion nanoparticles (UCNPs) into the different interfaces of a
solution-processed mixed-cation lead mixed-halide perovskite solar cell. Besides macroscopic

photovoltaic characteristics, we quantify the upconversion contribution by the light-beam induced



current/fluorescence mapping technique on devices with only half of their interfaces decorated by
UCNPs. Such mapping experiments offer a detailed microscopic and spectroscopic picture
allowing a correlation of the electrical and optical contribution of UCNPs together with the solar

cell morphology.

TEXT. Photon upconversion, a phenomenon to convert low energy photons into high energy ones,
has been a fascinating topic since its discovery.! Over the last decades various material systems
have been identified among which fluoride,? oxide® and oxysulfide* matrixes doped or co-doped
by trivalent lanthanide ions are major examples capable to perform upconversion through a two-
or multi-photon mechanism.’ Extensive investigation has since been carried out to achieve
upconversion systems in the form of nanoparticles (NPs),*? facilitating their application in

10-12 gptical amplification,'? thermal sensing,'*

different fields including biomedical engineering,
photodetection,'> and solar energy harvest.!®!” In particular, for photovoltaics, upconversion
materials have been considered a promising avenue to reduce the spectral mismatch losses limiting

16-18 Spectral mismatch losses, also called transmission or sub-bandgap

the efficiency of solar cells.
losses, originate from the fact that photons of energies below the absorption threshold of the
photovoltaic absorber cannot be absorbed and cannot contribute to the current generation in the
solar cell. Such sub-bandgap losses can be quite significant: For single-junction crystalline silicon
solar cells with a bandgap of 1.1 eV, sub-bandgap losses account for more than 19% of the power
incident from the sun.!” This percentage is even more elevated, reaching 39%, for solution-
processed organic-inorganic hybrid perovskite halide solar cells due to their larger bandgap (e.g.
about 1.5 eV for methylammonium lead iodide perovskite).!” While low-bandgap semiconducting

materials can allow an enlarged solar spectrum harvest, single-junction solar cells based on low-

bandgap materials will however exhibit a reduced open-circuit voltage.!



Various forms of upconversion materials have therefore been applied into solar cells based on
different semiconducting materials. Yb*" and Er** co-doped materials represent the most widely
investigated upconversion systems while other rare-earth other activators (such as Tm** and/or
Ho** together with Yb*") can also be used to achieve various unconverted fluorescence in the
visible spectrum.?’ They are applied in a position either before or after the illumination reaches
the semiconducting absorber (termed below as “front” or “rear” side respectively). For example, a
Yb** and Er** co-doped vitroceramic layer has been placed on the rear side of a GaAs solar cell
capable to harvest a sub-bandgap illumination (1.39 eV) and generate a photovoltaic efficiency of
2.5%.2! Polycrystalline 20% Er**-doped NaYF4, mixed with near-infrared (NIR) transparent white
oil, was adhered to the rear side of a crystalline silicon solar cell exhibiting an external quantum
efficiency (EQE) close to 3.4% at 1523 nm (at 6mW).2? On solution-processed solar cells, a front-
side application of upconversion materials is the main configuration used by different works: For
example, a Yb3" and Er** co-doped TiO; layer has led to a 2.4% increase of short-circuit current
in dye-sensitized solar cells.?? Similarly, Ho**, Yb** and F- tridoped TiO, NPs were applied in dye-
sensitized solar cells leading to a 37% enhancement of power conversion efficiency (PCE)
compared to pristine device without any upconversion layer.?* On P3HT:PCBM organic solar
cells, an upconversion quantum efficiency of 0.19% was observed under the illumination of a 975
nm laser diode (at 250 mW cm?) when both a Yb*" and Er** co-doped yttrium fluoride
upconversion phosphor and a NIR filter was placed in the front side of the cell.?’> On
methylammonium lead iodide perovskite solar cells, by a front-side configuration, He et al. applied
Yb** and Er** co-doped NaYF4 NPs as the mesoporous scaffold directly on the compact TiO; layer
and observed an increase of PCE from 17.8% to 18.1% upon 975 nm laser illumination (at 28 W

