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Abstract

Photonic upconversion of in-band transparent hight into shorter-wavelength hight has been
proposed as one of the strategies to exceed the Shockley-Queisser (SQ) it of 33% in single-
junction solar cells. There have been many reports showing the effectiveness of incorporating
upconversion (UC) materials (e.g., upconversion nanoparticles (UCNPs)) to enhance the power
conversion efficiency (PCE) of solar cells, however so far, there 1s no demonstration of a real
device with PCE exceeding the SQ linut. To understand this paradoxical question, here we use a
typical UCNP (composition of NaYbo s9Tmo 01F4) with halide perovskite platform to quantify why
the UC mechamsm fails to provide a noticeable PCE improvement in solar cells. Firstly, results
show that the UC-induced photocurrent gain has a maximal value of 96 pA em™ (in an ideal
monolayer dispersion model) which is negligible compared to the photocurrent (ca. 22 mA em™)
generated by perovskite itself from the wisible spectrum. This 1s due to the low absorption and
quantum yield of the UC materials. Secondly, we demonstrate that by mcorporating UCNPs and
even nanoparticles (NPs) without UC, there 1s a redistribution of the optical field occurring in the
photoactive layer, leading to a homogemization of optical field (HOF). Such a HOF effect can lead
to reduced bimolecular recombination and provide photocurrent enhancement (ca. 7%). This HOF
mechanism, mnstead of the conventional UC mechamsm, can explain the general photocurrent
enhancement in solar cells with incorporation of nanomaterials.
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Introduction
Single-junction solar cells have an upper limit on efficiency of ~33%, set by the Shockley—
Queisser (SQ) theory', mainly owing to the energy mismatch between the broad wavelength
distribution of sunlight and the fixed mono-bandgap of the photoactive material m the cell
‘Thermalization loss’ and ‘in-band transparency’ are the two major loss pathways for power
conversion efficiency (PCE), accounting for over 55% loss of the total energy.? Many strategies
via manipulation of hot carrier and multiexciton generation (MEG)? or singlet fission*” have been
proposed to address ‘thermalization loss’ pathways. However, the ‘in-band transparency loss’ has
yet to be circumvented to pave the avenue towards PCE exceeding SQ it The ‘in-band
transparency loss’ could lead to up to ~18% PCE loss for ideal bandgap solar cells.! The long
wavelength light (e g, near infrared (NIR) and infrared (IR) light) having the photon energy
smaller than the bandgap of the photoactive matenal cannot photonically excite the electrons from
valance to conduction band but alternatively can be absorbed by molecular vibration to generate
unwanted heat (e_g., operating solar cells under AM 1.5 solar radiation can result in temperatures
as high as 70 °C at equilibrium®). In order to recycle the long wavelength light, one solution is to
upconvert transmitted sub-bandgap photons mnto above-bandgap light that can be further utilized
in solar cells.” For example, NIR region (800 nm to 2.5 um) has a total power density of ~ 42 mW
em? (~ 42% of total solar energy of AM 1.5), thus full utilization of this power density by
upconversion (UC) mechamsm could theoretically contribute to an addition of photocurrent of
56.5 mA cm™ (assuming an external quantum efficiency (EQE) of 90%). However, whether these
strategies are practically achievable remains to be proven®, where one major obstacle is the low
upconversion efficiency of currently existing UC matenals.

Upconversion nanoparticle (UCNP) and triplet—triplet annihilation (TTA) chromophore
both can display the upconversion behavior from near infrared (NIR) to visible region but with a
relatively low quantum efficiency and a nonlinear dependence on light mtensity. For example,
NaGdF,: 20% Yb**, 2% Er** (UCNP)’ displays an UC quantum efficiency of ca. 1% under 980
nm light with a high excitation intensity of 10° mW em, but has only ca. 0.1% UC quantum
efficiency under excitation of 10° mW cm™. State-of-the-art NaYFs: 18% Yb**, 2% Er’* UCNP!?
could reach highest UC quantum efficiency to 10% under an excitation intensity of 5x10° mW cm™
2 but decrease to ~1 % when excitation intensity decreases to 10* mW em™. Typical TTA UC
materials such as PtAgr(SR)1s/Perylene!! (sensitizer/annihilator couple) system display an UC



quantum efficiency of 1.1% under 785 nm light excitation of 1.5x10* mW cm™, and the state-of-
the-art [PbS-CdS/5-CT (T)}/rubrene!? system can display a quantum efficiency of 8.4 % under 808
nm excitation. However, these UC quantum efficiencies are heavily dependent on excitation light
mtensity, and could be much lower under solar light condition (e g, in the order of 1 mW em™)
due to their nonlinear nature.'*'* It remains unclear if the UC strategy could be an effective or
reliable strategy to address the “in-band transparency loss’ 1ssue in order to improve the solar cell
efficiency based on the currently existing UC nanomatenals.

In parallel to UC mechanism, incorporation of the nanomatenals into solar cells may also
trigger other effects, which however 1s less understood in literature. For example, the presence of
UC nanomatenials within the solar cell could modulate the optical field distribution throughout the
device due to the large difference in optical parameters such as refractive index and extinction
coefficient between the UC nanomaterials and the functional layer in a cell. The light energy
density (] E|?) is proportional to the number of photons!’, and thus, the light intensity distribution
can be modulated through addition of nanomatenials. This will cause a redistribution of
photogeneration site within the device and eventually affect carmer dnft distance towards
corresponding electrodes, as well as the radiative (bimolecular) recombination probability since 1t
1s a function proportional to the square of carmrier concentration (localized high carrer
concentration can lead to significant recombination loss). These fundamental effects are not well
understood and the effectiveness or role of UC nanomatenials in a solar cell remaimns ambiguous.
Particularly in perovskite solar cells, with the high light absorption coefficient (e.g_, ~10° cm™ for
MAPbI;)'® of perovskite layer, there is a stronger light absorption close to the front surface region
whereby higher concentration of photocarners generated, which could hypothetically lead to
severe bimolecular recombination losses in this region. Secondly, along the thickness direction the
average photocarner generation center will offset from the geometric center of the film leading to
unbalanced carrier drift length between electrons and holes. This can increase the probability of
scattering and losses of charge carriers and thereby compromuse the device performance.

