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% Check for updates Carrier multiplication (CM) holds great promise to break the Shockley-

Queisser limit of single junction photovoltaic cells. Despite compelling spec-
troscopic evidence of strong CM effects in halide perovskites, studies in actual
perovskite solar cells (PSCs) are lacking. Herein, we reconcile this knowledge
gap using the testbed Csg gsFAg sMAg.45Pbo sSng 513 system exhibiting efficient
CM with a low threshold of 2£, (-500 nm) and high efficiency of 99.4 + 0.4%.
Robust CM enables an unbiased internal quantum efficiency exceeding 110%
and reaching as high as 160% in the best devices. Importantly, our findings
inject fresh insights into the complex interplay of various factors (optical and
parasitic absorption losses, charge recombination and extraction losses, etc.)
undermining CM contributions to the overall performance. Surprisingly, CM
effects may already exist in mixed Pb-Sn PSCs but are repressed by its present
architecture. A comprehensive redesign of the existing device configuration is
needed to leverage CM effects for next-generation PSCs.

Harvesting solar energy is one of the most sustainable approaches to
satisfy Mankind’s ever-increasing energy demand. The recent spate of
extreme weather events worldwide shows that no one is spared from
climate change. Hence there is greater urgency to develop even more
cost-effective and efficient solar cells. Perovskite solar cells (PSCs)
have gained widespread interest due to their facile processibility and
outstanding performance'°. Within a decade of development, its
power conversion efficiency (PCE) has surged from -3.8 to >25%"",
showing great promise to challenge the monopoly of Silicon cells.
Regardless, the Shockley-Queisser (SQ) limit of a single junction solar
cell is still limited to around 33%". One of the main loss channels is the
loss of the excess kinetic energies of hot carriers as heat in the
absorber*™. These hot carriers are formed from the absorption of
high-energy photons. It is desirable to convert the excess energies,
which would otherwise be normally lost as heat, into electrical work to
boost efficiencies. Carrier multiplication (CM) or multiple exciton

generation (MEG) enables efficiency enhancement by generating
multiple electron-hole pairs (or excitons) from the absorption of a
single high-energy photon. This provides an exciting possibility for
surpassing the SQ limit to a theoretical maximum of 44.4%'.

Halide perovskites possess slow hot carrier cooling properties
highly favorable for CM or MEG"**. Low CM/MEG thresholds (hvy;,)
and high CM/MEG quantum yields (QYs) were reported for FAPbI;
nanocrystals (NCs), CsPbl; NCs, and (FASnls3)o¢(MAPbI3)o4 bulk
films'®?>">, However, most studies focused on transient absorption
(TA) spectroscopy measurements conducted on bare perovskite films
rather than in actual devices. A recent study reported efficient MEG in
perovskite NCs, which enabled photodetector enhancements when
excited in the ultraviolet (UV)/deep UV region®”. However, the
demonstration of MEG enhancements in actual PSC devices, which is
another major application that will benefit from enhanced MEG, is still
lacking. In this regard, an external quantum efficiency (EQE) or internal
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quantum efficiency (IQE) measured under a bias voltage in a photo-
detector may not be equivalent to the situation in a solar cell operating
under zero bias. Hence, the demonstration of CM/MEG in a real-world
PSC device and a thorough evaluation of whether such effects will
contribute to tangible PSC enhancements is paramount for the
development of next-generation photovoltaic technologies.

The key evidence of CM in a PSC device is an EQE or IQE sur-
passing 100% without any applied bias voltage or gain. For typical Pb-
based perovskites with bandgaps around 1.7 eV, the CM threshold
energy must be larger than 3.4 eV (<365 nm), which lies at the fringe of
the most intense wavelength region of the solar spectrum*?,
Absorption of wavelengths below 400 nm by the perovskite layer is
relatively weak because of absorption from the fluorine-doped tin
oxide (FTO) or indium tin oxide (ITO) glass®. Thus, CM from these
perovskite layers (if any) is unlikely to have a significant impact on PSC
device performance. This is one plausible reason why CM has not been
reported in PSC devices. The mixed Pb-Sn perovskite system with a
narrower bandgap (-1.17-1.30 eV) is more suitable as its CM threshold
energy is well-matched to the solar spectrum at its strongest intensity
around 2.48 eV (500 nm)*¥.

Herein, we demonstrate efficient CM in the mixed Pb-Sn per-
ovskite Cso.0sFA0.sMAo 45Pbo sSno sls (£ ~1.24 €V), which possesses an
intrinsically low CM threshold of 2E; and high CM efficiency of
99.4 + 0.4%. Furthermore, we attain a peak IQE of ~161% (average
157 +4%) in the champion quartz-based PSC devices without applying
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Fig. 1| Optical spectroscopy of Csg osFAg sMAg 45Pbo sSng sl3. a Steady-state
absorption spectrum of the perovskite thin film. Fj is the fraction of absorbed light
or absorptance and hv is the photon energy. The first dotted line from the left
demarcates the regions below/above 2£,. The other two dotted lines indicate the
energies for 3F; and 4£,. The arrows designate the pump energies used in TA
spectroscopy measurements. The pump energies range from 1.54 eV (dark red) to
4.96 eV (purple), the same as that shown in panel (c). Inset is the Tauc plot indi-
cating the bandgap. b TA spectra of the mixed Pb-Sn perovskite film excited with
3.06 eV (405 nm) pulses. The color indicates the amplitude A4 which varies from -8
mOD (yellow) to 2 mOD (dark blue). ¢ Initial amplitude |AA| for different pump

any additional bias voltage or gain. Optical modeling further sub-
stantiates this finding of the IQE exceeding 100% at the CM threshold
of 2E,.