cm2).26 While these results are highly encouraging, the application of upconversion NPs (UCNPs)



in the front side of the solar cell (before the illumination reaches the semiconducting layer) can
render the mechanistic study very complex due to the possible structural/morphological
modification of the absorber materials deposited on top and the optical scattering induced by the
UCNPs. In addition, unless an NIR filter was applied together with the upconversion layer, defect?’
and/or charge-transfer complex-induced?® sub-bandgap states may also contribute to the observed
photocurrents under NIR illumination leading to an over-estimation of upconversion contribution.
Most above-mentioned studies are based on current-voltage characterizations, a more detailed
photovoltaic-microscopic correlation characterization would be valuable to reveal the intrinsic
upconversion contribution.

In this work, we present both a macroscopic and microscopic characterization of the
upconversion-induced NIR light harvest in solution-processed hybrid perovskite solar cells.
Uniform and well-crystalline KY7F2> UCNPs with an average diameter of 183 nm co-doped by 20
mol% Yb*" and 5 mol% Er*" were inserted into the different interfaces of a functional solar cell
based on mixed-cation lead mixed-halide perovskite FAos3Cso.17Pb(losBros)s (FA =
formamidinium [HC(NH2)2]). Besides the optimizations on the amount of UCNPs based on
macroscopic photovoltaic characteristics, we performed detailed microscopic characterizations by
the light-beam induced current (LBIC)/fluorescence mapping technique on solar cells with only
half of their interface decorated by UCNPs fabricated on purpose. Such mapping experiments
provided detailed microscopic and spectroscopic evidence allowing one to correlate the electrical
and optical contribution of UCNPs together with the solar cell morphology.

Uniform and well-crystalline KY7F22 UCNPs co-doped by 20 mol% Yb** and 5 mol% Er** were
synthesized by a co-precipitation method.?’ Detailed synthesis procedure and characterization

methods are described in the supporting information (SI). The nature and crystallinity of the as-



synthesized UCNPs were controlled using powder XRD. The as-recorded XRD pattern was
carefully compared with that of a reference (SI Figure S1). The good agreement between both
patterns and the absence of extra-diffraction lines indicated clearly that the synthesized compound
was KY7F22. Moreover, the high intensity and the rather sharp profile of the diffraction peaks
indicated a good crystallinity of the final product. As synthesized UCNPs were stable below about
400°C based on thermogravimetric analysis/differential thermal analysis (TGA/DTA) exhibiting
a strong sharp peak at around 400°C (SI Figure S2). The XRD pattern obtained after annealing at
above 400°C exhibited a different pattern composed of diffraction peaks due to KY3Fio and
YF3. KY7F2; is thus advantageous by comparison to the more well-known upconversion host
NaYFs, where cubic and hexagonal phases often co-exist but only the hexagonal ones favour
efficient luminescence properties.® As indicated in the inset of Figure la, the upconversion
processes in KY7F22:20% Yb**/5% Er** is believed to be similar as those in Yb**/Er** co-doped
NaYFs, involving the excitation of Yb** by the NIR excitation, followed by energy transfer from
Yb** to Er** and the radiative decays of Er**.3® Under 975 nm NIR excitation, three strong
upconversion fluorescence emission peaks were observed at about 525 nm, 543 nm, and 655 nm
corresponding to the 2Hi12—*11552, *S32—>*1i52, and *Fon—*115,2 transitions of Er**(Figure 1a). A
relatively weak upconversion fluorescence at about 408 nm was also observed (not shown in
Figure 1a). KY7F22:20% Yb**/5% Er** UCNPs exhibit rather long lifetimes of excited states (for
example, approximately 300 us for the *S3»—*I1s5 transition as shown in Figure 1b). These
KY7F2:20% Yb**/5% Er** UCNPs thus possess the required optical properties to serve as good
upconversion candidates for the hybrid solar cells studied in this work.