In theory, mcorporation of UC nanomaterials into a solar cell can provide the opportunity
to exceed the SQ limit. There have been many reports on dye-sensitized solar cells (DSSCs)' "8,
organic photovoltaics (OPVs)!*-?% and perovskite solar cells*!-*? utilizing the UC strategy to
mmprove PCE. Most of these results serve as concept description for illustrating the UC mechanism
that could increase the efficiency. However, there 1s lack of in-depth quantitative analysis related



to the magnitude of UC contribution®. There could be many secondary effects occurring in
conjunction with the UC mechanism upon mcorporation of functional UC nanomatenals, which
remains less investigated. Here we introduce the Yb, and Tm-based UCNPs (NaYbo.9sTmo.01Fs4) in
perovskites as a tool to quantitively distingmish the confribution of UC effect with other
mechanisms such as abovementioned optical field redistribution and electrical transport
modulation. We mcorporate the Na¥YbgoeTmg p1Fs UCNPs mto the MAPDI; perovskite matrix
resulting in a composite structure where UCNPs are embedded in MAPbI;. Next, we construct a
solar cell using this composite and observe a photocurrent enhancement of ~7%, which we
demonstrate in this study that it does not onginate from the UC mechamsm as evidenced by both
quantum efficiency calculation and EQE measurement. Rather we find that the incorporation of
UCNPs m perovskite can flatten the distribution of optical field (verified by field sitmulation) and
consequently avoid photocarner localization, resulting in a umform distribution of photocarrier
gradient throughout the film This 1s highly beneficial for mummizing the photocarrier losses
during charge dnft and localized bimolecular recombination as well. To further confirm this
mechanism, we replaced UCNPs with the non-UC nanoparticles (NUC NP, NaYbF4) and other
commercial nanoparticles (S10:2) of simlar optical feature, and observed similar photocurrent
improvement effect.

Overall, by using these tools we quantify that under typical solar intensity (AM 1.5) the
up-limit contribution to a cell from the state-of-the-art UCNP materials such as NaYF4. Yb/Er 1s
as small as an order of ~ 96 pA cm™, negligible to the photocurrent (~ 22 mA cm™) generated from
perovskite itself Nonetheless, a secondary mechanism that we name as *homogemization of optical
field (HOF)’ tnggered by the incorporation of nanoparticles can contribute a higher photocurrent
gain (1.5 mA cm™). Compared to UC mechanism, the photocurrent enhancement from HOF is ca.
10"x greater (Scheme 1). We show that this HOF mechanism can explain the high photocurrent
and low carrier loss in many photovoltaic models using nanostructured materials. Furthermore, we
anticipate that these NP-modified cells will be more effective for future applications in condition
of lhigh photonic intensity such as light-concentrated solar cell and high energy photovoltaic
converter for laser-based wireless energy transnussion.

Result and Discussion



Lanthanide upconverters have been used in solar cells based on GaAs, a-Si1, c-S1, and DSSC with
evidence of efficiency enhancement 2326 In perovskite solar cell, the utilization of UCNP (e.g.,
NaYF4 Yb**/Er**) embedded between the charge transport layer and electrode to harvest extra NIR
light has also been reported.” In principle, the upconversion nanomaterials can be applied either
as an electrically 1solated layer at the outside of the electrode for manufacturing simphicity, or they
can be introduced into the device to minimize optical losses ® Incorporating UC nanomaterials
such as UCNP within the photoactive layer has been widely reported in DSSC, OPV and perovskite
solar cell '**"** Here we use the NaYbo.ssTmo01Fs upconversion nanoparticles (UCNPs) with 1%
of Tm being doped 1n the NaYbF4 matrix (Fig. 1a) to form a composite of UCNP: perovskite and
study the enhancement i photocurrent. The average size of nanoparticles 1s ca. 140 nm as shown
i the TEM (transnussion electron microscopy) image i Fig. 1b. Instead of using the typical
hexagonal-phase Yb/Tm doped NaYFs (e.g., NaYo79Ybo20Tmo01Fs),” here we use the heavily
doped UCNP with all the Y** in the lattice replaced by the sensitizer ion Yb**, which can maximize
the absorption of NIR excitation from solar spectrum ! Fig. 1c shows the typical absorption and
photoluminescence spectra of NaYbo 99Tmo 01Fs, with the absorption centered around 980 nm and
three major emission peaks located around 300-400 nm, 400-500 nm, and 750-850 nm. These
emission bands match well with the absorption spectrum of typical perovskite matenials, which
can be utilized to covert the NIR. region of solar spectrum to additional current. Details of each
emission band and corresponding energy-level diagram 1s described in Supplementary Note 1
and Fig. S1.

In order to incorporate the UCNPs into the perovskite matrix, here we utilize the volatile
solution (VS) system to prepare the perovskite crystal according to our prior reports’*>#, where
the mixed volatile solvent of ethanol and acetonitrile 1s more compatible with the dispersion degree
of the UCNPs. As expected, we obtain the composite with well-dispersed UNCPs mto the
perovskite (as illustrated in Fig. 1d). Fig. le presents the top-view SEM (scanning electron
microscopy) image of the composite film Most UCNPs are embedded in the perovskite film and
only a few are exposed on the surface. The incorporation of UCNPs does not sigmficantly affect
the crystalline feature of the perovskite matrix, as can be venified by the 1dentical grain size to that
of a reference pristine perovskite film (Fig. S2). We also measure the XRD (X-ray diffraction) of
the composite film (Fig. 1f). Consistent to that of pristine perovskite, there 1s no impurity peaks
from precursors and two prominent peaks located at 14.07° and 24.18° correspond to (110) and



(220) planes of tetragonal (space group I4/mcm)*> MAPbIs, respectively. It is noted that the film
show strong onentation preference along (110) and (220) planes, which 1s commonly observed m
the perovskite films fabricated using the same volatile solvent method in prior studies®®>®. The
presence of UCNPs did not change the preferential orientation of film on (110) and (220) planes,
mmplymg UCNPs did not interfere with crystallization and growth of the film To understand the
distribution of UCNPs within the film we use SEM EDS (energy-dispersive X-ray spectroscopy,
with electron acceleration voltage of 8 kV; penetration depth ca. 2 pm > film thickness of 0.5 pum)
to map the distribution of the embedded UCNPs. Fig. 1g(i) displays a larger scale SEM 1mage of
the composite film where a few UCNPs can be observed at the surface. Fig. 1g(iii) and 1g(iv)
show the element mapping of I and Pb from the perovskite, while Fig. 1g(v) to 1g(viii) show the
elemental mapping of Yb, Tm, Na and F from UCNP, respectively. Notably, there 15 a larger
amount of UCNPs that have been embedded in the perovskite film These results indicate the well-
formed composite of NaYbossTmo 01Fs UCNPs in MAPbI; with excellent crystalline feature of the
perovskite.