Results

CM in mixed Pb-Sn perovskite films

TA spectroscopy is first conducted on the Csg osFAg sMAg 45Pbg sSno sl3
thin films to establish their CM behavior. Unlike colloidal NCs, which
can be stirred to reduce photocharging effects, measurements on thin
film samples are highly susceptible to artifacts. Due care must be taken
to eliminate any false signals (please refer to section “TA measure-
ments” in Supplementary Note 1 for full details). Figure 1a shows the
absorption spectra of the mixed Pb-Sn perovskite film with bandgap
E;-1.24 eV (inset Tauc plot). The fraction of the absorbed light Fy is
plotted as a function of energy and wavelength. The film was excited
with different pump energies below and above the 2E, threshold
required for CM. Figure 1b shows a representative TA spectrum near
the 1.33 eV main photobleaching (PB) peak following 3.06 eV pump
excitation. The PB signal arises from state-filling at the band edge, and
it tracks the time evolution of the carrier distribution. Following pho-
toexcitation, various processes, including carrier thermalization, CM,
and hot carrier cooling, occur within the first -1 ps before the PB peak
reaches its initial maximum amplitude. The initial PB signal amplitude
(IAA]) at around 1-3 ps was used as a reference value, and the corre-
sponding absorbed photon flux (/4) needed for the same initial |AA|
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energies as a function of the required /,. The dashed lines show that |AA| increases
linearly with /5. The red, green and blue solid lines indicate carrier multiplication
(CM) quantum yield (QY) =1, 2 and 3, respectively. d CM QY variation with
increasing pump energy. The blue dots represent the CM QY calculated from panel
(c), and the error bars represent the uncertainties of the CM QY determined using
the error propagation formula. The red line is a fit to the data based on a previously
published model**, The fitted CM efficiency 7 is 99.8%. The dashed gray line and
dashed dark yellow line show the influence of uncertainty of the data on the fitted
result. The dashed green line indicates the ideal case. See Supplementary Note 2 for
more details. Source data are provided as a Source Data file.
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Fig. 2 | Perovskite solar cell performance under monochromatic illumination.
a, b/ and ¢, d IQE as a function of absorbed photon flux (/,) under different pump

energies in Csg osFAosMAp.45PbosSng sls (@, €) and MAPDI; (b, d) PSCs illuminated
by monochromatic CW lasers. The solid lines in (a) and (b) show that the J;.
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increases linearly with /5. The horizontal dotted black lines in (c) and (d) indicate
IQE =100%. The violet-shaded regions in (c) and (d) indicate IQE >100%. Source
data are provided as a Source Data file.

under different pump energies was compared. (See Supplementary
Note 1 and Supplementary Figs. 1 and 2 for more details about the TA
measurements). With CM present, less / is required to attain the same
initial |AAl.

The initial maximum |AA] is plotted as a function of the required
I5 at pump energies ranging from 1.54 eV to 4.96 eV in Fig. 1c. A
reduction of /5 for the same initial |AA| is observed at high pump
photon energies larger than 2.48 eV (2E,), providing an initial indi-
cation of CM in these mixed Pb-Sn films. The gradient obtained is
proportional to the CM QY. The average gradient for pump energies
<2.48 eV is used as the reference value in the absence of CM effects
(i.e., QY=1). Thus, QY =2 represents half the required /5 for the
same |AA|. Above the CM threshold of 2.48 eV, for the same |AA|,
the required /, is lower, resulting in a steeper gradient (Fig. 1c). The
relative CM QY is defined as the ratio of the gradient for each pump
energy to the average gradient at QY =1. Figure 1d shows the cal-
culated CM QY as a function of pump energy normalized to the
bandgap. The plot shows the onset of CM at 2E, and a CM efficiency
(ncm) of ~99.4 +0.4%. See Supplementary Note 2 for more details
about the fitting of CM efficiency**. The intrinsically low CM
threshold and hlgh CM efﬁciency of CS0.05FAO.5MAO.45Pb0.55n0_513
validate its potential (see Supplementary Fig. 3 for a comparison of
the theoretical CM QY and maximum PCE under AM 1.5G). Fur-
thermore, we have also extended the CM study to Pb-Sn mixed
perovskites with different lead-tin ratios (Pbg75Sng,s and
Pbg.5Sng 7s) for comparison. The Pbg sSngs shows the most effi-
cient CM, which is possibly due to its slowest hot carrier cooling in
favor of CM*%, See Supplementary Figs. 4 and 5 and discussion in
Supplementary Note 3 for more details. The low CM threshold of

~-2E, in the Pb-Sn mixed perovskite may be caused by asymmetric
excitation, which completely transfers the excess energy to the
electrons'. The asymmetric excitation may be due to the presence
of additional sub-bands at -2, (Supplementary Figs. 6-8)'. The
sub-conduction band at -2, sits at the same quasi-momentum k
point as the bandgap, which fulfills both the energy conservation
and momentum conservation, thus permitting asymmetric excita-
tion and a low CM threshold of ~2£,'®. The DFT calculation for the
electronic band structure and a more detailed discussion can be
found in Supplementary Note 4. We next proceed to device studies.

CM in Pb-Sn PSC devices under monochromatic illumination
While CM is evident in bare films from TA spectroscopy studies, its
impact on PSC devices remains unclear. Csg osFAgsMAg.45Pbo.sSno sl3
and reference MAPbI; PSCs with the following device structure trans-
parent substrate/ITO/HTL/Perovskite/Cso/BCP/Ag (Supplementary
Fig. 9a, see experimental section for more information) were fabri-
cated. To evaluate the device IQE, their short circuit current density (/s.)
was first measured under monochromatic illumination with varying
photon energies below/above the CM threshold of 2.48 eV (Fig. 2a, b).
Then the IQE can be computed by dividing the number of electrons
produced by the number of photons absorbed (Fig. 2c, d). The IQE of
the perovskite layer is derived as follows (Eq. 1 and refer to Supple-
mentary Note 5 and Supplementary Fig. 9b):

_-ISC/e _—/SCA/e_
A A v

JsAle  _ EQE _ EQE
AbSPerovskiteP / hv AbsPerovskite (1 - R) TITO_HTL

@
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where /. is the short circuit current density, /, is the absorbed photon
flux, A is the active area of the PSC, e is the electron charge, Abspe,oyskite
is the fraction of light absorbed by the perovskite, P is the power of
incident light, hv is the photon energy, R is the reflectance of the PSC
device and Tiro yr is the transmittance of ITO_HTL (Supplementary
Figs. 10 and 11).