KY7F2:20% Yb*"/5% Er** UCNPs were then inserted at the interface between the different

stacking layers of a functional hybrid perovskite halide solar cell based on FA.83Cs0.17Pb(l0.6B10.4)3



(FA = formamidinium [HC(NH>):]) (Figure 2). Here, a mixed-cation lead mixed-halide perovskite
component was chosen due to their improved photostability compared to other prototype
perovskite halides such as methylammonium lead iodide.' An electron transport layer (ETL)-free
solar cell structure®? was applied to decouple the influence of UCNP insertion and the experimental
variation of ETL deposition. As synthesized KY7F2:Yb**/Er** UCNPs were dispersed in
anhydrous isopropanol to form a NP suspension of a certain concentration (2 wt%, 5 wt%, 7 wt%,
and 10 wt%). Each UCNP isopropanol solution was then deposited on top of either the fluorine
doped tin oxide (FTO) or the perovskite layer by spin-coating. As indicated in Figure 2, this allows
us to achieve the insertion of UCNPs either at the interfaces between FTO and the perovskite
(“front-side” insertion) or between the perovskite and the hole-transport polymer layer (“rear-side”
insertion). Scanning electron microscopy (SEM) characterizations, carried out after the UCNP
deposition on top of the FTO (Fig. 2b and 2c) or the perovskite layer (Fig. 2e and 2f), revealed a
globally uniform distribution of UCNPs on their substrates with an average particle diameter of
183 nm £ 8 nm. The use of a UCNP isopropanol suspension of a higher concentration indeed
results an increase density of UCNPs decorated on FTO or perovskite. Even with a relatively dilute
UCNP solution (2 wt%, Fig. 2b and 2e), the density of UCNPs on their substrates is not negligible
with at least one UCNP within the perimeter of slightly less than one micron. Applying a UCNP
solution of a higher concentration (7 wt%, Fig. 2c and 2f), some large UCNP clusters containing
more than 10 NPs start to form. Various UCNP solution concentrations (2 wt%, 5 wt%, 7 wt%,
and 10 wt%) were therefore applied to control the density of UCNPs during the optimization of
UCNP/perovskite solar cell performance.

Solar cell fabrication was then completed after the deposition of UCNPs according to the device

structures shown in Figure 2. The evolution of solar cell characteristics of UCNP-incorporated



FAo.83Cs0.17Pb(l0.6Bro.4)3 perovskite solar cells fabricated by the dispersion of UCNP isopropanol
suspensions of different concentrations is shown in Figure 3. Here we aim to obtain the optimal
amount of UCNPs to incorporate into such perovskite solar cells allowing a macroscopic
photovoltaic characteristic enhancement before applying this optimal condition for microscopic
studies. We compared solar cells fabricated from the same batch on the same day to avoid batch-
to-batch device variations. By comparison to the control device without any UCNPs, both front
and rear-side UCNP insertion can lead to a noticeable enhancement of short-circuit current (Ji)
when a UCNP solution of a 5-7 wt% concentration was applied (Fig. 3a). Specifically, about 5%
of averaged J;. enhancement was obtained when a 5 wt% UCNP solution was applied under the
front- or rear-side NP insertion configuration. Such Ji. enhancement, however, starts to decrease
with the use of a UCNP solution of a higher concentration (> 5 wt%). While a larger amount of
UCNPs can result in a higher upconversion current contribution, the formation of large insulating®?
UCNP clusters can increase the solar cell series resistance as well as the surface roughness of the
interface. These factors thus lead to the observed progressive reduction of J,c when the UCNP
solution concentration was beyond the optimal value (~ 5 wt%). Concerning the open-circuit
voltage (V,c), on both front- and rear-side insertion configurations we observed negligible effect
when the UCNP concentration is small or moderate (< 7 wt%) and a reduction of V,. when a 10
wt% UCNP concentration was applied. Such a reduction of V,. can be due to the formation of
large UCNP clusters at the interface which acts as charge recombination centers and/or perturbs
the morphology of the perovskite or HTL layer formed on top. In terms of fill factor (FF), similar
FF values as the control device were observed when the UCNP concentrations were < 7 wt% for
both front- and read-side configurations, suggesting minor deterioration of series and shunt

