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Summary 

Solution-processed colloidal quantum dots (CQDs) are promising optoelectronic materials; 

however, CQD solids have to date exhibited either excellent transport properties but fusion 

among CQDs; or limited transport when QDs are strongly passivated. Here we report the 

growth of monolayer perovskite bridges among quantum dots, and show that this enables 
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the union of surface passivation with improved charge transport. We grow the perovskite 

layer after forming the CQD solid rather than introducing perovskite precursors into the 

quantum dot solution: the monolayer of perovskite increases interdot coupling and 

decreases the distance over which carriers must tunnel. As a result, we double the 

diffusion length relative to reference CQD solids; and report solar cells that achieve a 

stabilized power conversion efficiency (PCE) of 13.8%, a record among Pb chalcogenide 

CQD solar cells.   

 

Introduction 

Colloidal quantum dots (CQDs) have attracted interest in solar cell applications due to their tunable 

bandgap and solution processability.1-6 CQD device power conversion efficiencies (PCEs) have 

been increased via improved surface ligand exchanges,7,8 increased CQD homogeneity and 

coupling,9 and new device architectures.10-14  

To date, the best performance CQD solar cell employs a bulk heterojunction active layer—

separating photoexcited electrons and holes into distinct materials – and achieves a PCE of 

13.3%.14 However, the device performance is still limited by carrier transport in CQD 

solids.12,15 

Improving the passivation of CQD surfaces and reducing interdot distance enhances transport 

in CQD films, and yet achieving both excellent passivation and small interdot spacing 

simultaneously remains a challenge .4,6,16-22 Initial efforts to improve transport in CQD devices 

replaced long organic ligands with shorter inorganic ligands using a solid-phase ligand 

exchange.23-26 Ligand exchange was later implemented in the solution phase to improve surface 



defect passivation, enabling CQD photovoltaics that achieved record performance.7  2D matrix 

engineering further improved the diffusion length by reducing structural and energetic disorder, 

enhancing the mobility and further improving performance.9 Unfortunately, ionic ligands (e.g. 

PbX3
-, X=I-, Br-, Cl-) cover only surfaces that are charged:27,28 charge-neutral surfaces are 

unprotected, and this leads to fusion of adjacent CQDs. Domains of low-bandgap CQD dimers and 

clusters act as traps for charge carriers, curtailing both the attainable voltage and the diffusion 

length.29  

Heteroepitaxial growth of perovskite on CQDs has been explored to passivate surface defects and 

improve device stability.15,30-32 However, the resultant thick perovskite matrix is an impediment to 

interdot charge carrier transport. The thick (several perovskite crystal unit cells) barrier arises due 

to the spontaneous nucleation of the perovskite precursors that are incorporated in the CQD ink 

before assembly.15,31,33 

We reasoned that separating adjacent CQDs using a single repeat unit of perovskite (Figure 1) – 

an approach we term perovskite monolayer bridging – would further decrease the interdot transport 

barrier while maintaining excellent surface passivation from the epitaxially-grown perovskite. 

Rather than growing the perovskite-CQD solid in a single step by incorporating perovskite 

precursors into the quantum dot solution, which results in a thick perovskite matrix,15  we devised 

instead a self-programmed growth (SPG) strategy to nucleate monolayer perovskite bridges among 

the QDs.   

 

Results 



We prepared CQD films by spin-coating a pre-exchanged lead halide passivated CQD7 solution in 

butylamine (BTA), followed by an annealing step at 70oC for 15 min to remove residual BTA. We 

then soaked the films in a solution of formamidinium halide (FAX, X=Br, I) in acetonitrile (ACN) 

(6 mg mL-1) and annealed the films at 70oC for 10 min to form a perovskite matrix around CQDs. 

We noticed the formation of additional crystals on the surface of the films, so we washed the films 

with ACN to dissolve these crystals (Figure 1).34 

We tracked, using synchrotron grazing-incidence wide-angle X-ray scattering (GIWAXS) (Figure 

2A-2C), perovskite formation before and after the ACN washing. We observed strong perovskite 

signals (Figure S1A, red mark) from FABr-treated PbS (FABr-PbS) films before the ACN wash, 

which indicates the formation of α-FAPbBrxI3-x after FABr treatment. A weak signal at q=0.6 A-1 

was also observed, which we attribute to a 2D perovskite formed with trace butylamine left in the 

film following annealing.35 After ACN washing, both the signal from α-FAPbBrxI3-x and from the 

2D perovskite almost disappear. The perovskite at the surface is dissolved by ACN (Figure 1, 

Figure S2). A weak signal corresponding to the (100) facet of the undissolved perovskite appears 

at q=1.0 A-1 due to the limited solubility of perovskite in ACN (Figure S1).  We also measured 

FAI-treated PbS films after the ACN washing (FAI-PbS), and observed a similar trend (Figure 

S1B). We studied the films using X-ray diffraction (XRD) (Figure S3) and observed no perovskite 

signal in either the FAI-PbS or FABr-PbS films after ACN washing. We conclude that the 

perovskite crystals at the surface are removed with the ACN washing. We also observed that the 

PbS diffraction signal shifts to lower q values (Figure S1), which we attribute to tensile strain 

arising from perovskite on the PbS surface (Table S1). FABr-PbS films show higher strain than 

that of FAI-PbS, which we attribute to the improved lattice matching – and increased interfacial 

bonding strength – of the Br-rich perovskite and the PbS QDs. 



We also carried out synchrotron grazing-incidence small-angle X-ray scattering (GISAXS) 

measurements to track the packing density changes in the CQD films during SPG process (Figure 

2D-2F). We found that the interdot distance (between the center of the dots) decreased from 3.35 

nm to 3.20 nm and 3.15 nm after treatment using FABr and FAI, respectively (Figure 2G). The 

real part of the refractive index (n) and the imaginary part of the refractive index (κ) are higher in 

FABr- and FAI-treated CQDs (Figure 2H, I), which agrees with the observed reduction in the 

interdot distance. We also compared the interdot distance before and after the second ACN 

washing for FABr-PbS (Figure 2G): the unchanged interdot distance indicates that CQD surface 

ligands are modified during the soaking step and that the ACN washing step does not affect the 

ligands or the CQD film composition.  