Figure 2a, b shows the Js. as a function of /4 at various photon
energies for the CsgosFA0sMAg.45PbosSnosls and MAPbI; reference
devices. Compared to the power P, the absorbed photon flux /4, which
eliminates the influence of excitation energies from the different CW
lasers, is a more appropriate criterion for comparing the PSC photo-
current. Further discussion on its suitability and potential pitfalls can be
found in Supplementary Note 6 (Supplementary Figs. 12-15). The Js. and
gradient for the mixed Pb-Sn PSC increased for the 473 nm (2.62eV,
2.11£,) excitation source (Fig. 2a), indicating the likely presence of CM.
The average gradient of the plots for the 532 nm and 655 nm excitation
(i.e., 1.88 Eg and 1.52 E,, respectively, and below the CM threshold) is
used as a reference value and set to unity. Hence, the gradient for
473 nm excitation (above the CM threshold) is approximately 1.10 times
that of the reference. A similar rise in J,. is also observed for
(FASnI3)0.¢(MAPbI3)04 PSCs (Supplementary Figs. 16 and 17). In con-
trast, the MAPbI; reference device shows a constant gradient for all the
different excitation sources (Fig. 2b). In the absence of CM, the short
circuit current density J;. of the PSC device should remain constant for
the same photon flux /5 regardless of excitation energies. MAPbI;
possesses a bandgap of 1.55 eV (800 nm) and requires a CM threshold
of >3.1eV (<400 nm). Hence, no CM effect is present at 473 nm
(2.62¢€V), 532 nm (2.33 eV) and 655 nm (1.89 eV) as expected.

Figure 2c, d shows the corresponding IQE of the
CSO_05FAO.5MAO.45Pb0.SSn0.513 and MAPbl3 PSCs. With CM present, the
IQE obtained with 473 nm excitation is greater than that at 532 nm and
655 nm excitation (Fig. 2¢c) for the mixed Pb-Sn sample, and it exceeds
100%. This increment is absent in the MAPbI; reference sample since it
is excited below its CM threshold (Fig. 2d). Other metrics such as open-
circuit voltage (Vo,), fill factor (FF) and PCE can be found in Supple-
mentary Figs. 18-21. The PCE produced under monochromatic illu-
mination with different photon energies is normalized to /, for a fair
comparison (Supplementary Fig. 22). Above the CM threshold, PCE
enhancement is observed for the mixed Pb-Sn PSC devices but is
absent in the MAPDI; reference PSC devices. More discussion can be
found in Supplementary Notes 7-9 and Supplementary Figs. 22 and 23.
All this evidence supports the presence of the CM effect in the mixed
Pb-Sn PSC.

CM in Pb-Sn PSC devices under broadband illumination

Next is the performance of the mixed Pb-Sn PSCs under broad illu-
mination. We have also established that CM effects are present in
mixed Pb-Sn PSCs with typical glass substrates and architectures used
in PSC research but are overshadowed by parasitic absorption loss
from glass and ITO and recombination loss during carrier extraction in
the high-energy region. A detailed discussion can be found in Sup-
plementary Note 10 and Supplementary Figs. 24 and 25. To maximize
any gains from CM in PSC devices, the optimized PSC device structure
of Quartz/ITO/self-assembled monolayer (SAM) [2-(9H-carbazol-9-yl)
ethyl]phosphonic acid (2PACz)/Perovskite/C¢o/BCP/Ag is utilized®*2,
The quartz substrate has a greater transmittance in the UV region, and
the SAM 2PACz exhibits a better energy level alignment with the Pb-Sn
mixed perovskite (Supplementary Figs. 26 and 28), which can mini-
mize the parasitic losses and reduce carrier recombination losses in
the PSCs.

Figure 3a shows the J-V curves of the champion devices obtained
under one Sun (AM 1.5 G) for absorber thickness of 250 nm and 560 nm
(i.e., the thinnest and the thickest) obtained by varying precursor
concentrations from 1.2 M to 2.0 M. J-V curves of the champion devices
for other perovskite thicknesses can be found in Supplementary

Fig. 29. Their parameters are tabulated in Table 1. Details of their
thicknesses and morphology can be found in Supplementary
Figs. 30-33. Figure 3a shows that the device fabricated with 2.0M
precursor concentration (560 nm thick layer) yields the highest PCE of
19.19%, with V. of 0.85V, Js. of 30.55mA cm™, and FF of 0.74. The J,.
values are also corroborated by the integrated Js. from the EQE spec-
trum with a relative discrepancy of ~-6% (Supplementary Table 1). The
reproducibility and statistics for the mixed Pb-Sn device character-
ization can be found in Supplementary Fig. 34 and Supplementary
Table 2. In general, the average values for the PSCs in Supplementary
Fig. 34 and Supplementary Table 2 show the same trend as the
champion devices in Table 1.

Figure 3b shows the EQE and integrated /. for devices with dif-
ferent active layer thicknesses. An EQE value of less than 100% does not
exclude the presence of CM in PSCs. This is because EQE represents the
proportion of incoming photons converted to the external circuit
electrons, regardless of whether the photons are absorbed by the
perovskite active layer. On the other hand, IQE represents the ratio of
the population of external circuit charge carriers produced by the solar
cell to the corresponding number of photons absorbed by the active
layer of the device®. Hence IQE is the key parameter for studying CM*.
An IQE exceeding 100% indicates that by absorbing one photon, more
than one electron is generated and transported to the external circuit,
validating the existence of CM in the devices.

Figure 3c shows the theoretical relationship between EQE, IQE and
the proportion of light absorbed by the perovskite layer in the device
(AbSperovskite)- If AbSperovsiite is small (e.g., 40%), even though 2 elec-
trons are produced from 1 absorbed photon due to CM (i.e., IQE=
200%), the resultant EQE is still only 80% (EQE=IQE x
AbSperovsiite =200% x 40% = 80%). Conversely, for large IQE (=300%),
the extra electrons could compensate for the small Absperoyskite then
the EQE value could exceed 100% (EQE =300% x 40% = 120%). Hence,
IQE exceeding 100% is the key evidence for evaluating the presence of
CM in PSC devices.