We then use the composite (MAPDI3/0.2 wi% UCNP) as the photoactive layer 1 a solar
cell with n-1-p configuration of FTO/T102/perovskite/Spiro-OMeTAD/Au to mvestigate the UC
generated photocurrent contribution. For companson study, we also use a pristine MAPDI;
prepared from same volatile solvent methods mn the 1dentical device as a reference, which has no
UC effect. Fig. 2a compares the cross-sectional SEM of both devices. It can be seen from the
composite sample, the embedded UCNPs are well dispersed inside of the perovskite film. All the
other layers are controlled in an identical condition for both samples. Fig. 2b shows the current
density-voltage (J-V) curves of solar cells measured under one-sun illumination (AM 1.5). The
control device displays a Jsc of 22.93 mA em, Voc of 1.061 V, FF of 76.8% and PCE of 18.66%,
consistent with typical values using same composition and device structure’’. In comparison, the
device with the NaYbo soTmo 01Fs"MAPbI; composite displays an enhanced Jsc of 23.76 mA cm™
(increased by 0.83 mA ecm™) and comparable Voc and FF of 1.048 V and 77.1%, respectively. As
a result, a higher PCE of 19.20% has been observed in the composite device. This 1s consistent
with typical observations on photocurrent enhancement in UCNP incorporated solar cells in prior
repnrts“.

In order to understand 1f the enhanced photocurrent 1s driven by the UC mechanism, we
further measure the EQE spectra for both devices. In principle, the EQE quantifies the yield of



photocarriers upon scanning of monochromatic light. It can be seen in Fig. 2c that the composite
device exhibits an overall enlarged EQE spanning from 350 to 775 nm (shadow area i Fig. 2c).
However, beyond 825 nm, both devices exhibit identical curve with no photocurrent generation
(Fig. 2c). The NaYbo.ssTmo01Fs UCNP has an absorption in NIR from 900 nm fo 1050 nm with
peak value at 980 nm By imncorporating the UCNP mto the composite device, there 1s no
photocurrent generation in this region, even under a reverse bias of -04 V (Fig. 2d) that
strengthens the electric force for drifting of any generated photocarriers. We did not observe UC
contribution to photocurrent mn the NIR region from EQE spectrum, which in fact can be ascribed
to the ultralow upconversion quantum efficiency (e.g., 0.1%°) of the typical UCNP materials, as
discussed below.

In order to understand the results i Fig. 2d, we quantitively analyze the theoretical
maximum photocurrent that can be generated from upconversion of NIR light using the
NaYbogeTmooiFs UCNPs (detalled in Supplementary Note 2). The overall UC-generated
photocurrent can be determuned from equation of:

A
In=q- f;_: Wona - Absycnp(A) - @uc(A 1) - Mgr(A) - EQEpyg(4) (1)
where g is the elementary charge, W, ; [m™ s7] is the photon flux at wavelength of A in the solar

spectrum, Absycyp 15 the absorption of UCNP, ¢y 1s the upconversion efficiency of the UCNP,
Ner 15 the energy transfer efficiency from UCNP to perovskite, and EQEpyg 15 the external
quantum efficiency of perovskite’s photovoltaic process. The integrating range of [4, 4,] 15 in the
NIR region, and for the specific case of NaYbg g9 Tmyg g1F4 UCNP this range 1s from 950 to 1050
nm, where MAPbI: perovskite cannot absorb. By assumung the 1deal case with negligible energy
loss 1n energy transfer and photovoltaic process (e.g., 100% ngr and EQEpyg), the overall UC-
generated photocurrent is calculated to be 96 pA cm™ under AM 1.5 standard solar light. This
value 1s neghgible (0.5%) compared to the photocurrent generated from visible light in perovskite
solar cells (i.e_, > 20 mA cm™), which is mainly because of the ultralow ¢y of 0.01% under NIR
intensity of solar spectrum (in the order of 1 mW cm™ ) of the UCNPs* as well as their low
effective absorption efficiency (0.16%). Although other UC materials can reach to a ¢y¢ as hugh
as 10 %, but this can only be achieved at very high light intensity of ~10° mW cm far beyond the
NIR intensity in solar spectrum.*** This makes it most likely that the UC mechanism is not
responsible for generating additional photocurrent in perovskite solar cells.



Although the UC mechanism did not show noticeable contribution to the photocurrent, the
overall improvement of PCE is observed in the composite device similar to that in prior reports®"-
2. 2% To verify this enhancement in PCE, we conducted a statistical study on photovoltaic
parameters extracted from multiple devices. A total of 20 devices are fabricated for both control
and composite cases and Fig. 2e shows the statistics for Voc, FF, Jsc and PCEs. The composite
devices display an average Voc and FF of 1.07 £0.01 V and 75.5 = 1.5%, respectively, comparable
to those of 1.05+0.02 V and 73.6 + 2.2% from the control devices. In comparison, there 1s a clear
improvement of 6% in Jsc from 22 90 mA cm™ of control device to 24.13 mA cm™ of composite
device, leading to a 10% enhancement m PCE, from 17.75% of control to 19.46% of composite
device. To further confirm the positive contribution of UCNPs on photocurrent, we adjust the
concentration of UCNPs m the perovskite matrix and fabricate solar cells to convineingly evaluate
their effectiveness on PCEs. We use same device configuration and fabricate 20 devices for each
concentration condition. Fig. 3a shows the statistics of photovoltaic parameters of solar cells with
different UCNP concentrations (detailed in Table S1). With UCNP concentration from 0 to 0.2
wt% and to 1.0 wt%, there is a gradual increase in average Jsc from 22 46 mA cm™ to 2353 mA
cm™ and to 24.18 mA em™. The Voc and FF are found to be at similar level of ca. 1.10 V and 78%,
respectively. This indicates a general photocurrent enhancement upon incorporation of UCNP at
this low concentration range. It should be noted that at concentration of 1.0 wt%, devices exhibit
the highest PCE of 21.18%, with a Jsc of 24 41 mA em™, Voc of 1.104 V and FF of 78.6 % (Fig.
3b, this PCE is one of the highest values in the MAPbI:-system based perovskite solar cells*?).
While with the increase of UCNP concentration to 5.0 wi%, there is an obvious drop in Voc and
FF, which can be ascribed to the msulating nature of the UCNP, where the senies resistance (R;)
of the cell enlarges in proportion with the increased amount of UCNPs (as shown in Fig. S5).