We then used high-resolution transmission electron microscopy (HRTEM) to ascertain whether 

the CQDs are connected by perovskite layers. The real-space images show that CQDs are bridged 

to one another (Figure 3A), and CQDs are observed to be connected both along the (200) facet 

(Figure 3B) and the (111) facet (Figure 3C). The lattice spacing at the interface of two CQDs was 

the same as the spacing within an individual quantum dot, indicating epitaxial alignment at both 

the (111) and (200) facets. The (111) facet is Pb rich with a positively-charged surface and, as a 

result of the unbalanced stoichiometries, PbS CQDs do not fuse along this direction.29,36 In contrast, 

we did not observe epitaxially-fused CQDs in CTL-PbS films (Figure S4). We conclude that a 

perovskite layer enables the fusion of dots along that direction, and from the uniform lattice 

spacing throughout the sample, we conclude that the perovskite layer is epitaxially bridging the 

CQD. 

We then probed directly the perovskite in the CQD films (Figure S5) using two-photon ultrafast 

transient absorption (2PTA). As the perovskite has a significantly larger nonlinear absorption 



coefficient than PbS,37,38 2PTA offers a means to probe.  We excited the CQD films using an 1100 

nm pulse laser and collected the TA bleach signal at ~600 nm (perovskite absorption). We observe 

strong absorption bleach between 550 nm and 750 nm for FABr-PbS films before ACN wash. The 

strong signal is attributed to the crystals that are observed at the surface of the film. We also 

observe a positive peak at shorter wavelengths, which is attributed to the light-induced activation 

of forbidden exciton transition.35,39 After washing with ACN, the bleach peak that we observe from 

perovskite is blue shifted to 570 nm (Figure S6). We attribute the blue shift to excitonic 

confinement that is present in a monolayer of perovskite.35 After ~2 ps, the bleach signal observed 

at the perovskite absorption edge disappears, as the generated carriers are transferred into the PbS 

CQD. We did not observe bleach signal around at 600 nm but at ~950 nm (PbS QD bandedge), 

which we attribute to the ground-to-trap-state transition excited by 1100 nm. 

We sought further evidence that either confirm or refute the view that the CQDs were connected 

by a thin perovskite layer. Absorbance (Figure 3D) and photoluminescence (PL) (Figure 3E) show 

that quantum confinement is preserved after the perovskite is grown and the interdot spacing is 

decreased.40 If the CQDs were fusing directly, the increased size would result in a substantial 

redshift in both the absorption and emission of the film.29 The <5 nm red-shifts of the absorption 

and PL spectra indicate that the CQDs, despite being connected, remain energetically confined. 

The FABr-PbS films also show a higher peak-to-valley absorption ratio at the excitonic 

wavelength. However, the PL intensity decreases slightly after FABr treatment, which we attribute 

to the improved interdot electric coupling and thus faster exciton dissociation.41 We observed 

similar results following FAI treatment (Figure S7). Based on this, we conclude that a high-

bandgap perovskite separates the CQDs and preserves the quantum confinement by forming a 

Type I heterojunction (Figure S8). 



To determine the thickness of perovskite bridge in CQD films, we then carried out Rutherford 

backscattering spectroscopy (RBS) (Figure S9). RBS ratios are tabulated in Table S2, in which 

each value was normalized to the S signal. The RBS results reveal that the Pb: S molar ratio 

decreases from ~1.58:1 to ~1.41:1 after FAX treatment (Figure 3F). This indicates that the excess 

Pb (from the Pb halide ligands used to passivate the CQDs) was removed by the treatment, which 

is expected from the smaller interdot spacing in the treated dots. We also observed a reduced 

fraction of C in FAX-treated films, indicating that BTA is more efficiently removed.  

From previous reports on PbS CQDs (bandgap 1.3 eV),42 we are able to identify the chemical 

environment of the PbS CQDs (Table S2). Additionally, we know from RBS the amount of Br and 

I that are present in the system, and the passivated CQD should be charge neutral, enabling us to 

estimate the amount of FA present. We find that the amount of FA (reported as a molar ratio to the 

total sulfur atoms in the sample), Pbligand, and halides (X-) in the FABr-PbS and FAI-PbS samples 

are just enough to form the perovskite monolayer bridging QDs by FAPb2I5 along (100) facets and 

FAPbX7 along (111) facets (Figure S6, Table S2). This indicates that the ligands on the CQD 

surface form on average ~1 layer of perovskite surrounding the surface of each quantum dot, since 

each perovskite unit cell passivates 2 CQD unit cells (Figure 1). 

Taken together with the 2PTA, the PL and absorption spectra, the strain in the PbS QDs, and 

HRTEM images showing epitaxial lattice matching, the studies suggest that approximately a 

monolayer of perovskite, composed of one layer of FA and two layers of Pb (Figure 1), bridges 

the quantum dots. We postulate that this is enabled by lattice anchoring from the PbS surface: the 

FAX/ACN solution efficiently dissolves any free-standing perovskite, as well as PbX2 (as shown 

in Figure S2), possibly through an intermediate step of its conversion into perovskite; and lattice 

anchoring15  to adjacent PbS surfaces on both sides of the monolayer of perovskite stabilizes the 



perovskite and prevents from dissolving. Utilizing this disparity in solubilities allows tuning the 

treatment conditions to retain single monolayers while fully dissolving any double-layer perovskite.  

