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Experimental Section

PbS CQODs synthesis: 1.3 eV PbS CQDs were synthesized with a standard reported recipe. 10.93
eV and 0.7 eV PbS CQDs were synthesized via our previous reported multi-injection methods
with minor modifications.? 3 Typically, 0.45 g of PbO was dissolved in 50 ml of 1-octadecene
(ODE) and 3.8 ml of oleic acid under vacuum at 95 °C. After 12 h, the temperature was adjusted
to 100 °C. Different amounts of Hexamethyldisilathiane (TMS) were dissolved in ODE
respectively. 4 injections were done to get the desired CQDs. For 0.93 eV PbS CQDs, 90 pl
TMS for the first injection and 25 pl x 3 TMS for the additional 3 injections were needed. The
solution of 90 pul TMS was injected into the lead precursor solution at 100 °C, the additional 3
injections were sequentially followed at regular intervals of 6 mins. When the injection
finished, the flask was allowed to gradually cool down to room temperature under stirring. To
get 0.7 eV PbS CQDs, all the reaction processes remain the same as the 0.93 eV PbS CQDs,
except that the first injection solution was reduced to 60 ul TMS. CQDs were purified in air by
adding acetone, followed by centrifugation. The final CQDs were dispersed in toluene with a

concentration of 40 mg/mL for the solar cell fabrication.



Chlorine doped ZnO nanocrystal synthesis: ZnO nanocrystals were synthesized via a previous
reported method.* Chlorine doped ZnO nanocrystals (C1_ZnO) were prepared with the reported
recipe.’ 10 mg/mL NaCl in methanol was mixed with 40 mg/mL ZnO in chloroform. (Volume
ratio of NaCl and ZnO is 1:4)

Device fabrication: 1TO glass substrates were cleaned in ultrasonic bath by using the soap
water, distilled water, acetone and isopropanol, respectively. As-prepared Cl ZnO were spin-
coated on the cleaned ITO glass substrate at 3500 rpm for 30 s. The C1 ZnO film was annealed
at 260 °C in ambient. The active layer was deposited by a layer-by-layer spin coating method.
0.7 eV PbS CQDs with concentration of 40 mg/mL covered the whole substrate, followed by
spinning at 2500 rpm for 20 s. Znl,/MPA (25X10-* M with 0.01% MPA in methanol) solution
covered the PbS layer for 10 s before spinning at 2500 rpm for 10 s. The spinning substrate
was flushed twice by few drops of methanol and spun for 20 s to make film dry. The above
process was repeated till the desired thickness was achieved. The electron blocking layer of
the solar cells comprise two layers of 0.02% V/V EDT treated PbS CQDs. The PbS film was
covered by EDT acetonitrile solution for 30 s before spun at 2500 rpm for 10 s. The spinning
substrate was flushed by 10 drops of acetonitrile followed by spinning for 20 s to make film
dry. The above process was repeated twice to obtain the electron blocking layer. All the PbS
CQDs layer fabrication process was carried out in a fume hood in ambient. 80 nm Au was
deposited on the films by thermal evaporation at a speed of 1 A s by using a Kurt J. Lesker
Nano 36 system at a base pressure lower than 10 - mbar. The solar cells were transferred from
the evaporator into the glove box for annealing at 140 °C for 5 min. The active area of the
device is 3.14 mm?. All the devices were taken out of the glovebox and stored in air for the

further characterization.



S1. Simulated EQE curves of PbS CQDs solar cell with transfer matrix method
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Figure S1. Simulated EQE curves with device structure ITO (80 nm)/ZnO(40 nm)/PbS/Au (80
nm). For PbS CQDs with varied band gap, the optimized active layer thickness changes
according to the TMM simulation. For 1.28 eV, 0.97 eV and 0.76 eV PbS, active layer thickness

is 470 nm, 400 nm and 470 nm, respectively.

S2. Optical property and TEM image of the as-obtained PbS CQDs.
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Figure S2. (a) Absorption spectrum of as-obtained PbS CQDs in toluene; (b) TEM image of
the corresponding as-obtained PbS CQDs, and (c) Sizing histogram of the corresponding CQDs
with the normal fitting. (The data were collected from 200 CQDs for the size distribution in

TEM image by ImageJ software)



S3. The selection of electron blocking layer for 0.7 eV PbS CQD solar cells

EDT treated PbS CQDs layer has been used as a standard electron blocking layer ever since it
was reported due to the more p-type inducing ligand EDT comparing to the halide ligands.5-1°
To engineer the band alignment between the active layer and Au electrode, PbS CQDs with
varied band gaps offer us more choices to select the perfect candidate for the electron blocking
layer. Here, 1.3 eV, 0.93 eV and 0.7 eV PbS CQDs were utilized as the electron blocking layer,
respectively, for 0.7 eV PbS CQDs solar cell. Device performance is summarized in Table S2.
With the 1.3 eV PbS CQDs as an electron blocking layer, device performance clearly stands
out among others with better Jsc, Voc, FF and PCE. Especially the substantially improvement
in Jsc up to 33.15 mA/cm? from 28 mA/cm? have been achieved as we expected with better
band alignment. EQE spectrum has been recorded in Figure S3d. The similar peak around 866
nm observed in all the devices stems from Fabry-Perot mode, suggesting the thicknesses of the
devices are similar to each other, thus ruling out the possibility of varied Jsc due to the

differences in device thickness.

UPS measurements have been carried out on Znl,/MPA treated PbS CQD film and EDT treated
PbS films, detailed UPS spectra are present in Figure S3a, b. Energy level alignments are
presented in Figure S3c, the relatively similar valence band gap between Znl,/MPA treated
0.7eV PbS CQD layer and the EDT treated PbS CQD layers indicate the similar hole
transporting capability among these EDT treated PbS CQD Ilayers. Yet, the huge difference
among the conduction band gap between them suggests that EDT treated 1.3 eV PbS CQD

layer outperforms others as the electron blocking layer.
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Figure S3. UPS spectra of PbS CQDs with varied bandgap and different ligand treatments
deposited on top of ITO substrates, (a) work function region and (b) valence band region. (c).
The energy level diagram of the PbS components referenced to the vacuum level based on the
data shown in (Figure S3a, b) and (d) Measured EQE curves of the solar cells with varied

electron blocking layers.
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Figure S4. (a) Photostability measurements under continuous AM 1.5G simulated solar
illumination in air with non-encapsulated device, (b) Long term stability test of a non-

encapsulated device stored in ambient air conditions.



Tables:

Table S1 Effect of electron acceptors on the device performance.

Varied electron V J FF PCE R. R
acceptors VI [mAlem?] [%] [%] [Q] [KO]
Cl ZnO 035 3156 54 60 24 279

ZnO 033 2650 55 48 31 3.0

Table S2. Device performance summary on varied blocking layers.

Varﬁ%%]ﬁ(_x’/%lﬁmg W9 mdimy o) I[)% O 1Y

Ref. (0.7 eV) 0.32 28.45 57 5.16 19 2.34
1.3eV 0.34 33.15 56 6.33 35 3.27
0.93 eV 0.33 31.00 54 5.54 20 2.15

Table S3 Variation of the active layer thickness effect on the device performance

Thickness N J FF PCE R. R
variation of the [\9T [mA?gmz] [%]  [%] [Qs] [Kﬁ]
PbS CQDs layer

385nm 029  36.60 52 549 21 3.54
435nm 0.31 37.01 56 639 22 470
485nm 0.3 34.24 55 567 20 3.5
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