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Introduction

The infrared (IR) region, which contains almost half of the
irradiated solar energy, has for a long time constituted the
hardest part of the solar irradiation spectrum to be utilized in
solar cells. This is because the involved photosensitizers
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The dearth of high upconversion luminescence (UCL) intensity at low excitation irradiance hinders the
prevalent application of lanthanide-doped upconversion nanoparticles (UCNPs) in many fields ranging
from optical bioimaging to photovoltaics. In this work, we propose to use microlens arrays (MLAs) as
spatial light modulators to manipulate the distribution of excitation light fields in order to increase UCL,
taking advantage of its nonlinear response to the excitation irradiance. We show that multicolored UCL
from NaYF4:Yb*" Er**@NaYF,:Yb®*,Nd** and NaYF,:Yb** Tm**@NaYF,:Yb®* Nd** core/shell UCNPs can
be increased by more than one order of magnitude under either 980 or 808 nm excitation, by simply
placing a polymeric MLA onto the top of these samples. The observed typical green (525/540 nm) and
red (654 nm) UCL bands from Er®* and a blue (450/475 nm) UCL band from Tm*" exhibit distinct
enhancement factors due to their different multi-photon processes. Importantly, our ray tracing simu-
lation reveals that the MLA is able to spatially confine the excitation light (980 and 808 nm) by orders of
magnitude, thus amplifying UCL by more than 225-fold (the 450 nm UCL band of Tm>*) at low excitation
irradiance. The proposed MLA method has immediate ramifications for the improved performance of all
types of UCNP-based devices, such as UCNP-enhanced dye sensitized solar cells demonstrated here.

Recent advances in upconversion nanochemistry have led
to a ready access to high-quality UCNPs with a high lumine-
scence quantum efficiency up to 19% (our previous world-
record results) and above."*** However, such a high quantum
efficiency of UCNPs is concealed by their relatively high exci-

tation-intensity threshold, typically well above 1 W cm™,

such as dyes and perovskites typically have very limited
response to IR light.>* Lanthanide-doped upconversion nano-
particles (UCNPs), which are able to convert the spectral
energy in the IR range into shorter-wavelength IR, visible, or
even the UV range,">”™*? can provide a solution to circumvent
the transmission loss in photovoltaic devices by converting
two or more sub-band-gap photons into one above-band-gap
photon, and potentially change the status of IR energy utiliz-
ation of various types of solar cells.
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which is much higher than that of IR light in the solar spec-
trum. As a result, when incorporated into solar cells, much of
the light converting capacity of UCNPs is wasted due to the low
excitation irradiance.'>'® This is fundamentally rooted in the
multi-photon nature of UCL.

In view of the nonlinearity of UCNPs, we have, in our pre-
vious work, proposed a strategy of modulating the temporal
distribution of delivered excitation photons to boost UCL.'”"'
By employing quasi-CW excitation (i.e. pulsed excitation with a
ps-ms pulse width), multi-photon UCL can be easily enhanced
by orders of magnitude relative to that under equivalent CW
excitation with identical average excitation intensity. In this
work, we explore a spatial version of excitation light modu-
lation to evoke the prominent intrinsic photon conversion
capacity of upconversion nanocrystals, which can be achieved
only at high excitation intensity. Technically, we propose to
utilize polymer-based microlens arrays (MLAs) to spatially
modulate the excitation light. It turns out that the light con-
centration caused by the MLA can lead to significant UCL
enhancement, readily higher than one order of magnitude. We
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performed ray tracing simulations, linking to the excitation
light intensity response of nanocrystals, to seek optimal micro-
lens configurations for the wupconversion enhancement.
The proposed strategy can overcome the high excitation-
intensity threshold of upconversion nanomaterials and bring
about future breakthroughs in their energy applications to
enhance the performance of solar cells in the IR range. It
should be noted that our approach is general and can be com-
bined with other strategies, chemical or photonic, of enhanc-
ing UCL.