 

We sought to investigate whether the perovskite bridge impacts charge transport.43 We estimated 

carrier mobility with ultrafast transient absorption (TA) spectroscopy (Figure S10). The FAI-PbS 

and FABr-PbS films show a ~300% higher mobility than the CTL-PbS film (Figure4A). The 

mobilities are also ~40% higher than those of previously reported PbS CQD films protected with 

thick perovskite shells,15 which we attribute to the decreased perovskite matrix thickness. We 

obtained lifetimes from a microsecond TA setup (Methods). Each decay trace was fit to a 

biexponential curve: the carrier lifetimes of the CTL-PbS, FABr-PbS, and FAI-PbS films were 

found to be 66±2, 72±3, and 78±3 ns, respectively (Figure 4B, Table S3), which, when combined 

with the mobility, yields a 4-fold higher mobility-lifetime product for FAX-PbS films (Figure 4C). 

The FAX-PbS films have a diffusion length that is ~2× longer than the CTL-PbS films. 

We also investigated mobility using time-resolved terahertz spectroscopy (TRTS).44 Figure 4D 

shows the time-resolved terahertz photoconductivity for each of the films. Mobility and lifetime 

values were extracted from the traces (Figure S11): FABr-PbS and FAI-PbS have mobility values 

of ~0.37 and ~0.30 cm2v-1s-1, respectively. This is 2x higher than that of the CTL-PbS film (~0.12 

cm2v-1s-1), in agreement with the mobilities extracted from the TA spectra. FABr-PbS shows 

slightly higher mobility than that of FAI-PbS in both TA and TRTS methods, which we attribute 

to the increased surface passivation due to the smaller lattice mismatch between PbS and FAPbBr3 

perovskite. 



Seeking to lever the improved diffusion length, we fabricated FABr-PbS CQD solar cells (Figure 

5B).8 We used time-of-flight secondary ion mass spectrometry (TOF-SIMS) (Figure S12) to 

profile the FA distribution in the active layer: the FA and PbI+ signals remain constant over the 

entirety of the ~440 nm film, indicating that FAPbIxBr3-x is evenly distributed through the FABr-

PbS solid.  

When we optimized device thickness, the improved mobility enabled thicker PV devices, and at 

the same time, the increased passivation enhanced open-circuit voltage (VOC) and fill factor (FF) 

simultaneously (Figure S13). The short circuit current density (JSC) for CTL-PbS devices is lower 

than FABr-PbS based devices at all active layer thicknesses. The FFs of FABr-PbS devices are 

over 70% for the thicknesses below 440 nm, which is significantly improved compared with CTL-

PbS films; the FFs obtained here are also higher than those previously reported PV devices based 

on solution-exchanged PbS CQDs.7-9,15 

The optimum active layer thickness for FABr-PbS devices was found to be 440 nm. The devices 

show reproducibly high performance, with a champion PCE of 13.8% without hysteresis (Figure 

5C, S14): the VOC, JSC, and FF of the optimal FABr-PbS based devices are 0.65 V, 30 mA cm−2, 

and 71%, respectively. The best CTL-PbS device has a PCE of 11.8%, with a VOC, JSC, and FF of 

0.63 V, 28 mA cm−2, and 67%, respectively. The perovskite monolayer bridge strategy provides 

increased PCE due to improved charge transport, increased FF and JSC as opposed to previous 

strategies which led to the formation of excessively thick perovskite (best PCE is 12.6%)15 

hindering electrical coupling. The JSC values obtained from the J-V curves are consistent with the 

EQE integrated JSC (Figure 5D): the integrated JSC values for FABr-PbS and CTL films are 29 and 

26 mA cm−2, respectively. The IQE, which is obtained by dividing the EQE at 0 V by the EQE at 

-2 V, indicates that FABr-PbS devices have an IQE near unity over the entire spectra range, 



whereas the CTL-PbS devices have lower IQE over the range 600-1100 nm. The AM1.5 PCE from 

an accredited laboratory (Newport) shows a PCE of 12.43±0.32% (Figure S15). 

The improved surface passivation and lattice anchoring between PbS and perovskite15 also 

enhance operating stability, retaining 100% of the initial PCE following 2.8 h of continuous 

AM1.5G illumination in nitrogen (Figure 5F), and then gradually decreasing to approximately 60% 

in 380 h (Figure 5F inset). The device performance is recovered after aging in air for ~1 hr to p-

dope the EDT layer, suggesting that the PbS active layer is stable during MPP operation. The CTL-

PbS devices degrade to 60% of the initial PCE value within 1.1 h, indicating the perovskite matrix 

improves surface passivation, in agreement with previous results.9,15 Histograms of controls and 

FABr-PbS device PCE (Figure S16) show reproducible performance. We compared the thermal 

stability of the active layer by fabricating the PbS active layer annealed at different temperatures 

(Figure S17): the FABr-PbS devices show constant VOC and FF annealed at 70oC and 100oC, while 

the CTL-PbS devices show decreased VOC and FF at higher annealing temperatures. This indicates 

that the epitaxial perovskite shells prevent CQD fusion.  

We also studied FAI-PbS PV devices, which show an optimal PCE of 13.4% (Figure S18) 

However, the devices degrade to 90% of their initial PCE after 3 days storage in air, which we 

attribute to the unstable α-FAPbI3 and the interfacial strain that induced by the large lattice 

mismatch between FAPbI3 and PbS.  

We also found that methylammonium iodide (MAI) treatment improved the PCE (Figure S19) by 

increasing FF and JSC, but decreased the VOC. This may be due to the aggressive stripping of PbX3
- 

by MAX.34  

 



 

Discussion 

In summary, we present a new self-programmed growth strategy to improve both surface 

passivation and packing density of CQDs. Through the growth of a monolayer of perovskite on 

CQD surfaces, we obtain CQD films with increased mobility and improved stability relative to the 

halide-passivated CQD films. The enhanced mobility and passivation facilitate the use of a thick 

photoactive layer in solar cell devices, delivering an improved efficiency by increasing VOC, JSC, 

and FF simultaneously. More broadly, this study provides a new avenue to form high-quality 

semiconducting nanocrystal solids for the wide CQD applications, such as photodetectors, tandem 

cells, and light-emitting diodes. 