These results suggest that by adding UCNPs mto the perovskite, although there 1s no
contribution from the upconversion mechanism, an overall improvement in Jsc has been observed
in the devices (below concentration of 1.0 wt%) which may be related to other mechanisms such
as electrical or optical modulations. To compare the electrical transport feature between the control
and the composite film  we employed the conductive atomic force microscopy (c-AFM) to map
the electrically conductive landscapes in dark condition for both samples (Fig. S6). Fig. 3c shows
the statistics of the surface current collected i the c-AFM mapping mn area of 5.0 % 5.0 pm region.
We further use Gaussian function to fit the distribution and observe the similar average value and



standard deviation of the surface current. These results revealed that both samples exhibit similar
electrical transport at microscopic scale. To further confirm this equivalence in electrical transport,
we also estimate the electron mobility of the devices using space charge limited-current (SCLC)
method. Electron-only diode with a structure of FTO/T102/Perovskite/PCBM/Ag 1s used to
measure the dark current density-voltage (J-V) characteristics, assuming that the measured current
1s related to single-type of carriers (1.e., electrons here). In principle, the current density and voltage
follow a linear correlation (1.e., an Ohmic behavior with J o< V) in the low bias voltage region.
With further increase of bias voltage beyond the trap-filling linit (F7rz), traps in the materials start
to be filled by the mnjected charge carrier, where the current density and voltage exhibits a nonlinear
correlation (1e., trap-filling behavior with J o< V" where n # 1). At a lugher bias voltage when
all the traps in the materials have been filled by injected charge carners, the current density-voltage
starts to show a quadratic relationship (1.e, J «< V", where n = 2), entering the space charge
limited-current (SCLC) region**. The J-¥ behavior can be then modeled by the Mott-Gumey law**-
46 as shown in equation of*

ayi?
p= (2)

T

where u 15 carner mobility of electron, L 1s the perovskite film thickness, &g, & are vacuum and
relative permuttivity of MAPDIs, respectively, J 1s the current density, and ¥ 1s the applied bias
voltage. Fig. 3d and 3e show the dark J-F curves of the electron-only diodes based on pristine
MAPbDI: and composite of MAPbIz with 1 wi% UCNP. The pnistine MAPbIz sample shows a
mobility of 2.1x107 em? V! 57!, consistent with the typical value for this material. The composite
sample displays a similar value of 1. 9x10° em? V-! s Hence, both samples show similar electrical
transport behavior in dark. In order to investigate their behavior under illumination, we use the
TIPL (Time-integrated photoluminescence) and TRPL (Time-resolved photoluminescence)
spectroscopy to quantify the photoluminescent attributes. Fig. 3f shows the steady state TIPL
spectra. As expected, both samples display similar PL intensity in range of 5x10° counts to 6 5x10°
counts under identical excitation of light with wavelength of 506 nm. Interestingly, there 1s a
slightly higher PL intensity observed in the composite sample compared to the control. Fig. 3g
shows the TRPL of pristine MAPbI; and MAPbI; with 1 wt% UCNP film To extract the lifetime
information from the result, we utilized the following bi-exponential function*’ to fit the TRPL

f(&) = Ayexp(Z) + Az exp (Z) + B ©)

10



where 7y, T, 1s the slow and fast carrier decay lifetime component, 4, 4> are their corresponding
decay amplitudes, and B 1s a constant. The average photocarrier decay hfetime (7,,.) can be
obtained by using the equation below*®:

Ya®
Tave = EA_:-T: (4)

As a result, the composite sample displays an 7,4, composice ©f 80.24 ns, which 1s slightly higher
than that of 67.20 ns from the pristine MAPbI;. This 1s consistent to the result in the TIPL
measurement. Overall, the electrical transport results mndicate no obvious changes upon UCNP
doping, while in the optical-related photophysical process we discovered a slightly boosted PL in
the composite sample. These results suggest that the optical field distribution can be modulated by
the UCNP.

Since the UCNP has distinct optical properties (e.g., refractive index, 1.47 vs. 2.71 of the
MAPbI; perovskite), the light intensity distribution as well as the instant photocarrier distnbution
within the perovskite can be controlled by the UCNP. In order to understand how this mechanism
can affect the photovoltaic process, we utilized the optical field simulation methods (finite element
analysis using COMSOL)*-° to illustrate the effect. For modeling simplification, we constructed
a 3D model with 0.5 pmx 0.5 pm 1 X-Y plane and a thickness of 500 nm in Z-direction (with
multi-layer of FTO/T102/MAPbI3/Spiro-OMeTAD/Au), for both reference and composite samples
(Figs. 4a and 4d, respectively). In the composite, four nanoparticles are embedded in the film
Figs. 4b and 4e present the simulated optical field distribution in pristine perovskite and composite
films, projected on X-Z plane, respectively (projections on X-Z plane are also included in Fig. S7).
It can be seen that the optical field distribution throughout the film thickness direction (Z-direction)
1s obviously different upon including nanoparticles. The pristine sample displays a gradient of
optical field, quickly descending from the front side to the back contact. While the composite
sample shows locally strengthened optical field near/between the nanoparticles mside of the film,
compromising the gradient of optical field and making the optical field more homogeneously
distributed along the Z-direction. We also made other simulation models with randomly distributed
nanoparticles and found similar trend of much smaller gradient of optical field, 1.e_, a more uniform
distribution of optical field along the thickness direction (Fig. S8).