Figure 3d shows the mixed Pb-Sn PSC devices with IQE >100% and
CM threshold of -2E, (500 nm). The IQE is calculated from Fig. 3b using
Eq. 1, where we considered the reflection of photons by the device (R)
and the transmittance (7) of the ITO and 2PACz layers. Details on the R,
T and IQE reproducibility are given in Supplementary Fig. 35. The plots
of IQE vs hv/E, (Fig. 4a) clearly shows the CM threshold of -2 and
maximum IQE values of 150 +10% for the PSC devices at 3.33£,. Fig-
ure 4a shows that in the thin perovskite layer PSC (1.2 M), the CM
threshold is ~2£, and the highest IQE can reach ~161.5% at 3.33E,, while
the CM threshold of the thick perovskite layer PSC (2.0 M) is around
2.08E,, and the highest IQE is around 142.5%. The difference between
their IQEs is possibly due to carrier recombination loss in the thicker
perovskite layer. For high-energy photons with shorter penetration
depth, the photons are fully absorbed in the first hundreds of nan-
ometers. In the thin perovskite layer PSC, the generated electrons can
be efficiently extracted to the electron transport layer located deeper
from the incident light direction. In the thick perovskite layer PSC, the
generated electrons may suffer from increased intrinsic recombina-
tion loss during transport, leading to a reduced IQE. Nonetheless, the
low-energy photons, which have longer penetration depth, can still be
efficiently extracted in the thick perovskite film. This is consistent with
the study on glass-based PSCs. More discussion can be found in Sup-
plementary Note 11 and Supplementary Figs. 36-40. Optical modeling
of the 1.2 M quartz-ITO PSC further validates that the IQE exceeds 100%
(Supplementary Fig. 41). See Supplementary Note 12 for more infor-
mation about optical modeling. The IQE exceeding 100% in the Pb-Sn
mixed PSCs is further confirmed through crosschecking with the setup
at the Solar Energy Research Institute of Singapore (SERIS) (Supple-
mentary Fig. 42). Additional details regarding the perovskite layer and
the PSCs, including information about hysteresis and stability, are
available in the Supplementary Figs. 43-45.
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Fig. 3 | PSC performance under broadband solar illumination. a J-V curves of
Cso.05FA0.sMAg.45Pbo sSNg sl3 PSC devices with two perovskite layer thicknesses
(i.e., the thinnest and thickest layers) measured under one sun. The dashed lines
indicate /= 0 mA cm™ (horizontal) and V=0V (vertical). b The corresponding EQE
(black Y-axis on the left, indicated by the black dotted circle) and the integrated /s
(red Y-axis on the right, indicated by the red dotted circle) of PSC devices with
different perovskite layer thicknesses. ¢ Relationship between the EQE, IQE and

Wavelength (nm)

perovskite absorptance Absperovskice- The dotted line is the EQE =100% boundary.
On the left (from yellow to green), the EQE is smaller than 100%, although IQE is
larger than 100%. The low EQE is due to decreased Absperovskite- On the right (from
green to blue), both the EQE and IQE are larger than 100%. d 1QE of the PSCs. The
dashed lines indicate IQE =100% (horizontal) and wavelength = 500 nm (vertical).
The arrow points to the CM threshold at around 2£,. The violet-shaded region in (d)
indicates IQE >100%. Source data are provided as a Source Data file.

Lastly, we compare the peak IQEs of our mixed Pb-Sn PSC devices
with that of conventional PbSe solar cells and PbS photovoltaic devices
reported in the literature (Fig. 4b)***. In contrast to PbSe solar cells
with CM threshold of 3E; and PbS photovoltaic devices with CM
threshold of 2.5£0.3 E;, our mixed Pb-Sn PSCs have a smaller CM
threshold of 2E,. Our PSCs can achieve an IQE of -160% at hv =3.33E,,
while the PbSe solar cells require at least 4.78F, to reach an IQE of
~150%, and the PbS photovoltaic devices need Av = 3.26, for an IQE of
~190%. Our mixed Pb-Sn PSCs compare favorably and present an
alternative approach to maximize PCE enhancements from CM effects.

Discussion

Our findings of IQE >100% provide clear evidence that CM may already
be present in the mixed Pb-Sn PSCs. Nonetheless, it is evident that the
typical PSC architecture is the primary limiting factor due to: (1)
competing requirements of thin absorber layers to maximize the CM
effect from high-energy (short wavelength) photons while requiring
adequate thickness to effectively harvest the low-energy photons
(Supplementary Figs. 24 and 25); (2) carrier losses due to defects

Table 1| The optoelectronic performance of the champion
Cso0.05FA0.5MAg 45Pbo 5SNno 513 PSCs with different absorber
layer thicknesses

Concentration Thickness (hnm) V. (V) Jsc(MAcm™) FF PCE (%)
12M 250 0.78 27.75 0.74 16.06
1.4M 330 0.86 28.57 0.73 17.97
1.6 M 400 0.86 29.16 0.73 18.35
1.8M 480 0.85 30.08 0.73 18.85
2.0M 560 0.85 30.55 0.74 1919

(possibly from Sn** oxidation) which tend to be more severe in the
thicker layers (Supplementary Figs. 24 and 25); (3) parasitic absorption
losses from the glass substrate (Supplementary Fig. 26) and the
intervening layers (e.g., ITO—Supplementary Figs. 35b and 36b); and
(4) energy level alignment and carrier recombination at the perovskite/
HTL interface impacting charge transport and extraction (Supple-
mentary Fig. 28). Parasitic absorption losses from the ITO-substrate
over the regions of 2.5-3.0F is a major contribution to stymieing the
effects of CM. Replacement of the HTL and the quartz substrate
mitigated some of these losses for the contributions from the CM
effects to be revealed. Interestingly, such CM effects may already be
present in mixed Pb-Sn PSCs but may be obscured by other con-
tributions to the IQE/EQE. To fully leverage the CM effect in these
mixed Pb-Sn PSCS, several strategies can be considered in future
works, such as using new transparent conducting layers (e.g., gra-
phene) with high UV transparency to replace ITO; engineering new
perovskite absorbers with higher optical thickness at long wave-
lengths; interface engineering to further suppress the defects and
recombination losses; as well as developing new ETL materials to
enhance the carrier transport and extraction, etc. Another exciting
possibility is the perovskite tandem configuration where thin mixed
Pb-Sn PSCs exploiting the CM effects at the short wavelengths could be
combined with Si solar cells or conventional perovskite solar cells to
maximize the spectral coverage at the longer wavelengths.