resistances due to the insertion of UCNPs as long as their concentration was relatively low. At a



higher UCNP concentration (>7 wt%), however, a reduction of FF can be observed in both device
configurations, suggesting increased series resistance and recombination losses due to the
formation of large insulating UCNP clusters. Overall, by comparison to the control device, about
5.7% and 7.4% of averaged PCE enhancement was observed respectively in the front- and rear-
side UCNP insertion configuration when an optimal UCNP solution concentration (5 wt%) was
applied. The current-voltage J-V and external quantum efficiency (EQE) characteristics of the best-
performing solar cells, with and without UCNP insertion by the two device architectures are
summarized in the SI (Figure S3, S4 and Table S1). Besides the above-mentioned ETL-free
perovskite solar cells based on FA.83Cso.17Pb(l0.6Br0.4)3, with the obtained optimal UCNP solution
concentration (5 wt%), we equally experimented planar Cso.osFAo.79MAo.16Pbl2sBros perovskite
solar cells with a compact TiO as the electron transport layer. Macroscopic J-V characteristics of
these solar cells revealed similar effects of UCNP incorporation as those observed in ETL-free
FA0.33Cs0.17Pb(lo.6Bro4)s perovskite solar cells (Figure S5 and Table S2). In the following
discussion, we will focus our microscopic LBIC/fluorescence mapping experiments on ETL-free
FAo0.83Cs0.17Pb(lo.6Bro.4); perovskite solar cells due to the simplicity in device fabrication
facilitating one to decouple the influence of UCNP incorporation and the experimental variation
of ETL deposition.

We note that the results from the macroscopic solar cell characterization described above
represent a global consequence of UCNP insertion on the perovskite solar cells where multiple
effects (e.g. upconversion effect, impact on the electrical and structural characteristics) play
together. In order to quantify the upconversion contribution, here we further performed a
microscopic solar cell characterizations by the LBIC technique to correlate UCNP emission,

upconversion-contributed photocurrent, together with the morphology of the solar cell under the



excitation of a NIR laser (at 975 nm). From the results described above, we observed that the rear-
side UCNP insertion configuration allowed for slightly more optimized UCNP-incorporated
perovskite solar cells than the front-side insertion configuration. We therefore focused on the rear-
side UCNP insertion configuration to carry out the following microscopic studies. In addition, as
the UCNPs were deposited after the perovskite crystallization, the structural impacts on perovskite
crystallization due to the existence of UCNPs can be minimized. In order to facilitate LBIC-
microstructure correlation, half of the perovskite/HTL interface was masked on purpose during the
deposition of UCNPs (5 wt% solution used here) and thus creating solar cells with half of their
perovskite/HTL interface decorated by UCNPs (Fig. 4a and 4b). From the gold contact side of
such a solar cell, the two parts of the same device (with and without UCNPs) show different optical
contrast under an optical microscope due to the increased surface roughness induced by the
existence of UCNPs (Fig. 4c¢).

The LBIC/fluorescence mapping in this work was achieved by focusing a 975 nm NIR laser
through the transparent side (FTO) of the solar cell at the perovskite/HTL interface where UCNPs
were inserted for half of the device (Fig. 4a). The laser spot diameter was about 30 - 50 pm and
the total power of the laser spot was about 100 mW. While the laser spot was fixed during mapping
experiments, the position of the solar cell was controlled by a piezoelectric scanning stage. On
each pixel, we recorded simultaneously the short-circuit current Jy. of the solar cell together with
a fluorescence spectrum. A rectangular area (100 pm by 25 um) containing both the parts with and
without UCNPs was chosen for LBIC/fluorescence mapping experiments (indicated as the dark
dashed line square in Fig. 4b). A typical LBIC and fluorescence mapping results were shown in
Figure 4e, 4g, and 4h. When the laser spot mapped from the part of device without UCNPs to the

part with UCNPs, we observed ~ 3-fold increase of J;. which represented directly the upconversion