Such a homogenization of optical field (HOF) can be beneficial for more efficient (1)
photocarrier drift and (11) collection with smaller recombination loss. As can be seen 1 Fig. 4¢, in

the pristine sample, at the surface region near the front side due to a large value of optical field,
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the light intensity in this region (small z) 1s much larger than that in deeper regions (large z). In
such scenario, photocarner generation mainly occurs at the front surface region and consequently
the photocarrier concentration will have a gradient along z-direction. In a n-1-p configuration, the
photogenerated holes need to dnift along the posifive z-direction towards anode at the back contact.
Thus, a large number of holes generated at the front surface region need to dnft up to 500 nm
(thickness of the perovskite film) to reach the anode. This process can be sigmificantly affected by
the pomt defects or traps as well as scattening during the transport in the perovskite film, as soon
as 1t has a such a long distance to dnft which exceed 1ts average dnfting limit (Dsrer in Fig. 4c).
Secondly, the localized high concentration of photocarrier near the surface region increase the
probability of bimolecular recombination, which will be discussed in detail in the later section. In
comparison, after addition of nanomaterials, the light mntensity 1s dispersed throughout the film,
and 1t can vary upon changing the NP size and distnbution. As shown mn Fig. 4f, the HOF can lead
to homogenized generation of photocarriers along the thickness of the film so that both the
photogenerated electrons and holes can be dispersed more umiformly along the thickness direction
and the dnft pathway for holes 1s smaller in average. This can circumvent the abovementioned
transport 1ssues due to long dnift pathway m the pristine sample.

In order to quantitively analyze tlus HOF effect, we extract the optical field strength [E]|
distribution within the solar cell device in Fig. 4g, using a 650 nm incident light as the light source
with an intensity of 1.60 W m™ consistent to the power density equivalent to the intensity of solar
spectrum at 650 nm. The light intensity distribution within the film can then be calculated from
the optical field strength [E| distribution (detailed in Supplementary Note 3). The as-generated
photocarrier concentration rate can be obtained by equation

EQE-A E(2)

Nﬂ(z) - he 2ugc

©)

where 4 15 the wavelength of incident light, ¢ 1s the light speed, h 1s Planck’s constant, E(z) 1s the
electric field of light along the Z-direction of device, up 1s the magnetic permeability of free space,
and EQE 1s the external quantum efficiency of the device at the wavelength of A corresponding to
that hight intensity. In the example of Fig. 4g, the wavelength 1s 650 nm. In order to get the EQE
profile with respect to the light intensity at constant wavelength of 650 nm, we measure the
photocurrent density-light intensity (J-I) curve of the composite device in Fig. 4h. The light source
15 a 650 nm laser with optical filters of various optical densities. There 15 a linear dependence of
photocurrent proportional to the light intensity. Hence, we regard the EQE value in Equation 5 as
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a constant (the value 1s extracted from EQE spectrum in Fig. 2c) for calculating the N.(z) profile.
As a result, Fig. 4i compares the carner density profile along the thickness direction for both
samples. At the surface (z = 0), both display identical carrier density of 4x10'” cm™ s (we use
area density here as we project it along Z-direction for profile analysis, and the unit [s'] is related
to the time-dimension that can be regarded as ‘rate’ for understanding). As the z goes deeper nto
the film, the reference sample shows a linear decay with a large slope of 8x10*! em™ s In contrast,
the composite film displays an interesting distribution with several peaks located deeper in the
perovskite film This indicates that in the film there are several sites with high photogeneration
rate and consequently ligh concentration of as-generated photocarriers, which have a shorter
pathway to electrode and consequently reduced loss during transport. We integrated the curve in
Fig. 4i, which represents the overall photocarner generation within the film The composite film
displays a higher density of generated photocarriers (15.3% higher than that of the pristine sample
under 650 nm incident from this model), which can be ascribed to the light trapping effect with
the presence of nanoparticles. Overall, using this simplified model, we find that this nanocrystal-
perovskite composite can generate a HOF effect to minmimize the carrier loss during dnfting to
electrodes and contribute to a higher photocurrent.

In order to cross-check the effectiveness of HOF in confributing to photocurrent, we then
ufilize similar nanoparticles of NaYbFs but without Tm doping, 1.e., non-upconversion (NUC)
nanoparticles (NPs) (Fig. 5a). Fig. Sb shows the TEM images of the NaYbFs NUC-NPs, where
the particle size 1s of ca. 40 nm (the size 15 smaller than that of UCNP whach 1s due to the random
synthetic condition for NPs). Fig. Sc displays the PL and absorption spectrum of NaYbFs NPs,
where there 1s a sinular absorption peak as that of the NaYbo 99Tmo 01Fs UCNP due to the presence
of *Fsp orbital of Yb in these NaYbFs NUC-NPs. Without the Tm doping, these NaYbFs NUC-
NPs did not display a UC PL m the visible region from 350 nm to 800 nm. Hence, by incorporating
the NaYbFs NUC-NPs into the perovskite, there should be no UC effect induced photocurrent gain,
while the HOF can be present due to the similar refractive index and extinction coefficient between
NaYbF4 and NaYbo.9sTmg 01Fs. We then use these NaYbFs NUC-NPs as a variant to study therr
HOF contribution to photocurrent. Fig. Sd shows the cross-sectional SEM image of a n-1-p solar
cell, where the NUC-NPs are well dispersed in the perovskite film We test the solar cell
performance under standard characterization procedure. Fig. Se displays the photocurrent density-
voltage (J-V) curve of the device usmmg MAPbI; perovskite doped with 0.2 wi% NaYbFs NUC-
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NPs under 1 sun illumination. The device displays a Jsc of 24 46 mA cm™, Voc of 1.507 V, FF of
77.4% and PCE of 20.01%. This Jsc value is 1.53 mA cm™ (ca. 7%) higher than that of 22 .93 mA
cm from control device (Fig. 2b), and even higher than the device using same doping level of
UCNPs (23.76 mA cm™). This could be due to the smaller size of the NPs which offers an enhanced
HOF effect. To venfy the accuracy of the Jsc value obtamed from J-V curve, we measured the
EQE spectrum (Fig. 5f) with an integrated photocurrent value of 24 05 mA cm™, which confirms
the overall hugher Jsc m the device using NaYbFs NUC-NPs.