In summary, we uncover clear evidence of CM in mixed Pb-Sn
perovskite solar cells with an IQE exceeding 110% without the appli-
cation of external gain or any bias voltage. Transient spectroscopy
validates the high CM efficiency (99.4+0.4%) and the low CM
threshold of 2F, present in these Cs.0s5FA9.sMAg45Pbo.sSngsls bare
films. Monochromatic and broadband illumination studies on PSC
devices further reveal the intricate interplay of various factors ranging
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Fig. 4 | IQE exceeds 100% in PSCs. a IQE as a function of I‘llx/Eg variation in PSCs
with 1.2 M thin perovskite layer and 2.0 M thick perovskite layer. The arrows show
that the highest IQE of ~161.5% and -142.5% are obtained in the 1.2 M thin sample and
2.0 M thick samples at 3.33E; with CM threshold of 2E, and 2.08E,, respectively.
b Comparison of peak IQE value of Pb-Sn mixed PSCs, PbSe solar cells and PbS
photovoltaic devices. Blue squares are the average peak IQE of the glass and quartz-
based Pb-Sn mixed PSCs with both thick and thin perovskite layers, and the error
bars are the standard deviation. Orange circles are the normalized IQE value of PbSe
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solar cells taken from reference*. Green open circles are the peak IQE value of PbS
devices taken from reference®. CM threshold for PSCs is ~2E, which is smaller than
the 3£, of PbSe solar cells and 2.5E; of PbS devices. The horizontal dashed black
lines in (a) and (b) indicate IQE =100%. The vertical dashed lines and arrows in (b)
indicate the CM thresholds of the PSCs (blue), PbS devices (green) and PbSe solar
cells (orange). The dashed curves indicate the variation trend of the IQE values. The
violet-shaded regions in (a) and (b) indicate IQE >100%. Source data are provided
as a Source Data file.

from absorber thickness, recombination losses, parasitic absorption
losses, and interfacial energy alignments that impede potential PCE
gains from CM effects. By replacing the commonly used PEDOT:PSS
HTL and glass-ITO substrates with 2PACz and quartz-ITO substrates,
we demonstrate that these limitations could be overcome to attain an
IQE as large as >160% in a PSC solar cell. Importantly, our findings
reveal the presence of CM effects in mixed Pb-Sn perovskites con-
tributing to the device performance but are overshadowed by other
contributions. A comprehensive redesign of PSC device architecture,
together with new optimized charge transport layers, is needed to fully
exploit CM effects in next-generation PSCs or tandem PSCs to break
the SQ limit.

Methods

Materials

Patterned glass-based ITO was purchased from Shenzhen Huayu
Union Technology Co., Ltd. Poly(3,4-ethylenedioxythiophene)-poly
(styrenesulfonate) (PEDOT: PSS) was purchased from Heraeus Precious
Metals GmbH. Tin iodide (Snl,), Cesium iodide (Csl), bathocuproine
(BCP), tin powder (Sn), N, N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), toluene, tin (II) fluoride (SnF,), guanidine thiocya-
nate (GuaSCN), and ethylenediamine (EDA) were purchased from
Sigma-Aldrich. Methylammonium iodide (MAI) and formamidinium
iodide (FAI) were purchased from Greatcell Solar Materials. Lead iodide
(Pbly) and [2-(9H-carbazol-9-yl)ethyllphosphonic acid (2PACz) were
purchased from Tokyo Chemical Industry Co. Ltd (TCI). C¢o was pur-
chased from Puyang Yongxin Fullerene Technology Co., Ltd. Quartz-
based ITO was purchased from Luoyang Guluo Glass Co. Ltd. All
materials and solvents were used as received without any further
purification.

Film preparation

Cs0.05FA0.sMAg 45Pbo sSngsls precursor solution was prepared by
mixing MAI (0.45mmol), FAI (0.5mmol), Csl (0.05mmol), Pbl,
(0.5 mmol), Snl, (0.5 mmol), SnF, (0.05 mmol), GuaSCN (0.035 mmol)
and Sn powder (0.1g) into mixed solvent of DMF and DMSO (volume
ratio 4:1). The narrow bandgap (FASnl;)q ¢«(MAPbI3)q 4 precursor solu-
tion was prepared by mixing MAI (0.4 mmol), Pbl, (0.4 mmol), FAI
(0.6 mmol), Snl, (0.6 mmol), SnF, (0.06 mmol), GuaSCN (0.042 mmol)
and Sn powder (0.1 g) into mixed solvent of DMF and DMSO (volume
ratio 4:1). The thickness of perovskite films was tuned by the con-
centration of perovskite precursor. Thin films (30 nm) for character-
ization and thick films (200 nm, 260 nm, 340 nm, 420 nm, 500 nm) for

devices were prepared with 0.2M and 1.2-2.0M (1.2M, 1.4 M, 1.6 M,
1.8 M, 2.0 M) precursor by spin-coating at 5000 rpm for 30s, using
180 pL of toluene as anti-solvent during the spinning process and
annealing at 100 °C for 10 min. For Csg gsFAg.sMAg.45PbosSngsls thin
films prepared with vacuume-assisted crystallization (vacuum pumped
at ~-1 bar for 8 min before annealing), the thicknesses for 1.2-2.0 M
precursor are 250 nm, 330 nm, 400 nm, 480 nm and 560 nm (i.e., spin-
coated at 5000 rpm for 30 s).