EXPERIMENTAL PROCEDURES 

Further information and requests for resources and materials should be directed to and will be 

fulfilled by the Lead Contact, Edward H. Sargent (ted.sargent@utoronto.ca) 

CQD synthesis and solution ligand exchange.  

PbS CQDs were synthesized and washed according to previous reports.45 A ligand-exchange 

process was carried out in the solution phase in ambient conditions. The exchange solution was 

prepared (PbI2 0.1 M, PbBr2 0.04 M, and ammonium acetate (AA) 0.04 M) in DMF. 5 mL of as-

synthesized PbS CQDs octane solution (10 mg mL−1) was added to 5 mL of precursor solution, 

followed by vigorous mixing for 2 min until the CQDs completely transferred to the DMF phase. 

The DMF phase was then washed three times by vigorous mixing with 5 mL of octane for 30 s, 

followed by the addition of 3 mL of toluene and finally centrifuging at 3300 rpm for 1min 



(precipitate collected). The solids were then dried for 15 min in the vacuum antichamber of a 

glovebox. 

Film fabrication.  

The dried CQD solids were redispersed in butylamine (BTA) (300-400 mg mL−1) for film by spin 

coating at a spin rate from 1500 to 2500 rpm in air, followed by annealing at 70oC for 15 min in 

N2 filled glovebox to remove solvent residues. Then the as-prepared films were soaked in 

FAI/FABr solution (6 mg mL-1 in ACN) and spin to dry at 2000 rpm for 20 s. The film was then 

annealed at 70oC for 10 min in N2 filled glovebox to crystalize the perovskite matrix. After cooling 

down to room temperature, the CQD film was washed by drop-casting ACN on the surface. The 

CQD film was finally dried at 70oC for 5 min in N2 filled glovebox. 

X-ray scattering measurements.  

Both grazing-incidence wide-angle X-ray scattering (GIWAXS) and grazing-incidence small-

angle X-ray scattering (GISAXS) measurements were performed at beamline 8-ID-E, Advanced 

Photon Source, Argonne National Laboratory, with 10.86 KeV incident X-rays and a Pilatus 1M 

detector 228 mm from the samples. To reduce radiation damage, all samples were mounted in a 

vacuum chamber. The scattering patterns were obtained at a photon-incident angle of 0.18 degrees 

with respect to the sample plane, and the exposure times were 30 s.  

Samples for GISAXS and GIWAXS were spin-coated on Si substrates following the same SPG 

procedures used in film fabrication. 

X-Ray Diffraction measurements.  



CQD films were made using the abovementioned SPG process and measured using a Rigaku 

MiniFlex 600 diffractometer equipped with a NaI scintillation counter and using a 

monochromatized Copper Kα radiation (λ = 1.5406 Å). 

HRTEM measurements.  

HRTEM analysis was carried out with a Titan TEM (FEI Company) operating at a beam energy 

of 300 keV and equipped with a Tridiem post-column energy filter (Gatan, Inc.). Samples for 

TEM were spin-coated the CQDs in BTA (4mg mL-1) solution on an ultrathin-carbon film (Ted 

Pella 01800-F), following the same SPG process in film fabrication. 

SEM measurements.  

The cross-section image of the device was investigated using a Hitachi SU8230 SEM. 

Abs and PL measurements.  

Optical absorption measurements were performed on a Lambda 950 UV-Vis-IR spectrometer. PL 

measurements were carried out with a Horiba fluorolog time-correlated single-photon counting 

system equipped with UV/VIS/NIR photomultiplier tube detectors, dual grating spectrometers, 

and a monochromatized Xenon lamp excitation source. 

Two-Photo Ultrafast Transient Absorption (TA) Spectroscopy. 

 Femtosecond laser pulses of an 1100 nm beam at a 5 kHz repetition rate were produced using a 

regeneratively amplified Yb:KGW laser (PHAROS, Light Conversion). Both the pump and probe 

pulses were directed into a commercial transient absorption spectrometer (Helios, Ultrafast). 

Delaying the probe pulse relative to the pump provides a time window of up to 8 ns, and the time 

resolution of these experiments was 200 to 300 fs (estimated by the rise time of signal amplitudes 

in transient absorption spectra). Samples were prepared on glass. All measurements were 

performed using an average power of 10 mW with a spot size of 400 μm2. 



 

Extraction of Mobility from transient absorption spectroscopy (TAS).  

Charge carrier mobilities were obtained with the aid of ultrafast transient absorption spectroscopy. 

The amplitude of the bandedge bleach signal in TAS is representative of the bandedge carrier 

population. When small-bandgap carrier-acceptor CQDs were added to large-bandgap carrier-

donor CQDs at given concentrations (Nt), the change in donor CQD lifetime (𝜏) with varying Nt 

of acceptor CQDs provides the diffusion coefficient (D) and mobility (𝜇).  

𝐷 =
𝑑

6𝜎 (𝜏
𝑁𝑡

−1⁄ )
 

𝜎 is the capture cross-section, which for the 3D model is assumed to be 1 4⁄ 𝜋𝑑2 . Population 

transfer can be monitored directly by tracking the decay in the donor CQD bleach signals (Figure 

S10). When Nt
-1 is plotted against 𝜏, the resulted slope is proportional to the mobilities of carriers.  

A chopper was used to block every other pump pulse. Each probe pulse was measured by a CCD 

after dispersion by a grating spectrograph (Ultrafast, Helios). A regeneratively amplified Yb:KGW 

laser (PHAROS, Light Conversion) laser was used to generate femtosecond pulses (250 fs 

FWHM) at 1030 nm as the fundamental beam with a 5 kHz repetition rate. This fundamental beam 

was passed through a beam-splitter, where one arm was used to pump an optical parametric 

amplifier (ORPHEUS, Light Conversion) for the narrowband pump, and the other arm was focused 

into a sapphire crystal (Ultrafast Systems) to generate a NIR white-light continuum probe with a 

spectral window of 900 nm to 1000 nm. Both arms were directed into a commercial transient 

absorption spectrometer (Helios, Ultrafast Systems). The probe pulse was delayed relative to the 

pump pulse to provide a time window of up to 7 ns. Samples were prepared on glass substrates 

and translated at 1 mm s-1 during the measurement. All measurements were performed using an 



average power of 60 μW with a spot size of 0.40 μm2, assuming a Gaussian beam profile. Kinetic 

traces were fit to the convolution of the instrument response and a sum of exponential decays. 