contribution from UCNPs excited by the 975 nm laser. It is worth to note that, during
LBIC/fluorescence mapping experiments, as the laser was shrined from the FTO side (Figure 4a),
if there exists any defect-induced photocurrent under NIR excitation, it should be identical for both
parts of the (same) device with or without UCNPs. Therefore, the observed increase of
photocurrent under NIR excitation when we mapped from the part without UCNPs to the part with
UCNPs can represent well the upconversion contribution. In coherence with the J; mapping, an
appearance of fluorescence of UCNPs was observed when the laser spot travelled from the part
without to the part with UCNPs. These trends are clearly visible from the dashed line profile of
the mapping results, plotted in Fig. 4f. The fluorescence spectrum recorded on the part with UCNP
(e.g. at the point A of Figure 4e) exhibited two major fluorescence peaks located respectively
between 517 nm and 560 nm (green fluorescence) and between 630 nm and 680 nm (red
fluorescence). By comparison to the fluorescence spectrum recorded from stand-alone UCNPs
deposited on a glass substrate (Fig. 1a), the green/red fluorescence intensity ratio recorded in
LBIC/fluorescence mapping experiment is largely reduced. This is due to the fact that the
fluorescence signal must travel through the perovskite layer before being detected during
LBIC/fluorescence mapping. As the perovskite layer has a larger absorption coefficient at the
green fluorescence wavelengths than red fluorescence ones, the fluorescence signal detected
exhibited a reduced proportion of green/red fluorescence. This reduced UCNP green fluorescence
observed therefore originated from the optical contribution of the UCNPs in a perovskite solar cell
where upconversion fluorescence was absorbed by the perovskite layer. The above-described
LBIC/fluorescence mapping experiments thus offer a detailed microscopic picture, by which one
can find the electrical and optical contribution of UCNPs together in excellent agreement with the

solar cell morphology (i.e. the parts with and without UCNPs).
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In summary, in this work we studied in detail macroscopically and microscopically the impact
of inserting UCNPs into a functional solar cell based on solution-processed mixed-cation lead
mixed-halide perovskite FA¢g3Cso.17Pb(Io.6Bro4)s. Uniform and well-crystalline Yb**/Er** co-
doped KY7F2, UCNPs were applied onto either the FTO/perovskite or the perovskite/HTL
interface of a perovskite solar cell (the front- or rear-side configuration) while the density of
UCNPs were controlled by their concentration in solution during the deposition. By comparison
to the control device, about 6.1% and 6.5 % of averaged PCE enhancement were observed
respectively in the front- and rear-side NP insertion configuration when an optimal UCNP solution
concentration was applied. To quantify the upconversion contribution, microscopic solar cell
characterizations by the LBIC/fluorescence mapping technique were carried out on devices with
only half of their perovskite/HTL interface decorated by UCNPs fabricated on purpose. These
mapping experiments offered a detailed microscopic picture allowing a correlation of the electrical
and optical contribution of UCNPs together with the solar cell morphology: when the laser spot
goes from the part of device without UCNPs to the part with UCNPs, together with the appearance
of UCNP fluorescence, a ~ 3-fold increase of Js,c was observed attributed directly from the
upconversion contribution. The reduced green/red ratio of the upconversion fluorescence spectra
observed during mapping experiments were associated with the higher perovskite absorbance at
the green fluorescence wavelength range. This served as a direct evidence for the optical
contribution of the UCNPs in a perovskite solar cell where the upconversion fluorescence was

harvested by the perovskite layer.
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The supporting information is available free of charge on the ACS Publications website. Detailed
experimental procedures and methods, XRD pattern of KY7F2, NPs, TGA/DTA analyses of Yb**
and Er** co-doped KY7F2 NPs, the J-V characteristics of the best-performing planar ETL-free
FAo.83Cs0.17Pb(l0.6Bro.4)3 solar cells with and without UCNP insertion, EQE characteristics, J-V
characteristics of the best-performing planar Cso.0sFA0.79MA0.16PblsBros perovskite solar cells
with a compact TiO, (with and without UCNP insertion), summary of the photovoltaic parameters
from the best-performing planar ETL-free FA.s3Cso.17Pb(lo.6Bro.4); perovskite solar cells and
planar Cso.0sFAo.79MA0.16Pbl2 5Bro s perovskite solar cells with a compact TiO; as ETL, with and