MAPbI; precursor solution was prepared by mixing 1.55M stoi-
chiometric MAI and Pbl, into a mixed solvent of DMF and DMSO
(volume ratio 9:1). The precursor solution was spin-coated at 1000 rpm
for 10 s and 6000 rpm for 30 s. 180 pL of toluene was dropped onto
the precursor as an anti-solvent during the second spinning process.
The fabricated film was annealed at a 100 °C hotplate for 60 min. The
thickness of the MAPbI; perovskite layer is around 340 nm. See Sup-
plementary Fig. 32f.

Device fabrication

The Pb-Sn mixed PSCs discussed in the main manuscript are based on
the structure of Quartz/ITO/2PACz/Perovskite/C¢o/BCP/Ag. The pre-
paration process of inverted structure devices (ITO/2PACz/Perovskite/
Ceo/BCP/Ag) was as follows: Patterned ITO glass or quartz was ultra-
sonically cleaned with detergent, acetone, ethanol, and distilled water
in sequence, followed by a 10-min plasma cleaning. The 2PACz
(0.5mgmL™ in ethanol) self-assembled monolayer (SAM) was spin-
coated on the ITO substrates at a speed of 5000 rpm for 30s and
followed by annealing at 100 °C for 10 min. Then, ethanol was applied
to wash the unbounded 2PACz at a speed of 5000 rpm for 30, fol-
lowed by annealing at 100 °C for 5 min*. The perovskite films were
spin-coated as mentioned above and followed by vacuum pumping at ~
—1bar for 8 min¥’. Subsequently, the perovskite films were annealed at
100 °C for 10 min. EDA solution (0.1 m M in toluene) was spin-coated at
5000 rpm for 50 s onto the perovskite film and followed by annealing
at 70 °C for 5 min as a post-treatment for Pb-Sn PSCs. Eventually, C¢o
(50 nm)/BCP (6 nm)/Ag (100 nm) were sequentially deposited on the
perovskite layer via thermal evaporation. For PCE measurement under
1 Sun (AM 1.5 G) condition and EQE measurement, a 100 nm LiF anti-
reflection (AR) layer was deposited on the ITO glass/quartz (glass/
quartz side).

The preparation process of inverted structure devices (ITO/PED-
OT:PSS/Perovskite/Cso/ BCP/Ag) was as follows: Patterned ITO glass
was ultrasonically cleaned with detergent, acetone, ethanol, and dis-
tilled water in sequence, followed by a 10-min plasma cleaning. Filtered
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PEDOT:PSS was spin-coated on the ITO substrates at a speed of
900 rpm for 10 s and 4000 rpm for 60 s and followed by annealing at
150 °C for 10 min. After the substrates cooled down, the perovskite
layer was prepared on the PEDOT:PSS substrate, as mentioned above.
Subsequently, the perovskite films were annealed at 100 °C for 10 min
to remove the solvent and stimulate crystallization. As a post-
treatment for Pb-Sn PSCs, EDA solution (0.lmM in toluene) was
spin-coated at 5000 rpm for 50 s onto the perovskite film and followed
by annealing at 70 °C for 5 min. The preparation of the perovskite layer
was done in a nitrogen-filled glovebox. Eventually, C¢o (50 nm)/BCP
(6 nm)/Ag (100 nm) were sequentially deposited on the perovskite
layer via thermal evaporation. For PCE measurement under 1 Sun (AM
1.5 G) condition and EQE measurement, a 100 nm LiF anti-reflection
(AR) layer was deposited on the ITO glass (glass side).

For CM study of devices under monochromatic illumination
presented in the main manuscript, the thickness of the Pb-Sn mixed
perovskite (1.6 M 5k rpm) is 400 nm, and the pure Pb-based per-
ovskite (1.55M 6k rpm) is around 340 nm, as shown in Supplementary
Figs. 30c and 32f. For CM study of devices under monochromatic
illumination presented in Supplementary Notes 7 and 8 and Supple-
mentary Figs. 15,19 and 22, the thickness of the Pb-Sn mixed perovskite
prepared without the vacuum-assisted crystallization method (1.6 M 5k
rpm) is around 340 nm (Supplementary Fig. 32c), which is comparable
with the Pb counterpart.

Characterization

XRD patterns (Supplementary Fig. 43) were collected with a Rigaku
SmartLab High-resolution X-ray diffractometer®. Diffraction sig-
nal 26 was collected from 3° to 60° with a step size of 0.02°.
Absorption and reflection spectra were measured using a Shi-
madzu UV-3600 plus UV-VIS-NIR spectrometer equipped with an
integrating sphere in the range from 300 to 1250 nm. The current
density-voltage (J-V) curves of PSC devices under one sun were
recorded by a Keithley 2420 source meter under a Sciencetech
UHE-NSC Class AAA solar simulator. The AM 1.5 G one sun intensity
(100 mW cm™) was calibrated using an Oriel PV Reference Cell
System (91150 V)*. The active area of the solar cells is 0.06 cm?.
The measurements were conducted in a N,-filled glovebox (0, <10
ppm, H,0 <1.0 ppm) at room temperature. The current J-V curves
and parameters of PSC devices under monochromatic illumina-
tions were measured with continuous wave (CW) lasers (Chang-
chun New Industries Optoelectronics Tech. Co., Ltd.). The area of
solar cell is 0.09 cm? The active area of the solar cell is determined
by the beam size of the laser beam, which is smaller than the area of
the solar cell. For the 2PACz-based Csg.osFAgsMAg 45Pbg sSng sl3
PSCs, the active areas are 0.00475cm? (473 nm), 0.00202 cm?
(532nm) and 0.00196 cm? (655 nm). For the PEDOT: PSS-based
Cso.0sFAg.sMAg 4sPbgsSngsls  PSCs, the active areas are
0.02118 cm? (473 nm), 0.00558 cm? (532nm) and 0.00369 cm?
(655 nm). For the MAPbI; PSCs, the active areas are 0.01102 cm?
(473 nm), 0.00719 cm? (532 nm) and 0.00693 cm? (655 nm). For the
(FASnl3)0.6(MAPbI3)o 4 PSCs, the active areas are 0.01321cm?
(473 nm) and 0.00362 cm? (785 nm). The beam size is measured
with a CMOS camera (Thorlabs, DCC1545M-GL), and the diameter
is defined as 1 e of the maximum intensity, assuming a Gaussian
beam profile. The measurements were conducted in air at room
temperature, and the solar cells were encapsulated in the N,-filled
glovebox in advance. The /- V curves were measured in reverse
scan from 1.0V to —0.2V at a scan rate of -0.5Vs™. EQE for PSC
devices were recorded using a Zolix Solar Cell Scan100 measure-
ment system (Zolix Instruments Co., Ltd.). Material constants
(refractive index n and extinction coefficient k) were modeled
using a Kramers-Kronig-consistent b-spline model based on the
ellipsometry data obtained with an a-SE™ spectroscopic Ellips-
ometer (J. A. Woollam Co., Inc.). UPS measurements were