Time zero could vary with wavelength to account for the chirp of the probe.  

Microsecond Transient Absorption.  

TA spectroscopy was carried out using a homebuilt pump-probe setup. The output of titanium: 

sapphire amplifier (Coherent LEGEND DUO, 4.5 mJ, 3 kHz, 100 fs) was attenuated and focused 

on a c-cut 3 mm thick sapphire window, thereby generating a white-light supercontinuum from 

500 to 1600 nm (probe pulse). The excitation light (pump pulse) was provided by an actively Q-

switched Nd: YVO4 laser (InnoLas picolo AOT) frequency-doubled to provide pulses at 532 nm. 

The pump laser was triggered by an electronic delay generator (Stanford Research Systems DG535) 

itself triggered by the transistor-transistor logic (TTL) sync from the Legend DUO, allowing 

control of the delay between pump and probe with a jitter of roughly 100 ps. Pump and probe 

beams were focused on the sample which was kept under a dynamic vacuum of <10−5 mbar. The 

transmitted fraction of the white light was guided to a custom-made prism spectrograph 

(Entwicklungsbüro Stressing) where it was dispersed by a prism onto a 512-pixel complementary 

metal-oxide-semiconductor (CMOS) linear image sensor (Hamamatsu G11608- 512DA). The 

probe pulse repetition rate was 3 kHz, while the excitation pulses were mechanically chopped to 

1.5 kHz (100 fs to 8 ns delays) or directly generated at 1.5 kHz frequency (1 ns to 300 μs delays), 

while the detector array was read out at 3 kHz. Adjacent diode readings corresponding to the 

transmission of the sample after excitation and in the absence of an excitation pulse, respectively, 

were used to calculate ΔT/T. Measurements were averaged over several thousand shots to obtain 

a good signal-to-noise ratio. The chirp induced by the transmissive optics was corrected with a 



homebuilt Matlab code. The delay at which pump and probe arrive simultaneously on the sample 

(i.e., zero time) was determined from the point of maximum slope (fastest raise) of the TA signal. 

Mobility calculation from TRTS measurements.  

The time-resolved THz spectroscopy (TRTS) setup is based on an amplified Ti:sapphire laser 

which outputs a train of short pulses with around 100fs pulse width and 800nm central wavelength 

at a repetition rate of 1040Hz. The output is split into two beam paths: one for pumping the sample 

and one for generating and detecting THz pulse via ZnTe (110) crystals. To ensure the pumping 

beam is uniformly focused onto the sample at the same area of the THz beam, a home-made metal 

plate with a pinhole of 1.5mm in diameter is used to control the apertures of both THz and pumping 

beams.  To minimize the absorption of THz beam from the atmosphere, the entire THz optical path 

is placed inside a vacuumed chamber.  

In TRTS measurements, the change in the peak THz time-domain transmission is recorded as a 

function of the time delay between the THz pulse and pumping pulse onto the sample. The 

pumping pulse is set with a fluence of 4.58x1015 photons/cm2 per pulse. The mobility and carrier 

lifetimes of the thin films are proportional to the change in the peak of THz-time-domain 

transmission, and which is calculated by the following relationship:  

𝜇𝑠 ∙ 𝑓𝑠(𝜏) = [
(1 + 𝑛𝑠)𝑐𝜀0

𝑒 ∙ 𝐽𝑎𝑏𝑠
][

∆𝐸(𝜏)

𝐸
] 

where absorbed fluence 𝐽𝑎𝑏𝑠 is calculated by 

 𝐽𝑎𝑏𝑠 = 𝐽𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(1 − 𝑅) − 𝐽𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 



The reflectance R of each thin film sample is calculated through the measured refractive index 

data (Fresnel Equation) 

While the transmitted power is measured at the backside of the mounted sample. 

𝜇𝑠 si the sum of the electron mobility and hole mobility. 

Time-of-flight secondary ion mass spectrometry.  

TOF-SIMS was performed using ToF-SIMS5 from ION-TOF GmbH. (Munster, Germany). 

Samples were analyzed in dual beam profiling mode. All profiles were performed in non-interlaced 

mode. Spectral data were acquired in a high mass-resolution mode. The primary ion for analysis 

was 30keV Bi3+ at 0.3 pA (Bi liquid metal ion source). This ion beam was applied over a 100 μm 

x 100 μm area at the center of the sputter center. The sputter ion was 1keV Ar+ at 120 nA (Ar, 

electron impact ion source).  

CQD solar cell fabrication.  

ZnO layer was adopted as an electron acceptor layer and formed on a patterned ITO-coated glass 

substrate by spin coating 2 layers of ZnO nanoparticles solution at 5000 rpm for 30 s. Then CQD  

solid films were obtained following the film fabrication process above, followed by two layers of 

EDT-exchanged PbS CQDs as follows: 50 µL of oleic acid-capped PbS CQDs (exciton peak at 

850 nm) octane solution (50 mg mL-1)  were spin-coated at 2500 rpm for 10 s, followed by soaking 

in 0.01% EDT in ACN (ACN) solution for 30 s and washing with ACN for 3 times. Then 120 nm 

of Au was deposited on EDT PbS CQD film as a back electrode. 

AM 1.5G solar efficiency measurement.  

The active area (0.049 cm2) was determined by the aperture placed between the solar cell and the 

AM1.5G solar simulator (Sciencetech class A). Through this aperture, the light intensity (1 sun, 



100 mW cm−2) was calibrated using a Melles–Griot broadband power meter. The spectral 

mismatch was calibrated using a reference solar cell (Newport). The J–V curve was measured by 

a Keithley multimeter by scanning the bias forward (–0.7 V to 0.1 V) and backward (0.1 V to –0.7 

V). The device stability was measured by fixing the bias at the maximum power output point 

determined from J–V curves. 