Experiment

Materials

Yttrium(m) chloride hexahydrate (YCl3-6H,0, 99.99%), neody-
mium(m) chloride hexahydrate (NdCl;-6H,0, 99.99%), erbium(ur)
chloride hexahydrate (TmCl;-6H,O, 99.99%), thulium(m)
chloride hexahydrate (TmClz-6H,0, 99.99%), sodium hydrox-
ide (NaOH), ammonium fluoride (NH,F), 1-octadecene (ODE),
oleic acid (OA), ethanol, methanol, and cyclohexane were pur-
chased from Sigma-Aldrich. All the chemicals were used
without further purification.

Nanoparticle syntheses

Synthesis of core NaYF,:20%Yb’>*2%Er** nanoparticles.
Upconversion nanoparticles were synthesized with NaYF, as
the host material using a method as previously reported."’
YbCl;-6H,0 (0.2 mmol), YCl;-6H,O (0.78 mmol) and
ErCl;-6H,0 (0.02 mmol) were mixed with 15 mL 1-octadecene
(ODE) and 6 mL oleic acid (OA) and heated to 160 °C and
maintained for 30 min under an argon atmosphere to form a
homogeneous solution. After the precursor solution cooled
down to room temperature, a methanol solution of 0.1 g
NaOH and 0.148 g NH,F was slowly added and the mixture
was stirred for 5 min. The mixture was heated to 80 °C and
maintained for 30 min to evaporate methanol. Subsequently
the solution was degassed, quickly heated to 300 °C, and kept
for 60 min, under the protection of an argon atmosphere. The
mixture was then cooled and the nanoparticles were purified
through centrifugation using ethanol and water. The super-
natant was discarded, and the precipitate was finally sus-
pended in cyclohexane.

Synthesis of core-shell NaYF,:20%Yb** 2%Er**@NaYF,:20%
Yb%**30%Nd*>"  nanoparticles.  NaYF,:20%Yb>" 2%Er**@
NaYF,:20%Yb?>*,30%Nd*" core-shell nanoparticles were syn-
thesized by epitaxially growing a NaYF,:20%Yb**,30%Nd**
shell onto the as-prepared NaYF,:20%Yb>",2%Er** core nano-
particles following a previously reported protocol.>® In a typical
synthesis, YbCl;-6H,0 (0.1 mmol), YCl3-6H,O (0.25 mmol),
and NdCl;-6H,0 (0.15 mmol) were mixed with 15 mL ODE and
6 mL OA in a 100 mL three-neck flask. The solution was
heated to 150 °C and kept for 30 min to form a homogeneous
solution, and then cooled down to room temperature. A sus-
pension of the NaYF,:20%Yb>*,29%Er®" core nanoparticles
dispersed in cyclohexane was added to the flask. The solution
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was maintained at 110 °C to remove the cyclohexane solvent
and then subsequently cooled down to room temperature. A
methanol solution of 0.05 g NaOH and 0.075 g NH,F in 10 mL
methanol was added into the flask and stirred for 5 min. Then
the solution was heated to 80 °C to remove methanol.
After methanol was evaporated, the solution was heated to
300 °C and incubated for 60 min under an argon atmosphere.
The mixture was then cooled down to room temperature.
The nanoparticles were precipitated with acetone, collected
after centrifugation, then washed three times with ethanol/
water (1:1 v/v) and finally dispersed in cyclohexane for sub-
sequent use.

Synthesis of core NaYF,:20%Yb>*,0.5%Tm>" nanoparticles.
The synthesis of core NaYF,:20%Yb*",0.5%Tm>" nanoparticles
was similar to that of core NaYF,:20%Yb*',2%Er** nano-
particles, but the types of lanthanide chlorides and their
amount were adjusted accordingly.

Synthesis of core-shell NaYF4:20%Yb*",0.5%Tm*' @
NaYF;:20%Yb>",30%Nd** nanoparticles. The synthesis process
of core-shell NaYF,:20%Yb?",0.5%Tm* @NaYF,:20%Yb**,30%
Nd*" nanoparticles was similar to that of core-shell NaYF;:20%
Yb**,2%Er** @NaYF,:20%Yb?",30%Nd>" nanoparticles, but the
types of lanthanide chlorides and their amount were adjusted
accordingly.