conducted using an XPS Shimadzu Kratos Axis Supra with a He |
(21.2eV) lamp. The material’s thickness and morphology were
measured with a Bruker BioScope Resolve Atomic Force Micro-
scope (AFM). Transient Absorption (TA) spectroscopy was per-
formed using the HELIOS™ femtosecond transient absorption
spectrometer (HELIOS™, Ultrafast Systems, LLC). The pump pul-
ses were directed from the regeneration amplifier (Coherent
Libra™, 800 nm, 1 kHz, 50 fs) or were generated from a BBO crystal
via second harmonic generation (SHG) of the 800 nm fundamental
(400 nm), or were generated with an optical parametric amplifier
(OPA) system (Coherent OPeRA Solo™). The probe was a NIR white-
light continuum (800-1400 nm) generated by focusing part of the
800 nm fundamental beam into a sapphire crystal.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main text and the Supplementary Infor-
mation. The data that support the findings of this study are also openly
available in DR-NTU (Data) at https://doi.org/10.21979/N9/
ZEZWAM. Source data are provided with this paper.

References

1. Li, N. X. et al. Liguid medium annealing for fabricating durable
perovskite solar cells with improved reproducibility. Science 373,
561-567 (2021).

2. Chen, S.S. etal. Stabilizing perovskite-substrate interfaces for high-
performance perovskite modules. Science 373, 902-907
(2021).

3. Xing, G. et al. Long-range balanced electron- and hole-transport
lengths in organic-inorganic CH3NH3Pbls. Science 342,

344-347 (2013).

4. Fu, J. et al. Hot carrier cooling mechanisms in halide perovskites.
Nat. Commun. 8, 1300 (2017).

5. Li, M. et al. Slow cooling and highly efficient extraction of hot car-
riers in colloidal perovskite nanocrystals. Nat. Commun. 8,

14350 (2017).

6. Kapil, G. et al. Tin-lead perovskite fabricated via ethylenediamine
interlayer guides to the solar cell efficiency of 21.74%. Adv. Energy
Mater. 11, 2101069 (2021).

7. Cao, J. & Yan, F. Recent progress in tin-based perovskite solar cells.
Energy Environ. Sci. 14, 1286-1325 (2021).

8. Chen, Y. etal. Self-elimination of intrinsic defects improves the low-
temperature performance of perovskite photovoltaics. Joule 4,
1961-1976 (2020).

9. Liang, C. et al. Two-dimensional Ruddlesden-Popper layered per-
ovskite solar cells based on phase-pure thin films. Nat. Energy 6,
38-45 (2020).

10. Al-Ashouri, A. et al. Monolithic perovskite/silicon tandem solar cell
with >29% efficiency by enhanced hole extraction. Science 370,
1300-1309 (2020).

1. Yoo, J. J. et al. Efficient perovskite solar cells via improved carrier
management. Nature 590, 587-593 (2021).

12. Jeong, J. et al. Pseudo-halide anion engineering for a-FAPbIs per-
ovskite solar cells. Nature 592, 381-385 (2021).

13. Goodwin, H., Jellicoe, T. C., Davis, N. J. L. K. & Bohm, M. L. Multiple
exciton generation in quantum dot-based solar cells. Nanopho-
tonics 7, 111-126 (2018).

14. Li, M., Fu, J., Xu, Q. & Sum, T. C. Slow hot-carrier cooling in halide
perovskites: prospects for hot-carrier solar cells. Adv. Mater. 31,
e1802486 (2019).

15. Lim, J. W. M. et al. Hot carriers in halide perovskites: how hot truly? J.
Phys. Chem. Lett. 11, 2743-2750 (2020).

Nature Communications | (2023)14:6293


https://doi.org/10.21979/N9/ZEZWAM
https://doi.org/10.21979/N9/ZEZWAM

Article

https://doi.org/10.1038/s41467-023-41758-w

16. Lim, J. W. M., Wang, Y., Fu, J., Zhang, Q. & Sum, T. C. Spotlight on
hot carriers in halide perovskite luminescence. ACS Energy Lett. 7,
749-756 (2022).

17. Ramesh, S. et al. Tailoring the energy manifold of quasi-two-
dimensional perovskites for efficient carrier extraction. Adv. Energy
Mater. 12, 2103556 (2022).

18. Maiti, S. et al. Emergence of new materials for exploiting highly
efficient carrier multiplication in photovoltaics. Chem. Phys. Rev. 1,
011302 (2020).

19. Timmerman, D. et al. Direct visualization and determination of the
multiple exciton generation rate. ACS Omega 5,

21506-21512 (2020).

20. Manzi, A. et al. Resonantly enhanced multiple exciton generation
through below-band-gap multi-photon absorption in perovskite
nanocrystals. Nat. Commun. 9, 1518 (2018).

21. Cong, M. et al. Carrier multiplication and hot-carrier cooling
dynamics in quantum-confined CsPbl; perovskite nanocrystals. J.
Phys. Chem. Lett. 11, 1921-1926 (2020).