External and Internal Quantum Efficiency.  

EQE and IQE spectra were acquired on a QuantX-300 quantum efficiency measurement system 

(Newport). Monochromated white light from a xenon lamp was mechanically chopped at a 

frequency of 25 Hz. EQE spectra were acquired at zero electrical bias, whereas IQE spectra were 

calculated from EQE spectra taken at a negative bias of -2 V using the following formula: IQE = 

EQE(0V) / EQE(-2V). 
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Figure 1. Schematic of the self-programmed growth to form a monolayer perovskite bridge 

for strong coupling and improved passivation: the perovskite matrix is formed first by soaking 

the pre-exchanged CQD films in a FAX (X = Br, I) solution, where FAX solution dissolves the 

PbX3
- ligands and grow perovskite between adjacent PbS CQDs. The films are annealed and then 

washed with ACN to remove excess perovskite. 

 

 

Figure 2. Perovskite matrix prepared via FAX treatment. a-C) Grazing-incidence wide-angle 

x-ray scattering (GIWAXS) 2D pattern on pristine CQD (CTL) films (A), FABr treated CQDs (B), 

and FABr treated CQDs after acetonitrile (ACN) washing (C); azimuthally-integrated intensities 

(Figure S1) of the diffraction peak from a-c show perovskite formation after FABr treatment and 

removal of perovskite diffraction peaks after washing; d-f) 2D GISAXS diffraction patterns of (D) 

pristine CQD, FABr-PbS films before ACN washing (E) and after ACN washing (F). The shift of 

the patterns to higher q values in (E) and (F) indicates that the interdot spacing (centre-to-centre) 

has been reduced. The interdot spacing is compared as well through azimuthal integration shown 

in (g). H -I) show the real (H) and imaginary (K) refractive index of pristine CQD films, FABr-

PbS, and FAI-PbS: the increased real part of the refractive index indicates a higher packing density.  

 

Figure 3. CQDs connected via monolayer perovskite bridges. A) HRTEM micrograph of 

FABr-PbS CQDs after ACN wash; HRTEM micrograph of an epitaxial CQD cluster connected 

along the (200) facet (B) and the (111) facet (C). Lattice fringes of 3.0 ± 0.1 Å and 3.4 ± 0.1 Å 

spacing are ascribed to (200) and (111) planes. The inset of each image shows the selected-area 



electron diffraction (SAED) image; D) absorbance (Abs) of CQD films before and after FABr 

treatment: the FABr-PbS films show a larger peak-to-valley ratio and a slight blue shift compared 

with the pristine PbS CQD films; E) photoluminescence (PL) measurements show slightly 

decreased PL intensity which may be due to faster exciton dissociation and improved mobility. 

Insets in (D) and (E) show normalized absorption spectra; F) elemental ratios from RBS 

measurements. The CTL-PbS films are found to have ~1.58:1 atomic ratio of Pb:S, whereas FABr-

PbS and FAI-PbS films show a decreased Pb:S ratio of ~1.41:1. 

 

Figure 4. Improved mobility and electric coupling using perovskite monolayer bridges.  A) 

Carrier mobility determined via transient absorption (TA) spectroscopy. CTL-PbS, FABr-PbS and 

FAI-PbS films have mobilities of ~0.04, ~0.20, and ~0.18 cm2v-1s-1, respectively. B) Microsecond 

TA decay of the bleach intensity for each film: the carrier lifetimes are extracted from 

biexponential fits (Table S3), where the short lifetime component is ~ 10 ns and the long 

components of the CTL-PbS, FABr-PbS, and FAI-PbS films are 66±2, 72±3, and 78±3 ns, 

respectively. C) Comparison of TA carrier mobility μ × lifetime τ product. D) Time-resolved 

terahertz photoconductivity measurements of the films of CTL-PbS film (black) compared to 

FABr-PbS films (dark blue) along with FAI-PbS film (light blue).  

 

Figure 5. Photovoltaic performance of control vs. bridged films. A) TOF-SIMS depth profile 

of FABr-PbS solar cell device showing that FA (CH5N2
+) is evenly distributed throughout; B), 

cross-section scanning electron microscopy (SEM) image of a typical device structure; C) active 

layer thickness-dependent power conversion efficiency (PCE) for CTL-PbS and FABr-PbS 



films. The optimal FABr-PbS devices are 50 nm thicker than devices made using untreated dots; 

D) EQE and IQE spectra; e) J-V curves of champion devices for treated and untreated CQDs; 

f) stability unencapsulated devices operating at the maximum power point (MPP) under 

continuous AM1.5G illumination. FABr-PbS devices show no degradation for 2.8 h (then 

gradually reduced to approximately 60% in 380 h (inset)), whereas CTL-PbS devices degrade to 

60% of the initial PCE after 1.1 h. 
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Supporting Information 

 

Figure S1: Perovskite matrix in PbS films after ACN wash. A) Azimuthally-integrated intensities 

of the diffraction in Fig. 2A-C; B) azimuthally-integrated intensities of the diffraction, showing 

the trace amount of α-phase perovskite matrix left after the FAI treatment and ACN washing. The 

shift of the patterns (black dash line marked, corresponding to PbS diffraction) to lower q values 

suggests the FAPbX3 perovskite layer growth on CQD surface, forming the strain due to the lattice 

mismatch between perovskite and PbS, where the lattice constant of FAPbBr3 (6.013 Å) and 

FAPbI3 (6.363 Å) have larger value than PbS (5.936 Å); C) grazing-incidence wide-angle x-ray 

scattering (GIWAXS) 2D pattern on FAI treated CQD film after the ACN washing; D) GISAXS 

2D pattern on FAI treated CQD films after the ACN washing. 

