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still relies on addressing the quality of the light-absorbing 
fi lm itself. [ 27–31 ]  In CQD solids, the large surface-to-volume 
ratio results in added opportunities for electronic defect for-
mation. Increased recombination losses risk compromising 
the charge collection if not suitably addressed. Ligand-assisted 
surface passivation is a proven strategy to combat these losses. 
A range of short-chain-organic (e.g., mercaptopropionic acid, 
ethanedithiol, thiocyanate) and inorganic ligands (e.g., Cl − , 
Br − , I − ) have been explored for this purpose. [ 19,32–36 ]  These 
surface passivation schemes have been carried out based on 
solid-state ligand exchange processes driven by the differ-
ence in CQD-ligand binding strengths. [ 37 ]  Ideally, the ligand 
exchange approach will preserve the passivation state existing 
prior to the exchange process (i.e., the passivation state of long-
chain organic-ligand-capped CQDs). However, it is unlikely 
to repair any trap states already present in the as-synthesized 
CQDs. New passivation strategies, applied before the solid-state 
ligand exchange, could thus potentially further improve CQD 
characteristics. 

 Here we report a solution-based passivation scheme that fea-
tures a redox reaction (PbS + I 2  = PbI 2  + S) occurring at the PbS 
CQDs surface in the presence of iodine molecules (I 2 ) dissolved 
in a nonpolar solvent. Solution treatment allows for increased 
control over halogen reactivity, helping to avoid overtreatment 
and improving overall passivation of CQDs in solution. [ 38,39 ]  
Better-passivated CQDs resulting from the optimized reactivity 
show a longer carrier diffusion length in fi lm. Hence, we were 
able to fabricate photovoltaic devices with a thicker active region 
without compromising the charge collection. This optimization 
ultimately led to CQD solar cells with certifi ed power conver-
sion effi ciency (PCE) of 9.9%. This is the highest certifi ed PCE 
for CQD solar cells. 

 X-ray photoelectron spectroscopy (XPS) confi rms the adsorp-
tion of iodine on the surface of PbS CQDs following I 2  treat-
ment ( Figure    1  a). The amount of I 2  applied to the CQDs was 
systematically optimized in order to avoid overtreatment (see 
the Experimental Section). In developing the I 2 -treatment 
process, we have found that the quantity of applied I 2  plays a 
crucial role. Under the optimized I 2  treatment conditions, the 
CQDs maintain good monodispersity (see Figure S1a, Sup-
porting Information). Heavier than optimized I 2  treatment 
leads to several undesirable effects, such as stripping of an 
undesirably large number of ligands from the QD surface, 
causing QDs to fuse (see Figure S1b, Supporting Information). 

  Colloidal quantum dot (CQD) solar cells have advanced sig-
nifi cantly in performance over the past decade. [ 1–4 ]  CQD solar 
cells offer several benefi ts over other thin-fi lm technologies. 
The size-dependent bandgap of CQDs enables harnessing the 
infrared regions of the solar spectrum wavelengths not cap-
tured using most other photovoltaic (PV) materials. This prop-
erty makes CQD solar cells good candidates for the back cell 
atop visible and NIR-bandgap PV materials (e.g., perovskite 
and silicon) and allows for the construction of tandem and 
multijunction architectures. [ 5–7 ]  Additionally, multiple exciton 
generation, specifi c to CQDs, offers an avenue to reduce ther-
malization losses and increase the utilization of the solar fl u-
ence. [ 8,9 ]  Recent progress in CQD solar cell power conversion 
effi ciency (PCE) has been accompanied by improvements in 
device stability, [ 2,10,11 ]  which further increases their promise. 

 Improved light absorption and charge collection are the two 
major requirements for increasing solar cell effi ciency. [ 12,13 ]  
Photon management techniques, such as nanoscale plasmonic 
inclusions [ 14,15 ]  and hierarchically structured electrodes, [ 3,16 ]  
have demonstrated enhanced light absorption in CQD solar 
cells. Signifi cant improvements in charge extraction have been 
achieved as the device architecture progressed from Schottky-
junction to depleted heterojunction, [ 17–19 ]  bulk heterojunc-
tion, [ 20–24 ]  and quantum junction devices. [ 2,11,25,26 ]  

 While notable advances in performance have been accom-
plished through the aforementioned efforts, further progress 
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It can contribute to excessive n-type doping due to changes in 
stoichiometry and lead to self-compensation via surface recon-
struction and trap formation. [ 40,41 ]  This overtreatment results in 
devices with poor effi ciency due to decreased  V  oc  and fi ll factor 
(see Figure S2, Supporting Information). The optimal I:Pb ratio 
in XPS is found to be 5% which corresponds to ≈15–25% of 
available surface S sites. [ 27 ]  The narrower XPS peaks for sulfur 
after I 2  treatment (Figure  1 b) indicates a more homogeneous 
local environment for sulfur atoms. This may arise from the 
elimination of surface sulfur sites with reduced coordination 
by replacing them with iodine (Figure S3, Supporting Informa-
tion), considering that the eliminated sites possessed a distinct 
XPS signature compared to fully coordinated S in the bulk of 
PbS.  