Characterization

The structural and morphological characterization was per-
formed on a transmission electron microscope (JEOL,
JEM-1400). Luminescence spectra were recorded on an
Edinburgh FS5 spectrophotometer equipped with 808 and
980 nm diode lasers. An optical microscope (Olympus CX23)
and a surface profiler (Veeco, Dektek 150) were used to charac-
terize the surface structure of the MLA. A solar simulator
(Newport Oriel, LSC-100) and a computerized Keithley 2400
source meter were used for current density-voltage (JV)
measurement.

Investigation of upconversion luminescence enhancement by
addition of MLA

A suspension of UCNPs in cyclohexane (500 pL) was added
dropwise onto the conducting side of a piece of FTO glass and
then dried in mild air at room temperature. A collimated beam
of NIR excitation light was shone on the nanoparticles, and
the generated emission light was collected by a fiber, placed at
the rear side of the FTO glass slide, and then detected by a
connected spectrometer. When a piece of MLA was applied, it
was attached to the UCNP surface with the assistance of a thin
layer of solvent (water, ethanol, methanol) between the MLA
and the UCNP layer.

Current density-voltage (JV) measurement and characteristics

All the measurements given below were performed on dye
sensitized solar cells (DSSC) purchased from the 3GSolar,
Ltd. The current density-voltage measurements were per-
formed with a solar simulator (Newport, AM 1.5G, illumination
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at 0.1 W cm™2) and a computerized Keithley 2400 source meter.
UCNPs in cyclohexane (250 plL, 10 mg mL ") were first added
dropwise onto a thin cover slide (1.5 cm x 1.5 cm, a thickness of
0.17 mm) and then dried in air to form a UCNP layer. Current
density-voltage (JV) measurements were performed on a refer-
ence DSSC, a DSSC with a dry UCNP layer or a MLA placed on
top, and a DSSC with both a dry UCNP layer and an MLA placed
on top to compare the efficiency differences. For all JV measure-
ments, a black mask was placed on top of the whole DSSC
setup to create a 1.0 cm x 0.7 cm exposure area.

Results and discussion

Motivation of using microlens arrays as spatial light
modulators to enhance upconversion luminescence

Due to the nonlinearity of UCL, its quantum yield (QY) is generally
not constant, but increases with the excitation intensity (Fig. 1).'®
For instance, for a standard two-photon UCL band, the QY, @, .,
is scaled with the excitation intensity (I,) according to:"®

¢SIEX
Iy + Iex ’

D = (1)
where @ is the maximum QY that the two-photon UCL can
achieve, and I, is the balancing excitation intensity, at which
the QY reaches the half of the maximum QY. Thus, given the
same dose of excitation photons, a higher excitation intensity
would lead to a larger number of emission photons.

Noticing that UCNPs demand high excitation intensity to
trigger their light-conversion capacity, we devoted our efforts
to seeking suitable light concentrators. We realized that
micrometer-sized lens arrays, among others, can be ideal can-
didates to improve the performance of UCNP-sensitized
devices (Fig. 1), e.g. solar cells. MLAs can not only efficiently
concentrate excitation light due to their small radius of curva-
ture, but also be easily integrated into photonic devices. In

(Iex2r (DZ)

Quantum yield

T (Uex1, P1)

0 Excitation Intensity
Fig. 1 Schematic illustration of a microlens array-enhanced quantum

yield of upconversion luminescence due to its nonlinear response to
excitation intensity.
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addition, the availability of relatively low-cost raw materials
(e.g. polymer) and fabricating techniques potentially makes
the cost affordable for large-scale production. In this work, we
investigated the excitation-light modulation effect of MLAs on
the luminescence intensity of UCNPs.