In order to further confirm this trend, we conducted the statistical investigations on the Jsc
by making multiple devices based on pristine MAPbI3, MAPbI; with 0.2 wit% NaYbo.ssTmo 01F4
UCNPs, and MAPbBI; with 0.2 wt% NaYbFy NUC-NPs. There are total of 60 devices fabricated
for all the groups and Fig. Sg shows the statistics for Voc, FF, Jsc and PCEs. Table S2 summarizes
the photovoltaic parameters. As a result, compared to the pristine and UCNP doped perovskite
device, the solar cells incorporating NUC-NPs display comparable Voc and FF of 1.069 + 0.013
V and 755 £ 1.5 %, respectively, but obviously higher Jsc of 24.13 £ 021 mA cm™. Even
compared to the UCNP device, the NUC-NP device shows a 3% improved average Jsc. Since the
NUC-NPs do not contribute to UC, there 1s no UC-generated photocurrent in the device. Instead,
the NaYbFs NUC-NPs have refractive index and extinction coefficient of 1.47 and 2.4x107,
respectively, that are much different from those of MAPbI;. This ensures the HOF effect in the
composite film Hence, the HOF induces more efficient photocarrier transport with less carrier
losses leadng to a lugher Jsc in the NaYbFs NUC-NPs doped solar cells. Interestingly, we also
observed that the NUC-NP device exiubits higher Jsc than the UCNP device. This 1s most likely
due to the smaller size of the NUC-NP (ca. 40 nm) than the UCNP (ca. 140 nm). Smce the weight
ratio of 0.2 wt% 1s 1dentical for both cases, there 1s a higher number of NPs in the composite
compared to that of UCNPs 1n its corresponding composite. The well-dispersion of NUC-NPs in
the film will provide a stronger HOF effect whereby a higher Jsc. We utilize the NUC-NPs and
observe that the resultant devices also exhibit enhanced photocurrent, which can be ascribed to the
HOF effect rather than the UC effect.

It should be noted that such HOF effect 1s a general photonic effect in high distinction
coefficient solar cells such as perovskite. To further verify the unmiversality of HOF, we also employ
the commercial S10; nanoparticles (S-NP) (Fig. 6a) to replace UCNP or NUC-NP followed by a
bimolecular recombination investigation. Simular to those NaYbFs-nased UCNPs, these S102 NPs

14



also have smaller refractive index (n =1.47) than MAPbI; (n = 2.71), which lays down the
foundation for triggering the HOF. In the meantime, we speculate that there are two direct sub-
effects of HOF, 1.e, (1) efficient photocarner dnift (has been discussed in Fig. 4) and (11) reduced
bimolecular recombination. Notably, in high-performance perovskite solar cells, the charge
diffusion length in these perovskite thin films can reach to micrometer scale, indicating the less
likely influenced by the ‘(1) efficient photocarrier dnft’ effect. Nevertheless, the bimolecular
recombination can be the hypothetical loss pathways for photocarniers. Especially at the surface
region where mtensified light leads to much higher photocarrier concentration localized m this
region. This could lead to strong bimolecular losses due to 15 square law to carrier concentration.
In order to study 1f the “(11) reduced bimolecular recombination’ can sigmficantly affect the device
performance, we utilize a chloride-doped perovskite, 1. e , MAPbI3.xCl: (x =0.05) that is of long
carrier diffusion length (fo mimnuze the drift concerns) for the solar cell fabrnication. In brief, we
obtained a higher baseline efficiency of 20.13% usmg this chlonde-doped perovskite (Fig. 6d).
And on this basis, we use two types of S-NPs to incorporate them in the perovskite. In the first
approach, S-NPs was pre-dispersed in liqud phase of ethanol (denoted as S-NP(L)) and then added
mto perovskite precursor solution for subsequent spin-coating. In the second approach, S-NPs
were 1n the dried powder form (denoted as S-NP(P)), which was directly mixed with perovskite
precursor powders and made mnto solution for spin-coating. Fig. 6b and Fig. 6c show the cross-
sectional SEM 1mages of the solar cell device based on composite film of MAPbDI; .Clx (x =0.05)
integrated with 0.1 wt. % of S-NP (L) and S-NP (P), respectively. The presence of S-NP (marked
by blue color) embedding m the perovskite matrnix 1s well observed. It 1s found that the S-NP(L)
shows a more homogeneous distribution in the composite film while the S-NP(P) shows certain
degree of aggregation mside the film Tius can be due to the pre-dispersion step of S-NP(L) mn
ethanol that facilitates the homogeneous dispersion of nanoparticles in the precursor ink and
reduces the degree of aggregation. Fig. 6d shows the J-V curves of these S-NP integrated device
as well as the corresponding photovoltaic parameters (inset table), and Fig. 6e, Fig. 6f, Fig. S%9a
and Fig. S9b show the statistics of Jsc, PCE, Voc and FF based on analysis of 20 dewvices,
respectively. As a result, the pristine MAPbI: xClx (x=0.05) device displays a Jsc of 23 .82 +£0.16
mA em”, Voc of 1.106 £ 0.011 V, FF of 76.7 + 0.6 % and a PCE 0f 20.20 £ 0.24 %. In comparison,
the device doped with 0.1 wt % of S-NP(L) displays a similar Voc of 1.113 +0.008 V, FF 0of 76.7
+ 0.8 % but a significantly higher Jsc of 25.56 + 0.23 mA cm™, which eventually lead to an
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enhanced PCE of 21 .82 + 0.28 %. Compared with the S-NP(L), the device doped with S-NP(P)
shows smaller enhancement of Jsc of 24.93 + 0.21 mA em™ (vs. 25.56 + 0.23 mA cm? for the
device doped with S-NP(L)). This could be due to the nanoparticle aggregation that impairs the
homogeneity of optical field distribution. We also check 1f the HOF effect 1s still valid on the high-
performance device using the NaYbFs NUC-NP of larger size of ca. 115 nm (Fig. S10a). As shown
m Fig. S10b and S10c, compared with pristine device, the device doped with 1 wt % NUC-NP
shows an improved Jsc of 24 37 = 0.24 mA cm™ larger than that of control. Overall, using the high
mobility chlonide-doped perovskite, we also observed this Jsc enhancement, which 1s applied for
different types of NPs. These results revealed that such HOF effect can be a more general strategy
to enhance the Js¢ by introducing nanomatenals of distinct reflective index.