 The absorption spectra of the PbS CQDs before and after 
I 2  treatment (Figure  1 c) show no appreciable change in the 
exciton peak position, suggesting that CQD size is not affected 
by the process. At the same time, photoluminescence spectra of 
the dots show that the the full-width-at-half-maximum is pre-
served, proving that ensemble monodispersity remained intact. 
The photoluminescence quantum yield (PLQY) of the dots with 
and without I 2  treatment are 19% and 15%, respectively, an 
indication of improved surface passivation. 

 We next sought to take advantage of the improved CQDs 
passivation by incorporating them into solar cells with an 
improved quantum-junction architecture ( Figure 2   a). [ 11,26 ]  
Tetrabutylammonium iodide (TBAI)-exchanged PbS CQD fi lm 
(7–8 layers), serving as the n-type active region, was deposited 
on ZnO-nanoparticle-coated indium-doped tin oxide (ITO) 
glass substrates. This was followed by 2 layers of p-type CQD 
fi lm prepared via ethanedithiol (EDT) exchange. [ 2 ]  It should 
be noted that the bandgap of the CQDs used in this study was 
blue-shifted compared to previous reports in order to improve 
charge injection from the PbS into the ZnO electrode and 
increase the  V  OC . [ 2,11,42 ]   

 We systematically optimized the thickness of both I 2 -treated 
and non-I 2 -treated CQD devices (Figure S4, Supporting Infor-
mation). By using the I 2 -treated CQDs throughout the entire 
thickness of the active layer of the best devices, we were able to 
increase the device thickness by one extra CQD layer without 
losing the fi ll factor (Figure  2 b,c), which is an indication of 
improved passivation that yields longer carrier diffusion length. 

External quantum effi ciency (EQE) spectra shown in Figure  2 d 
confi rm that the extra photo carriers generated in a thicker device 
can still be successfully extracted (double-pass absorption of the 
devices can be seen in Figure S5 in the Supporting Information). 
Current–voltage characteristics of the representative devices 
under simulated AM1.5G illumination are shown in Figure  2 e, 
with the relevant fi gures of merit and statistical analysis sum-
marized in  Table    1  . For I 2 -treated devices, a PCE of 10.2% was 
measured in our lab with a certifi ed PCE of 9.9% (Figure S6, 
Supporting Information), were achieved for I 2 -treated dots. The 
10.2% is signifi cantly higher than the PCE of 9.2% obtained for 
non-I 2 -treated control samples (see Table  1 ). The extra PCE point 
is the result of improved  J  sc  and fi ll factor (FF).  

 In order to gain insight into the physical origins of the 
improved performance, we built an optoelectronic device model 
( Figure    3  a) that takes into account the electron affi nity of CQDs 
with different ligand treatments, absorption profi les, thick-
nesses, and carrier diffusion lengths starting from previously 
reported values for TBAI-treated fi lms. [ 11,25,43 ]  The improve-
ment of the EQE in the longer wavelength region can be fully 
attributed to the increased device thickness (Figure  3 c). How-
ever, for a constant photocarrier diffusion length, the increased 
device thickness can eventually result in a deterioration of the 
charge collection. Holes photoexcited near the front electrode 
have the longest distance to travel and therefore experience this 
limitation fi rst, resulting in an EQE drop in the blue region. 
Therefore, the improvement in the EQE over all wavelengths 
observed experimentally for I 2 -treated dots can only be justifi ed 
by both a thicker active region and a longer effective diffusion 
length, given that the mobility has not been affected (Figure S7, 
Supporting Information). Figure  3 b,c shows this phenomenon 
for the case when the diffusion length is chosen to differ by 
≈50% (to visually amplify the difference in EQE). Experimen-
tally observed differences are more subtle. The increase in fi ll 
factor and short-circuit current density can be reproduced with 
80 nm and 110 nm carrier diffusion lengths for control and I 2 -
treated fi lms, respectively (see Figure S8, Supporting Informa-
tion). Such an increase in diffusion length allows for thicker 
devices while maintaining effi cient carrier collection, leading to 
a full power point improvement in device performance.  