Morphologies and optical properties of upconversion
nanoparticles

Core NaYF,:20%Yb*",2%Er*" and NaYF,:20%Yb>",0.5%Tm>"
nanoparticles and the corresponding core-shell structured
NaYF,:20%Yb*",2%Er* " @20%Yb>",30%Nd**  (denoted  as
YbEr@YbNd) and  NaYF,;:20%Yb**,0.5%Tm* @20%Yb*",
30%Nd** (denoted as YbTm@YbNd) nanoparticles were syn-
thesized following previously reported protocols.’®*° The mor-
phologies of the synthesized nanoparticles were characterized
on a transmission electron microscope. The core NaYF,:20%
Yb**,2%Er*" nanoparticles have an average diameter of ~30 nm
(Fig. S1(a)f), and the core-shell YbEr@YbNd nanoparticles
~40 nm (Fig. S1(b)}). The Tm**-doped core and core-shell
nanoparticles have a similar average diameter to those of their
Er’*-doped counterparts, ~30 nm and ~41 nm, respectively
(Fig. S1(c) and S1(d)t).

The UCL properties of the core-shell YbEr@YbNd and
YbTm@YbNd nanoparticles were subsequently studied under
continuous-wave (CW) 980 and 808 nm excitation. The
YbEr@YbNd nanoparticles emitted relatively strong emission
bands at 525/540 nm and 654 nm under both 980 and 808 nm
excitation (Fig. S2(a)f), originating from the *Hyy;/*Ssn —
"5, and the *Fo, — I;5, transition of Er’* ions, respect-
ively.”® The UCL intensity under 808 nm excitation was
weaker than that under 980 nm excitation, as energy loss is
caused in the indirect excitation approach of 808 nm light (via
Nd** - Yb** — Er*"), which is equivalent to the direct exci-
tation approach of 980 nm light (via Yb*" — Er’**).>> A much
weaker emission band at 409 nm, originating from the Er**
*Hy), — 1,5, transition,*® was also detected in both excitation
approaches. The excitation intensity response of the nano-
particles was then quantified for both 980 and 808 nm exci-
tation, by varying the excitation power and recording the
corresponding UCL spectra. The two-photon green emission
bands at 525/540 nm exhibited a near quadratic dependence
on the excitation intensity at low excitation intensity (2.93-
36.29 W cm ™2, 23-285 mW with a beam diameter of ~1.0 mm)
upon CW 980 nm excitation, featuring a slope efficiency of 1.5
(Fig. S2(b)f). Under the same conditions, the red band at
654 nm shows a steeper dependence on the excitation inten-
sity, with a slope efficiency of 1.8. The three-photon blue band
at 409 nm shows a slope efficiency of 2.2. The excitation inten-
sity (980 nm) dependence of all these upconversion bands
became less prominent with increasing excitation power,
which can be ascribed to a saturation effect.'> These UCL
bands of YbEr@YbNd nanoparticles exhibit a similar response
to the intensity of CW 808 nm excitation light, but with a
faster saturation trend (Fig. S2(c)t).

The YbTm@YbNd nanoparticles emitted relatively strong
emission bands at 650 nm, 475 nm, and 450 nm (Fig. S2(d)T),

This journal is © The Royal Society of Chemistry 2019
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originating from the transitions 'G, — °F,, 'G, — *H,, and
'D, — *F, of Tm®, respectively.>® These emission bands all
show a nonlinear dependence on the excitation intensity under
both 980 and 808 nm excitations (Fig. S2(e) and S2(f)}).

Upconversion luminescence enhancement by using a
microlens array as an excitation light spatial modulator

The MLA used in the experiments was made of polycarbonate
(PC). The PC material has high transparency in the NIR range,
up to 95% (Fig. S31). Therefore, there is less than 5% energy
loss through the MLA structure. A scanning electron micro-
scope (SEM) and an optical microscope were used to character-
ize the surface structure and profile of the MLA. As shown in
Fig. 2(a), the side-view SEM image illustrates a well-defined
MLA with a period of 51.02 pm. The height of the microlens is
determined to be 16.47 um and the width is 47.08 um, with a
gap of 3.50 pm between neighboring microlenses. The thick-
ness of the slab part next to the curved layer is 75.00 pm. The
top-view SEM image (Fig. 2(b)) and the optical microscopy
image (Fig. 2(c)) well illustrate the periodic structure of the
MLA.