So far, the we found even using the long diffusion length perovskite (MAPbI; «Cly), the
devices also exhibit a general Jsc enhancement upon various NPs. This can be understood by the
secondary sub-effect of HOF, 1.e., the ‘(1) reduced bimolecular recombination’. In specific, in
prior section, we have revealed that the HOF effect can decrease the dnft pathway of
photogenerated charges thus reduces the chance of scattering or recombination by defects and
other charge traps (Fig. 4). This implies HOF effect 1s particularly useful for perovskite film of
inferior quality which has high population of defects that 1s harmful for charge transport. However,
n high-quality perovskite film with less defects, the free carner diffusion length can be up to ~1
um which exceeds the normal device thickness. This makes the HOF's sub-effect of (1) efficient
photocarrier dnift’ less effective because even the carner generated deeply inside the film can be
extracted easily due to the good transport property. However, 1t should also be noted that the
photocarrier loss can still exist by following both the non-radiative recombination (also referred
as trap-assisted recombination) and radiative recombination (also referred as biomolecular
recombination) pathways. It has been admutted that halide perovskite film typically has high
concentration of trap density (10'*-10" cm™) that can lead to significant non-radiative
recombination. However, the radiative recombination can also be significant as well because 1t 1s
proportional to the product of photo-electron and hole. The rate from classic model 1s expressed
by:

Rraa = kraa(np —n) (6)
where Rya4 refers to the radiative recombination rate, ka4 15 the rate constant, n and p represents
the concentration of photogenerated electrons and holes, respectively, and n; refers to the

16



concentration of mfrinsic carriers. Although the magnitude of kaq1s relatively small (in the order
of 1071% em™ s, the square of photocarrier concentration can be large (n in the order of 10'° cm™
for the device during working condition). Particularly at the surface region, hugh portion of the
light 1s absorbed by a thin layer close to the surface, and this will make the radiative recombination
loss non-negligible. In fact, the radiative recombination 1s considered to be the domunate
recombination mechamsm in direct bandgap semuconductors. The HOF effect provides the
possibility to address losses from radiative recombination in perovskite photovoltaics as it can
efficiently homogenize the local photocarrier concentration thus reduce the chance of radiative
recombination. As illustrated in Fig. S11a and Fig. S11c, photocarrier will be heavily localized
near the hght incident area of pristine MAPbI; device due to the much intensive optical field near
the surface region (Fig. 4b), which tends to induce heavy photocarrier loss as the radiative
recombination rate 1s very high In an ideal case, photocarner should be evenly distnbuted along
the depth of the photoactive layer to reduce the local carner concentrating so that the radiative
recombination rate can be munimzed. In the NP-doped device photocarner distribution in the
photoactive layer will be more uniform (as illustrated i Fig. S11b and S11d) due to the
homogemization of optical filed throughout the film (Fig. 4f). This effectively reduces the local
photocarrier concentration thus reduce the chance of radiative recombination and eventually
improves the device output. As a result of the suppressed radiative recombination loss, we have
been able to further improve the PCE from 20.13 % to 22.09 %.

To expenimentally verify this, we carry out an mn-situ radiative detection measurement. Fig.
$12 shows the measurement sefup, where the pristine MAPbI; xClx and S-NP(L) doped solar cell
device 1s connected to a resistor as an external load to maintain an operation condition. The 505
nm excitation hight was focused on the back side of device to excite the photocarners. We
controlled the excitation light intensity to a low dose to simulate the condition under solar radiation
so that all the incident light can be used for photocarner generation. A photo detector 1s used to
collected the enmtted light (filtered by a long pass filter) from the device. In principle, there are a
few manifestations of photocarrier destiny. As illustrated in Fig. 6g, after being excited from
valence band (VB) to conduction band (CB) [process (1)] and subsequent hot carrier cooling
[process (11)], there are mainly three pathways for photocarriers: extraction by charge extraction
layer [process (u1)], trap-assisted (non-radiative) recombination [process (v)], and radiative

recombination [process (1v)]. Direct observation of fluoresce can be an indication of losses of
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photogenerated carners along [process (1v)]. Fig. 6h shows the steady-state fluoresce spectra
collected from the pristine and S-NP(L) doped device. Compared with the pristine device, a
noticeable 6-fold decrease in the fluoresce intensity was observed i the S-NP(L) doped device,
which suggests the number of photons from [process (1v)] 1s sigmificantly reduced in the doped
device. Fig. 6i shows the transient fluoresce spectra of the device upon a pulse excitation at 505
nm. The S-NP(L) doped device shows a nearly two-fold longer lifetime of 53.67 ns compared to
that in pristine device (27 98 ns). The larger the lifetime reveals the larger lifetime of photoexcited
electrons at the bottom of conduction band. This can be understood by the HOF effect that induced
a more uniform distribution of photocarrers. Unlike the localized high carrier concentration in the
pristine device (Fig. S11c), recombination losses are compromised mn the doped device. These
results have shown that the photocarrier losses by radiative recombination in the perovskite solar
cell may not be neglected. The HOF can help to suppress such losses and provide an avenue to
further enhance the performance.

Conclusion

At the beginming, we ufilize the Na'Ybo s9Tmo 01Fs UCNP (a classic UC nanomaterial) and NaYbFs
NUC-NP as tools to quantitively discuss how much the UC contribution can boost the perovskite
solar cell performance. We found due to the small absorption and quantum yield of UC, there 1s
neghgible contribution from UC effect to photocurrent. Instead, the generally observed
photocurrent increasement can be ascribed to the effect of localized optical field rearrangement,
1e_, the HOF effect. Such a HOF can lead to a more uniform distribution of photocarners, which
1s significantly distinct to the sharp gradient distribution 1n pristine device. It should be noted that
the HOF effect 1s related to the (1) difference in the optical properties of the host material and
nanomaterials and (1) the geometric layout of the composite (e g, shape, size, density, and
distribution of particles). The nanoparticle-embedded perovskite composite here 1s one of the
examples to trigger the HOF. We have demonstrated the effectiveness of such HOF on solar cell
performance improvement using a range of nanoparticles including UCNP, NUC-NP, and
commercially S102 NP. Optimization of the material and geometry will lead to enhanced HOF
effect and photogeneration within the active layer. The homogemzed distribution of photocarriers
along the thickness direction can lead to less carrer losses from radiative recombination of local