 To further validate the predictions of the theoretical model, 
we measured experimentally the carrier collection effi ciency ( η ) 

Adv. Mater. 2015, 
DOI: 10.1002/adma.201503657

www.advmat.de
www.MaterialsViews.com

 Figure 1.    Characterization of I 2  passivation on PbS CQDs following the I 2  treatment. a) I 3d peak showcasing the successful incorporation of iodine 
into the dots. b) The S 2p XPS spectrum showing differences in local environment for sulfur in untreated and I 2  solution-treated CQDs. c) Absorption 
and photoluminescence spectra of untreated and I 2 -treated PbS CQDs in the solution phase. No changes in monodispersity are observed. The increase 
of photoluminescence intensity after I 2  treatment is consistent with improved surface passivation.



3wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

of the I 2 -treated and control devices ( Figure    4  a). We used an 
analytical model also employed in prior reports to fi t the experi-
mental data. [ 44 ] 

    
IQE H L

sc,H sc,L

V
J V J V

J J
η λ( )( ) ( ) ( )

=
−
−

  
(1)

 

 where IQE( λ ) is the internal quantum effi ciency at short-circuit 
condition under monochromatic illumination ( λ  = 820 nm), 
and  J  H  and  J  L  are the currents at two different powers for the 
same illumination (see the Experimental Section for more 
details). By fi tting  η  one can estimate the diffusion length of 
the CQD fi lms. The experiment confi rms that the molecular 
iodine treatment increases diffusion length substantially, from 
85 to 115 nm, which is in a good agreement with the diffu-
sion lengths obtained from optoelectronic device simulations. 

Given the similar depletion widths of the control and I 2  treated 
devices (≈85 nm at maximum power point, Figure S9, Sup-
porting Information), we can pinpoint diffusion length to be 
responsible for the improved  J  sc  and FF.   

 Since the carrier diffusion length is primarily determined by 
the electronic trap state density in the CQD solid, we sought to 
verify how the trap density is affected by molecular iodine treat-
ment by using transient photovoltage measurements. [ 27 ]  Based 
on the photovoltage studies, we observed a two-fold reduction 
in the trap density for I 2 -treated dots at the maximum power 
point condition (Figure  4 b). From DL Dτ= , where the life-
time τ  is inversely proportional to the trap density, [ 45,46 ]  this 
predicts a factor of improvement of ≈√2 (i.e., ≈40% increase) 
in the diffusion length, which is in a good agreement with the 
35% increase obtained experimentally. The reduced trap den-
sity is also in agreement with the increase of  V  OC  in I 2 -treated 
devices. 

 In conclusion, we have demonstrated that molecular iodine 
improves the passivation of traps in PbS CQDs. We fi nd that 
these remnant traps are not addressed using prior solid-
state ligand exchange treatments. A twofold decrease in trap 
density in the molecular iodine-treated CQD fi lm leads to 
improved diffusion length and a full power point increase in 
device performance. This improvement resulted in a certifi ed 
PCE of 9.9%, a new record for colloidal quantum dot solar 
cells.  
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 Figure 2.    Device architecture and performance. a) Schematic of the device structure. A TBAI-exchanged CQD fi lm is deposited on top of a ZnO 
electrode, followed by two layers of EDT-exchanged CQDs and gold as the top contact. b,c) Cross-sectional SEM images of a 200 nm CQD thick 
control device and a 220 nm thick I 2  treated PbS CQD device (also see note in Section S10 of the Supporting Information). d) EQE of the control and 
I 2 -treated CQD devices. Fabry–Perot effects visibly change the shape of the EQE compared to single-pass absorption spectra. e)  J – V  characteristics 
under simulated AM1.5G illumination for the control and I 2 -treated devices. A PCE = 10.18% is obtained for molecular-iodine treated dots as a result 
of increased  J  sc  and FF.

  Table 1.    Static fi gures of merit for the control and I 2 -treated devices. Sta-
tistics is based on 49 different devices.  

   V  oc    
 [V] 

  J  sc    
 [mA cm −2 ] 

 FF a)   
 [%] 

 PCE b)   
 [%] 

Control devices 0.632 ± 0.004 21.40 ± 0.31 69.47 ± 0.98 9.24 ± 0.13

Molecular iodine devices 0.639 ± 0.004 22.28 ± 0.27 72.37 ± 0.94 10.18 ± 0.20

    a) Fill factor (FF);  b) Power conversion effi ciency (PCE).   
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  Experimental Section 
  CQD Synthesis and I 2  Treatment of PbS QDs : PbS QDs were prepared 

following previous reports. [ 11,27 ]  When the reaction fl ask was cooled to 
30–35 °C, the nanoparticles were separated from the growth solution 
by adding 60 mL of acetone followed by centrifugation. The isolated 
nanoparticles were then dried in vacuum for 12 h and redispersed in 
toluene (150 mg mL −1 ) and transferred to a nitrogen glovebox. For 
the solution I 2  treatment, 0.5 mL I 2 -toluene (25 × 10 −3   M ) solution 
was added, in a drop-by-drop fashion, to the PbS nanocrystal solution 
(2.5 mL) in a vial. The solution was kept in the glovebox for 24 h. 
Methanol was employed to precipitate the nanocrystals. Following fully 
drying, the nanocrystals were fi nally dispersed in octane (50 mg mL −1 ). 
The purifi ed untreated PbS QDs (50 mg mL −1 ) were achieved by using 
similar procedures. 