The UCL spectra of the nanoparticle samples were recorded
with and without the addition of the MLA into the optical path
of the excitation beam (Fig. 2(d)). During the measurements,
the MLA was attached to the nanoparticle layer with the help
of a thin layer of ethanol solvent in between. Fig. 2(e) presents
the result for the YbEr@YbNd nanoparticles under 980 nm
excitation. Notably, the intensities of the green (525/540 nm)
and red (654 nm) emission bands of Er** were enhanced by a
factor of ~3.6 and ~14.0, respectively, after adding the MLA.
The Er’* blue emission band (409 nm), which was not detect-
able without the MLA at the applied excitation intensity (1.3
W em™?), could be well detected after the addition of the MLA
to modulate the excitation light. After adding the MLA there
was a nhoticeable change in the emission color even to the
naked eye during the experiments (inset of Fig. 2(e)). The
modulation effect of the MLA when using 808 nm excitation
light was also studied. As shown in Fig. 2(f), under 808 nm
excitation, the green and red emission bands of Er’* of
YbEr@YbNd nanoparticles were enhanced by a factor of ~3.7
and ~16.0, respectively, after adding the MLA. Similar com-
parative studies were performed on the YbTm@YbNd nano-
particles. After the MLA was added into the optical path of the
excitation beam (either 980 or 808 nm), right in front of the
nanoparticle layer, the intensities of the different UCL bands
of Tm*" were remarkably enhanced (Fig. 2(g) and (h)). The
strongest two-photon UCL band at 800 nm under 980 nm exci-
tation was enhanced by a factor of 4.5 (Fig. 2(g)). The emission
bands at 450 nm, 475 nm and 650 nm of Tm*" became very
significant after adding the MLA, with an enhancement factor
of 108, 45, and 45, respectively, compared to what was
observed without the MLA (Fig. 2(g)). A similar upconversion
enhancement effect of the MLA was also observed when using
808 nm excitation (Fig. 2(h)). Particularly, the 450 nm UCL
band was amplified by up to 135-fold (Fig. 2(h)) by the
addition of the MLA. These results prove the excitation light
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modulation effect of the MLA. The observed enhancement
factors for different UCL bands under excitation of different
wavelengths correlate well with the excitation power response
of the upconversion materials shown in Fig. S2.f Since the
UCL intensity (If) is proportional to the nth power of the exci-
tation intensity (I.y), i.e., Ir « I, the emission enhancement
factor would be related to the slope factor n, with a larger n
leading to a larger enhancement. The bigger enhancement
factors of the red (654 nm) emission band relative to the
green (525/540 nm) bands for the YbEr@YbNd nanoparticles
under either 980 or 808 nm excitation (Fig. 2(e) and (f)) are
consistent with its steeper excitation power dependence com-
pared to the latter (Fig. S2(b) and (c)f). Similarly, for the
YbTm®@YbNd nanoparticles, the higher-order multiphoton
UC emission band with a larger slope factor n (Fig. S2(e) and
(f)t) is associated with a bigger emission enhancement factor
(Fig. 2(g) and (h)). In addition, the slightly bigger enhance-
ment factors under 808 nm excitation compared to those
under 980 nm excitation of different emission bands can also
be explained by the corresponding steeper excitation power
dependence.

Due to the same reason, UCL bands should show a decreas-
ing enhancement factor with increasing incident excitation
intensity, since they would exhibit gradual saturation, featur-
ing an elevated excitation power dependence, as evident in
Fig. S2.f We quantified the enhancement factors of different
emission bands of the YbEr@YbNd and YbTm®@YbNd nano-
particles under 808 nm excitation with different intensities,
and the results confirmed our prediction (Fig. 3(a) and (b)). It
is worth mentioning that the enhancement factor for the
450 nm band under 808 nm excitation reached ~225 at a low
excitation intensity of 0.2 W em™? and dropped to 4.5 at an
excitation intensity of 22.3 W cm™? (Fig. 3(b)). An indication of
the excitation intensity-dependent enhancement factor is that
the use of MLA would remarkably boost the UCL intensity of
UCNPs at excitation levels relevant to natural solar irradiation.
We then measured the UC emission spectra of the
YbEr@YbNd and YbTm®@YbNd nanoparticles at low excitation
irradiance (0.1 W cm™?) with and without the addition of the
MLA. As shown in Fig. 3(c)-(f), the UCL enhancement is even
more prominent than those shown in Fig. 3(a) and (b). Due to
the weakness of the UCL without addition of the MLA, we
could not quantify concrete enhancement factors for most
emission bands.