carriers or from frap-induced losses along with the transport. Consequently, this mechanism can
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provide a relevant working principle for the widely observed higher photocurrent in solar cells
using nanomaterials. Based on results reported here, we anticipate that a HOF mechanism provides
promusing route for improving applications such as nanoantenna, concentrated photovoltaics and
photovoltaic converter for laser-based wireless energy transmission, where the optical field plays
a very important role in device/system performance.
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Scheme 1: Comparison between different mechanisms that drive the contribution to
photocurrent: the upconversion mechanism recycle the in-band transparent light (hv< Eg), while due
to the low upconversion efficiency of the state-of-the-art UCNP matenals, the photocurrent contribution
from this upconversion has a up limit of 96 pA on 1 cm” area. In contrast, HOF effect redistributes the
optical field along the film thickness direction., which triggers a more umform distnbution of
photocarrier generation site and thus more balanced photocarmer dnft towards corresponding
electrodes. This can reduce the carrier loss and lead to a 1.5 mA cm™ enhancement in photocurrent, 1.e.,
7% contribution to photocurrent density. Beyond this, we anticipate additional scattening effects by
proposed strategies such as NP shape-, size-, distribution-modification, and dielectric, refraction, light-
distinction coefficient engineening, etc., there 1s a potential to trigger higher photocurrent exceeding the
SQ limat.
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Figure 1: MAPBI;-UCNP composites (a) Schematic descniption of Na¥bggeTmg g F4 upconversion
nanoparticles (UCNPs). For simplicity, the Na and F atoms are not shown. (b) TEM images of UCNPs
(c) Upconversion (UC) Photoluminescence (PL) with 980 nm laser excitation and absorption spectrum
of UCNPs film, excited at 980 nm (d) Schematic descnption for MAPbI;-UCNP composite where
UCNPs are embedded in the perovskite film matrix. () SEM mmage of MAPbI;-UCNP film. (f) XRD
spectra of pnistine and UCNP-integrated MAPbL film. (g) Energy-dispersive X-ray spectroscopy (EDS)
mapping of MAPbI;-UCNP composite film showing the UCNPs embedded within MAPbI; matrix.
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Figure 2: MAPbI:-UCNP solar cell (a) Cross-sectional SEM image of MAPbI:-UCNP and pristine
MAPDI; solar cells with an n-1-p structure (T102/Perovkskite/Spiro-OMeTAD). (b) J-V curves of
pristine MAPbBI; and UCNP-integrated solar cells under standard 1 sun illumination. (c) Extemnal
quantum efficiency (EQE) spectra of pristine and UCNP-ntegrated MAPbI: solar cells (d) Zoom-in
view of IPCE spectrum within UCNP absorption region showing negligible contribution from
upconversion. (e) Performance parameters of pristine and UCNP-integrated solar cells: (1) Voc (11) FF
(111) Jsc and (1v) PCE.
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Figure 3: Contribution of UCNP on solar cell performance (a) Performance parameters of
perovskite solar cells with different UCNP concentrations. (b) J-V curve of solar cells based on pristine
and MAPDI; integrated with 1 wt% UCNP (MAPbI3/1 wt% UCNP) under standard 1 sun illumination.
(c) Current histogram profile of pristine MAPbI; and MAPDI:/1 wit% UCNP film measured by
conductive-AFM (d)-(e): -V charactenistic of the electron-only diode based on (d) pristine MAPbI:
and (e) MAPbI:/1 wt% UCNP film measured in the dark condition (f)-(g): (f) Time-integrated PL
spectra and (g) Time-resolved PL spectra of pristine MAPbI; and MAPbI3/1 wt% UCNP film.
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Figure 4: Optical field modulation (OFM) effect by UCNPs. (a) and (d): 3D model of (a) pristine
MAPDI; film and (d) MAPBI;-UCNP composite structure. (b) and (e): Simulation of optical field
distribution of an incident 650 nm light within the (b) pristine MAPbI; device (e) MAPbI;-UCNP
device. The color indicates the magnitude of optical field strength [E|. (c) and (f): Schematic illustration
of distribution of photocarniers due to the OFM effect and their subsequent dnft towards ETL and HTL
in (c) pristine MAPbI; device and (f) MAPbLI;-UCNP device. D, and Dy, refers to the dnft distance for
photo-generated electrons and holes, respectively. (g)-(1): (g) Simulation showing the distnibution of
optical field strength [E| within the solar cell device, assuming a 650 nm incident light from solar
spectrum with an intensity of 1.60 W/m? (h) Current density with illumination power curve showing
the linearity of solar cell device with respect to incident light power. (1) The estimated distribution of
photocarrier density (Dpaowa (z)) as well as the integrated photocarrier density along the depth (z) of

solar cell device.
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Figure 5: Solar cell performance of MAPDI; integrated with NaYbF4 NUC NPs (a) Schematics for
non-Tm doped NaYbF4 non-upconversion nanoparticles (NUC NPs). For simplicity, the Na and F
atoms are not shown. (b) TEM mmages of Na¥bF4 NUC NPs (c) UC Photoluminescence and absorption
spectrum of NaYbF4 NUC NPs, excited at 980 nm. (d) Cross-sectional SEM images of perovskite solar
cell integrated with NaYbF4 NUC NPs. (e) J-V curves of pristine MAPbLI; and NaYbFs NP-integrated
solar cells under standard 1 sun illumination. (f) External quantum efficiency (EQE) spectra of pristine
and NaYby NUC NP-integrated MAPbI; solar cells (g) Performance parameters of pristine and NaYbFy
NUC NP-integrated solar cells: (1) Vioc (11) FF (i11) Jsc and (1v) PCE.
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Figure 6: Solar cell performance of MAPbI2.Cl: (x=0.05) integrated with 5i0: nanoparticle (S-
NP): (a) Scheme of the commercial S10: nanoparticle with a size of ~60 nm_ (b)(c) Cross-sectional
SEM images of S10: nanoparticles (S-NP) embedded in MAPbIzxCl: perovskite photoactive layer. Two
types of S-NP were used: (b) S-NP pre-dispersed in ethanol (denoted as S-NP(L)) (c) S-NP dried
powder (denoted as S-NP(F)). (d) J-V curves of pnistine MAPbI:xCl: device and device mtegrated by
0.1 wt% of S-NP(L) and 0.1 wt% S-NP(P). (e)(f) Statistics of the (e) Jsc and (f) PCE of pnistine MAPbI;.
L1z device and device integrated by 0.1 wit? of S-NP(L) and 0.1 wt%% S-NP(P). (g) Schematic
illustration of the photovoltaic process and pathways for photoelectron: (1) light excitation (11) hot
camier relaxation (111) charge extraction by electron transport layer (1v) radiative recombination of
photoelectron (v) trap-assisted recombination of photoelectron. (h)(1): (h) Steady-state PL emussion
specira and (1) Time-resolved PL spectra collected from pristine MAPbIz«Cl: device and device
mtegrated by 0.1 wit% S-NP(L) under operational condition.
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