Supplemental Text and Figures



 

Figure S2. The solubility of PbI2 and perovskite in ACN and FAX/ACN solution. A) PbX3 

passivated PbS CQD solids merged in pure ACN solvent, FAI/ACN, and FABr/ACN (6mg/mL); 

this indicates that ACN does not dissolve PbX3 ligand. B) 0.1g PbI2 (yellow) pellets in 3 mL of 

ACN solvent, FAI/ACN, and FABr/ACN (6mg/mL) after 2 min vortex; this indicates that 

FAX/ACN dissolves PbI2 and dynamically converts into perovskite. C) colorless solution (left) of 

PbI2 in ACN after filter, transparent light-yellow solution of PbI2 in FAI/ACN (middle), and turbid 

orange solution (right) of PbI2 and FABr/ACN. B) and C) indicate that ACN can partially dissolve 

perovskite. 



 

Figure S3 Perovskite signal disappears after the ACN washing measured by XRD. A, B) forming and 

dissolving perovskite by treating with FABr and washing with ACN; C) undetectable perovskite left 

after washing with ACN; D) XRD results of CTL-PbS film; PbI2 film from BTA solution and treated 

by FABr and FAI following the PbS film process: E) forming perovskite by treating with FABr 

solution and F) partially dissolving perovskite after ACN wash; G) forming perovskite by treating 

with FAI; H) XRD results of pristine PbI2 film from PbI2 in BTA solution. 

  



Table S1. Lattice constant and lattice mismatch calculated from reference data and extracted from 

GIWAXS (Figure S1). 

  Lattice constant (Å) Lattice mismatch (%) 

Theoretical PbS 5.9361 NA 

α-FAPbBr3 5.9942 0.98 

α-FAPbI3 6.3572 7.1 

From 

GIWAXS 

(Figure S1) 

PbS (111) 3.479 NA 

PbS (200) 3.046 

FABr-PbS (111) 3.498 0.56 

FABr-PbS (200) 3.071 0.83 

FAI-PbS (111) 3.483 0.11 

FAI-PbS (200) 3.062 0.53 

 

 

Figure S4. HRTEM micrograph of CTL-PbS CQDs. 



 

Figure S5. Two-photon ultrafast transient absorption (2PTA) （A to C are TA spectra from 0 to 2 

ps）shows perovskite absorption at 1 ps excited by 1100 nm laser. 

 

Figure S6. Crystallographic configuration of monolayer perovskite interface between CQDs along 

A) (100) facet and B) (111) facet; C) general schematic representation of 2D perovskite (n=1 and 

n=2). The perovskite-monolayer bridges are composed of one layer of FA and two layers of Pb (A, 

B). In contrast, an isolated perovskite monolayer has a single Pb layer between two layers of longer 

ammonium ligands (C). The increased electronic overlap between the two Pb layers should result 

in a lower bandgap compared to one monolayer of Pb. The perovskite layer may also be coupled 

with the CQDs on which it is grown, which will further redshift the absorption to 570 nm compared 

to the isolated monolayer signal at 530 nm in the reference.3 

 

 



 

 

Figure S7. A) absorbance (Abs) of CQD film before and after FAI treatment: the FAI-PbS film shows 

a larger peak-to-valley ratio and a consistent excitonic peak position compared with the pristine PbS 

CQD film; B) photoluminescence (PL) measurements shows slightly decreased PL intensity which 

may be due to faster exciton dissociation and improved mobility. Insets in (A) and (B) show 

normalized absorption spectra. 

 

 

Figure S8. Bandgap edge position PbS QDs,4 α-FAPbI3, and α-FAPbBr3 perovskite5 from reference. 

 



 

Figure S9: Rutherford backscattering spectrometry (RBS) studies of elemental stoichiometry in 

PbS CQD solids. A, B, C, representative RBS measurements of Pb, S, I, Br, C in CTL-PbS, FABr-

PbS, and FAI-PbS films. D, statistics of element ratio summarized from A, B, and C. CTL-PbS 

film is found to have ~58% excess atomic ratio of Pb compared to S element, where FABr-PbS, 

and FAI-PbS films show decreased Pb ratio to ~41% excess atomic ratio of Pb. 

 

Table S2: the element environment in CQD films. On the surface of a PbS CQD, sulfur is only 

present on the (100) and (110) facets; and as these facets are neutrally charged, there is an 

equivalent amount of lead on the (110) and (100) facets.  

Here we provide the number of atoms for one unpassivated PbS QD (1.3 eV) using the previous 

model:6 

N_Pb=504 in total: N_Pb_core= 288 in core; N_Pb_(111)= 120, and N_Pb_100/110= 96 on surface. 

N_S=432 in total: N_S_core= 336 in core; N _S_100/110= 96 on surface. 

The fraction of S atoms on the surface of a CQD (and thus the fraction of Pb atoms on the 

(100)/(110) facets on surface) is Ssurf = Pb100/110 = 96/432 = 0.22 (relative molar ratio to S in total).  



The (111) facet is positively charged and is entirely composed of Pb. The fraction of Pb on the 

(111) facet can be calculated by subtracting the fraction of Pb on the (110)/(100) facets, Pb100 = 

0.22,  from the total fraction of Pb on the surface, Pbsurf = (120+96)/432 = 0.5, to give Pb111 = 

120/432 = 0.28. The fraction of Pb in the quantum dot that is not on the surface is Pbbulk = 288/432 

= 0.67. As there is more Pb than S in the CQD, the CQD is positively charged if not passivated. 

In our systems, we add excess Pb in the form of either lead halide salts, or perovskite. From the 

obtained RBS signal, we can calculate the excess Pb (Pbligand) by subtracting the sum of Pbsurf (0.5) 

and Pbbulk (0.67) from the total signal: Pbligand = 1.41-0.5-0.67 = 0.24 for FABr-PbS and FAI-PbS 

solids. The halides are 1.0 (Br=0.33 and I=0.67) and 1.04 (Br=0.12 and I=0.92) for FABr-PbS and 

FAI-PbS films, respectively (Fig. 3f). To neutralize the CQD surface, we calculated FA cation by 

subducting twice of the sum of Pb2+ (0.41=1.41-1), which is not charge-balanced by S2-, from the 

sum of halides, which gives 0.18 (=1.0-2×0.41) for FABr-PbS and 0.22 (=1.04-2×0.41) for FAI-

PbS.  