Due to the instrument limitation, we could not accurately
control the distance between the MLA and the nanoparticle
layer. We tried to vary this distance by replacing ethanol with
other solvents as the interface medium, with the intention of
making use of their different viscosities and surface tensions.
The MLA modulation experiment on the YbEr@YbNd nano-
particles under 980 nm excitation was repeated. As shown in
Fig. S4,7 the UCL was significantly enhanced for all of the
tested solvents, including ethanol, water and methanol. With
water, the emission was much less enhanced, while without
using any solvent, it was difficult to achieve emission enhance-
ment (data not shown).

Nanoscale, 2019, 11, 14070-14078 | 14073
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Fig. 2 SEM images of (a) the MLA composed of polycarbonate material, side view, and (b) surface structure, top view. (c) Optical microscopy image
of the MLA. (d) Schematic of the optical setup for the MLA enhancement effect study: D — detector; S — source. UCL spectra of NaYF,:20%Yb*",
2%Er**@20%Yb>*,30%Nd>* nanoparticles under (e) 980 nm and (f) 808 nm CW excitation with and without MLA light modulation (average
excitation intensity: 1.3 W cm™2). UCL spectra of NaYF4:20%Yb>*,0.5%Tm**@20%Yb>*,30%Nd>" nanoparticles under (g) 980 nm and (h) 808 nm

CW excitation with and without MLA light modulation (average excitation intensity: 1.3 W cm

Ray-tracing simulations of the excitation light modulation
effect of the MLA

To better understand the excitation light spatial modulation
effect of MLA, ray tracing simulations were performed using
Zemax, a commercially available software. Physical dimensions
obtained from the SEM characterization, as schematically
depicted in Fig. 4(a), and the optical properties of PC were

14074 | Nanoscale, 2019, 11, 14070-14078

_2).

used in the simulations. The simulated excitation beam (at
980 nm), which was collimated with a top-hat intensity distri-
bution before the MLA, had a very small incident angle onto
the MLA surface. Fig. 4(b) and (c) present the simulated exci-
tation light intensity distributions before the MLA (plane D1
in Fig. 4(a)) and at the right edge of the MLA (plane D2 in
Fig. 4(a)). As can be seen, the incident beam was periodically
re-distributed by the units of the MLA, with the transmitted

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Excitation intensity dependent enhancement factors induced by the addition of MLA of different emission bands of (a) NaYF4;:20%Yb**,2%
Er¥*@20%Yb**,30%Nd** and (b) NaYF4:20%Yb>*,0.5%Tm>**@20%Yb>*,30%Nd>* nanoparticles under 808 nm CW excitation. UCL spectra of
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808 nm CW excitation with and without MLA light modulation (average excitation intensity: 0.1 W cm™2).

light concentrated at the focus of each unit (within the MLA).
A line profile crossing the central row of the MLA at the right
edge was extracted and compared with that on the incident
plane prior to the MLA, as shown in Fig. 4(d). With the inten-
sity for the incident top-hat beam set to 1.3 W cm ™2, the peak
intensity of the transmitted light after the very central unit was
as high as 153 W cm ™. The excitation light modulation effect
of the MLA on the resulting UCL was then estimated. The
emission bands at 525/540 nm and 654 nm with the exci-

This journal is © The Royal Society of Chemistry 2019

tation-intensity response shown in Fig. S2(b)} were selected as
the bands of interest. The UCL intensities integrated over the
illuminated area when a nanoparticle layer was placed on the
incidence plane (It;) and the MLA focusing plane (¢,) were cal-
culated by:

Iti(o) = J J Ry (1) (Texe,i(o) (%, ) ) dxdy (2)