without Yb** and Er** co-doped KY7F22 NPs inserted (PDF).
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Figure 1. (a) The fluorescence spectrum of KY7F2,:20% Yb**/5% Er** UCNPs under a NIR laser
excitation (laser peak wavelength = 975 nm). The corresponding energy transitions are shown in

the inset of the figure. (b) The fluorescence decay curve of the Sz, — *I;s/ transition (measured
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at 543 nm) of KY7F22:20% Yb**/5% Er** UCNPs under a 970 nm NIR laser excitation. The red
and the green curves represent the two single exponential fits (at short time and long time) of the

experimental data together with the decay time constant.
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Figure 2. (a) and (d) Schematics displaying the solar cell architectures and the interface where

UCNPs were deposited. HTL: hole-transport polymer layer. (b) and (c) SEM characterizations of
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UCNPs deposited from a 2 wt% (b, €) and 7 wt% (c, f) isopropanol suspension on FTO (b, ¢) and

on a FA¢83Cso.17Pb(lo.6Bro.4)3 perovskite layer (e, f). Scale bar = 2 um.

(a) 19 (b) 1.1
1} {
« * 1.0} {
: }
< 17t s
£ =~ 0.9t
et 3
_,8 16} >
= Control device 08l ® Control device
15} e Front-side insertion ' e Front-side insertion
A Rear-side insertion A Rear-side insertion
14 v T T r T v 0.7 T v v r r v
0 2 4 6 8 10 0 2 4 6 8 10
UCNP concentration (wt%) UCNP concentration (Wt%)
(c) 8o (d) 15
ey ; TR ;
S $ :
5 S 9
© 60} w
©
- g ef
o = Control device = Control device
50} e § e Front-side i rti
e Front-side insertion 3t ront-side insertion
A Rear-side insertion 4 Rear-side insertion
40— v . v - - [ v v - - v
0 2 4 6 8 10 0 2 4 6_ 8 10
UCNP concentration (wt%) UCNP concentration (wt%)

Figure 3. The evolution of (a) Js, (b) Vo, (c) fill factor, and (d) PCE of UCNP-incorporated
FA0.83Cs0.17Pb(lo.6Bro.4)3 perovskite solar cells by UCNP isopropanol suspensions of different
concentrations. Device characteristics were measured under simulated AM1.5G 1-sun illumination
(100 mW cm) on solar cells fabricated from the same batch on the same day. Each error bar
represented the one standard deviation based on the results from at least 5 identical devices. The
control devices (0 wt% UCNPs) represent the solar cells without any UCNP incorporation. The

front-side and rear-side insertion refer to the two device architectures shown in Fig. 2.
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Figure 4. (a) Schematic of the LBIC/fluorescence mapping experimental set-up and the cross-
sectional schematic of the UCNP-incorporated solar cell used in this work. The NIR laser (975

nm) was focused at the perovskite/HTL interface through the FTO side. (b) Schematic (not to
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scale) of the UCNP-incorporated perovskite solar cell structure where half of the perovskite/HTL
interface was decorated by UCNPs. The dark dashed square represents the device area where
LBIC/fluorescence mapping was carried out. (¢) Optical image of the top-view (imaged from the
gold electrode side) of the UCNP-incorporated perovskite solar cell. The interface between the
part with and without UCNPs is clearly visible. (d) The upconversion fluorescence spectrum
recorded during the LBIC mapping at the point A (labelled in (e)). (e) Short-circuit current Js.
mapping under the excitation of a 975 nm NIR laser. (f) Ji and fluorescence line profile of the
dashed line shown in (e), (g) and (h). (g) and (h) The red and green fluorescence mapping recorded
simultaneously during LBIC mapping. Each pixel represents the fluorescence signal integrated
between 630 nm and 680 nm for red fluorescence (g) and between 517 nm and 560 nm for green

fluorescence (h).
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