We estimate that QDs are connected by monolayer perovskite (Figure S6). We do note that the 

formulas of monolayer perovskite are FAPb2I5 along (100) facet and FAPbX7 along (111) facet. 

FAPbX7 is not stoichiometrically balanced, because the extra X- is balanced by the positively 

charged Pb on (111) facet. The ratio of FAPb2I5 to S is equal to ½ Pbsurf (100)/(110), which is 0.11 

(0.22/2); and the ratio of FAPbX7 to S is equal to ¼ Pbsurf (111), which is 0.07 ( = 0.28/4).  We 

calculate that the sum of FA is 0.18 ( = 0.11+0.07); Pbligand is 0.29 ( = 0.11×2+0.07); and X- is 1.04 

( = 0.11×5+0.07×7). These numbers are consistent with the RBS results, and offer a plausible 

picture wherein the FA, X, and Pb ligands form monolayer perovskite in the films. 

 S in 

total 

S on QD 

surface 

Core Pb Pb on surface Pb ligand FA X 

(111) (100)/ 

(110) 

Br I 

CTL-PbS 1 0.22 0.67 0.28 0.22 0.41 NA 0.2 0.9 

FABr-PbS 1 0.22 0.67 0.28 0.22 0.24 0.18 0.33 0.67 

FAI-PbS 1 0.22 0.67 0.28 0.22 0.24 0.22 0.12 0.92 

 



 

Figure S10: Mobility studies of FAI-PbS, FABr-PbS and CTL-PbS CQD films from the 

dependence of the carrier lifetime on trap percentage. A, C, E, Time traces at the exciton bleach 

peak of 940-nm-bandgap CQD donor films with a range of acceptor CQD concentrations, 

increasing from top (0%) to bottom (6%). B, D, F, data with fits after subtracting Auger dynamics 

from the pure donor film, with fitted values for a lifetime and offset.  



Table S3: Fitting parameters for microsecond transients. 

Fitting function for microsecond transients: 

𝑦 = 𝐴1𝑒 (−
τ1
𝑡
) + 𝐴2𝑒(−

τ2
𝑡
) 

Where 𝐴1 and 𝐴2 are the amplitudes of each lifetime and τ1 and τ2 are the carrier lifetimes. 

Samples A1 τ1 (ns) A2 τ2 (ns) 

CTL-PbS 0.56 9 ± 0.3 0.47 66 ± 2 

FABr-PbS 0.49 11 ± 0.5 0.45 72 ± 3 

FAI-PbS 0.44 13 ± 0.5 0.31 78 ± 3 
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Figure S11: The extracted mobility and terahertz lifetime for each of the films. The response 

decays rapidly, much shorter than the lifetime extracted from TA; however, this may be not 

recombination of carriers but rather a reduction in carrier mobility as carriers hop on lower energy 

states with lower carrier mobility. 

 



 

Figure S12: SIMS depth profile of CTL-PbS, FABr-PbS, and FAI-PbS films based solar cell 

devices. A, C, and E are the positive ion signals from CTL-PbS, FABr-PbS, FAI-PbS devices, and 

B, D, and F are the negative ion signals from CTL-PbS, FABr-PbS, FAI-PbS devices, respectively. 

During the sputtering process, the mass spectra within the same layer are consistent and different 

layers have well-defined profiles.  



 

 

Figure S13: CTL-PbS and FABr-PbS films based solar cell performance according to the thickness. 

When we increase the thickness from ~350 nm to ~530 nm, the FABr-PbS based PV devices show 

increased JSC to 30.5±1 mA cm-2 at the thickness of ~490 nm, where the CTL device shows an 

optimal JSC of 27.5±1 mA cm-2 when the film is ~390 nm thick. 



 

Figure S14. Forward/reverse J-V curves with stable output at MPP of FABr-PbS devices after 1 

year storage in N2-filled golvebox. 

 



 

Figure S15: Certified AM1.5 PCE to date for CQD solar cells. This device is made by FABr-PbS 

layer. Best on our knowledge, the device performance and stability depend on the active layer and 

hole transport layer which is EDT-PbS on PbS active layer.7 EDT-PbS needs oxygen exposure for 

p-doping to improve conductivity.  In the lab measurement, we keep the device in dry air for the 

best device and thus PCE. When we sent devices for certification using a nitrogen-filled bag, EDT 



was insufficiently doped before certification measurement, which affects the stability and PCE 

(lowers JSC and FF). 

 

 

 

Figure S16: PCE histogram for control vs. FABr-PbS devices. 
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Figure S17: CTL-PbS and FABr-PbS film stability based on different temperatures. CTL-PbS 

films show decreased VOC, FF, and PCE with the temperature increasing from 70oC to 90oC, where 

FABr-PbS films show similar VOC and FF annealed from 70oC to 100oC. 

 

 

Figure S18: Optimum FAI-PbS films based solar cell performance. A) Current density versus 

voltage (J–V) curves; B) EQE and IQE. 



 

Figure S19. A) J-V curves and B) EQE and IQE spectra of PV devices of CTL and MAI treated 

devices. CTL: Voc 0.64 V, JSC 28.3 mA cm-2, FF 62%, PCE 11.2%; MAI-PbS: Voc 0.62 V, JSC 

29.5 mA cm-2, FF 68%, PCE 12.4%. The MAI treatment increases FF, JSC, as well as PCE, but 

lowered the Voc, which we attributed to the more aggressive strip of PbX3 by MAX compared to 

FAX. The interdot distance after MAX treatment may be closer than FAX treatment, which may 

decrease the VOC. 
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