22. de Weerd, C. et al. Efficient carrier multiplication in CsPbls per-
ovskite nanocrystals. Nat. Commun. 9, 4199 (2018).

23. Li, M. et al. Low threshold and efficient multiple exciton generation
in halide perovskite nanocrystals. Nat. Commun. 9, 4197
(2018).

24. Maiti, S. et al. Efficient carrier multiplication in low band gap mixed
Sn/Pb halide perovskites. J. Phys. Chem. Lett. 11, 6146-6149
(2020).

25. Chen, Y. et al. Multiple exciton generation in tin-lead halide per-
ovskite nanocrystals for photocurrent quantum efficiency
enhancement. Nat. Photonics 16, 485-490 (2022).

26. Zhao, B., Qi, N., Zhang, K. Q. & Gong, X. Fabrication of freestanding
silk fibroin films containing Ag nanowires/NaYF4:Yb,Er nano-
composites with metal-enhanced fluorescence behavior. Phys.
Chem. Chem. Phys. 18, 15289-15294 (2016).

27. Leijtens, T., Bush, K. A., Prasanna, R. & McGehee, M. D. Opportu-
nities and challenges for tandem solar cells using metal halide
perovskite semiconductors. Nat. Energy 3, 828-838 (2018).

28. Beard, M. C. et al. Comparing multiple exciton generation in
quantum dots to impact ionization in bulk semiconductors: impli-
cations for enhancement of solar energy conversion. Nano Lett. 10,
3019-3027 (2010).

29. Verma, S.D., Gu, Q., Sadhanala, A., Venugopalan, V. & Rao, A. Slow
carrier cooling in hybrid Pb-Sn halide perovskites. ACS Energy Lett.
4,736-740 (2019).

30. Kapil, G. et al. Tin-lead perovskite solar cells fabricated on hole
selective monolayers. ACS Energy Lett. 7, 966-974 (2022).

31. Lin,Y.etal. Self-assembled monolayer enables hole transport layer-
free organic solar cells with 18% efficiency and improved opera-
tional stability. ACS Energy Lett. 5, 2935-2944 (2020).

32. Al-Ashouri, A. et al. Conformal monolayer contacts with lossless
interfaces for perovskite single junction and monolithic tandem
solar cells. Energy Environ. Sci. 12, 3356-3369 (2019).

33. Burkhard, G. F., Hoke, E. T. & McGehee, M. D. Accounting for
interference, scattering, and electrode absorption to make accu-
rate internal quantum efficiency measurements in organic and
other thin solar cells. Adv. Mater. 22, 3293-3297 (2010).

34. Semonin, O. E. et al. Peak external photocurrent quantum efficiency
exceeding 100% via MEG in a quantum dot solar cell. Science 334,
1530-1533 (2011).

35. Sambur, J. B., Novet, T. & Parkinson, B. A. Multiple exciton collection
in a sensitized photovoltaic system. Science 330, 63-66
(2010).

36. Azmi, R. et al. Damp heat-stable perovskite solar cells with
tailored-dimensionality 2D/3D heterojunctions. Science 376,
73-77 (2022).

37. Wang, T. et al. High open circuit voltage over 1V achieved in tin-
based perovskite solar cells with a 2D/3D vertical heterojunction.
Adv. Sci. 9, €2200242 (2022).

38. Righetto, M. et al. Hot carriers perspective on the nature of traps in
perovskites. Nat. Commun. 11, 2712 (2020).

39. Ye, S. et al. Resolving spectral mismatch errors for perovskite solar
cells in commercial class AAA solar simulators. J. Phys. Chem. Lett.
1, 3782-3788 (2020).

Acknowledgements

We would like to thank Dr. Haixia Rao and Prof. Yeng Ming Lam from
the School of Materials Science & Engineering (MSE, Nanyang
Technological University (NTU), Singapore) for the use of their EQE
system. We would also like to acknowledge Dr. Teddy Salim from the
Facility for Analysis, Characterization, Testing and Simulation
(FACTS), NTU, for the UPS measurement and Dr. Jingyi Tian from the
Center for Disruptive Photonic Technologies, School of Physical &
Mathematical Sciences, NTU, Singapore, for the ellipsometry mea-
surements. This research/project is supported by the Ministry of
Education under its AcRF Tier 2 grants (MOE2019-T2-1-006 (T.C.S.)
and MOE-T2EP50120-0004 (T.C.S.)); and the National Research
Foundation (NRF) Singapore under its NRF Investigatorship (NRF-
NRFI2018-04 (T.C.S.)). The computational work for this article was
fully performed on resources of the National Supercomputing
Centre, Singapore (https://www.nscc.sg).

Author contributions

T.C.S., Y.W,, S.Y., JW.M.L. and D.G. conceived the idea for the
manuscript and designed the experiments. Y.W. conducted sample
preparation, device fabrication and characterization. Y.W., D.G., and
M.F. designed and performed the TA measurements. Y.W. and
J.W.M.L. designed and conducted monochromatic illumination J-V
measurements. Y.W. and S.Y. designed and conducted J-V mea-
surements under one Sun and EQE measurements. H.N.S.K. per-
formed the measurements and analysis for the material constants (n
and k). J.W.M.L. conducted optical modeling and CM/MEG PSC
device simulation. J.F. assisted with the optical modeling. Q.Z. and
R.C. assisted with the AFM measurements. Q.X. performed the DFT
calculations. All authors participated in the experiment discussion
and data analysis and provided feedback on the manuscript. T.C.S.
led the project.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41758-w.

Correspondence and requests for materials should be addressed to
Tze Chien Sum.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2023)14:6293


https://www.nscc.sg
https://doi.org/10.1038/s41467-023-41758-w
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41467-023-41758-w

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6293


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Carrier multiplication in perovskite solar cells with internal quantum efficiency exceeding 100%
	Results
	CM in mixed Pb-Sn perovskite films
	CM in Pb-Sn PSC devices under monochromatic illumination
	CM in Pb-Sn PSC devices under broadband illumination

	Discussion
	Methods
	Materials
	Film preparation
	Device fabrication
	Characterization
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