0
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factors for upconversion emission bands with different slope factors.

where « is the scaling factor, and R(I...) denotes the excitation-
intensity response of the band of interest shown in Fig. S2(b).}
With the intensity of the incident beam set to 1.3 W em™>, the
calculated enhancement factors (Iro/I;) for the 525/540 nm
and 654 nm bands are 6 and 44, respectively (Fig. 4(e)), which
are in qualitative agreement with the obtained experimental
results shown in Fig. 2(e). It should be noted that the calcu-
lated focusing plane of the MLA is 67.00 pm after the curved
part of the MLA (6.50 pm away from plane D2), located within
the MLA, and thus maximum concentrated excitation light was
not utilized in the experiments. This indicates a room to
further increase the luminescence from the nanoparticle layer
by optimizing the MLA structure to tune the position of the
focusing plane, e.g., by adjusting the aperture, height, radius
of curvature, and refractive index of the MLA.

Improved performance of UCNP-enhanced dye-sensitized solar
cells by addition of a microlens array

To investigate the influence of the addition of MLA on UCNP-
enhanced dye-sensitized solar cells (DSSCs), four DSSCs were
prepared, one reference cell (without UCNPs), the second and
third incorporated with UCNPs or MLA respectively, and the
fourth incorporated with both UCNPs and MLA. The device
layout is shown in Fig. 5a. The prepared four cells were tested
under direct AM1.5 G simulated sunlight irradiation (0.1
W ¢cm™>). As shown in Fig. 5b, the control DSSC shows a short-
circuit current density (Js.) of 13.20 mA ecm™>, Voc = 0.698 V,
FF = 58.19 and 5 = 5.36%. With the addition of UCNPs onto
the photoanode, a J,. of 13.50 mA cm™> and a 5 of 5.53% were
achieved, featuring a 3.17% efficiency enhancement over the

(b) 16

(a)

=
S
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T T T T T T
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(@) Schematic illustration of the configuration of UCNP- and/or MLA-enhanced DSSC. S — source (b) the current density—voltage (J-V)

characteristics of DSSC, DSSC + UCNP, DSSC + MLA and DSSC + UCNP + MLA under AML.5 G light irradiation (0.1 W cm™).
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control cell. By adding a piece of MLA onto the photoanode, a
Jsc of 13.94 mA em ™2 and a 5 of 5.75% were achieved, featuring
a 7.28% efficiency enhancement over the control cell. After the
incorporation of both UCNPs and the MLA into the device, J.
and 5 were increased to 14.15 mA cm > and 5.87%, respect-
ively, yielding a 6.15% overall efficiency enhancement over the
solely UCNP-enhanced cell. Previously, MLAs have been
employed to enhance the performance of solar cells, and it has
been reported that MLAs are able to prolong the optical path
of excitation light and enlarge the light collection angle of
solar cells, as well as to concentrate light to facilitate the exci-
tation process.>>° In our case, the light concentrating effect
should be dominant, considering the nonlinear response of
UCNPs to excitation light intensity (Fig. S27).

Conclusions

Lanthanide photon upconversion nanoparticles (UCNPs) gen-
erally exhibit a nonlinear response to excitation light, featuring
a higher quantum efficiency at a higher excitation intensity.
Thus, effective excitation light concentrators, whenever feas-
ible, are preferred, to make better use of the photon-upconvert-
ing capacity of UCNPs. Here, we explored polymer microlens
arrays (MLAs) as light concentrators for irradiating UCNPs and
investigated their spatial light modulation effect on the resulting
upconversion luminescence (UCL). It was found that a piece of
MLA can potentially concentrate excitation light by orders of
magnitude, subject to its structure and optical properties, and
lead to a very significant enhancement of the UCL. MLAs can be
easily incorporated into different types of UCNP-enhanced photo-
nic devices, such as dye-sensitized solar cells, and bring further
performance improvement in the near infrared range. A test on a
dye-sensitized solar cell proved this contention, however, there is
much room for optimizing a variety of parameters both for the
solar cells and for the light concentrating upconverting layers to
make the combined effects even more significant.
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