  ZnO Nanoparticle Synthesis and Film Deposition : The synthesis of 
ZnO nanoparticles is similar to methods reported previously. [ 2 ]  After 
the reaction, the nanoparticles were separated from the solution by 
centrifugation, followed by a two-time purifi cation process by methanol. 
The nanoparticles were fi nally dispersed in a mixture of chloroform and 
methanol. For the preparation of ZnO electrode, the ZnO nanocrystal 
solution was spin-cast on ITO glass at 6000 rpm for 10 s. 

  Material Characterization : Scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM) characterization were 
obtained on a Hitachi S-5200 scanning electron microscope. Optical 
absorption measurements were carried out in a Lambda 950 500 UV–
vis–IR spectrophotometer. Photoluminescence measurements were 
carried out using a 442 nm blue laser and an Ocean Optics NIR-512 
spectrophotometer. Absolute PLQY measurements were done using 
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. 
An accompanying Quanta-Phi integrating sphere with an excitation 
wavelength of 635 nm was employed. Quantum dots were dispersed 
in toluene in quartz cuvettes. The quantum-dot concentration was kept 
constant between samples by measuring the absorbance spectra and 
adjusting the samples accordingly. 

 XPS measurements were performed using a Thermo Scientifi c 
K-Alpha system with electron-gun compensation to avoid sample 
charging and with 50 eV pass energy and binding energy step of 0.03–
0.05 eV. All intensities were normalized to the Pb signal, and all binding 
energies were calibrated by setting the C 1s signal to 285 eV. 

  Device Fabrication : PbS QDs were deposited using a layer-by-layer 
spin-casting process. A 6 mL syringe capped with a 0.22 µm fi lter was 
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 Figure 3.    Optoelectronic model of the origin of improved device performance. a) Band diagram of the graded device at open-circuit voltage conditions. 
 E  c ,  F  n ,  F  p , and  E  v  describe, respectively, the energy level of the conduction band, quasi-Fermi level of electrons and holes, and valence band across the 
length of the device ( x ). b)  J – V  curves and c) simulated EQEs demonstrating the effect of the device thickness and carrier diffusion length,  L  D , on the 
device performance and EQE, respectively.

 Figure 4.    Experimental determination of diffusion length and improved passivation. a) Collection effi ciency and diffusion length for control and 
molecular I 2 -treated dots. A 35% increase is observed for I 2  treated devices, b) density of trap states extracted from  V  OC  decay measurements for control 
and I 2 -treated fi lms. The better passivation of molecular iodine leads to a twofold reduction in the trap density at maximum power point conditions, 
which is in agreement with the observed increase in the diffusion length.
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used for the deposition of PbS QDs. The volume for each layer was 
2 drops, ≈50 μL. For the TBAI layer, two drops of PbS CQDs in octane 
(50 mg mL −1 ) were deposited onto the ZnO substrates and were spin-
cast at 2500 rpm for 10 s. The fi lm was soaked in TBAI (10 mg mL −1 ) 
containing methanol solution and spun after 30 s at the same speed 
for 10 s. This was followed by a two-time methanol rinse process. The 
process was repeated 7–8 times, for the control and the I 2  devices, 
respectively. Following the TBAI stack of layers, two layers of EDT-
exchanged PbS QDs were deposited for both cases. In a typical process, 
PbS was deposited with the same procedure as applied for the TBAI 
layers. A 0.01% v:v EDT:acetonitrile solution was deposited on the fi lm 
and spun after soaking for 30 s, which was followed by a three-time 
acetonitrile rinsing process. For the top electrode, 120 nm Au was 
deposited on the PbS fi lm to complete the device. 

  Device Characterization: J–V Characterization : Current–voltage traces 
were acquired with a Keithley 2400 source measuring unit under 
simulated AM1.5G illumination (Sciencetech class A). The spectral 
mismatch was calibrated using a reference solar cell (Newport), 
yielding a correction multiplicative factor of  M  = 0.848. Devices were 
measured under a continuous fl ow of nitrogen gas. In the performance 
measurements, we used a copper aperture to defi ne the device area to 
be ≈0.049 cm 2 . 

  EQE Measurement : External-quantum-effi ciency spectra were taken 
by subjecting the cells to monochromatic illumination (400 W Xe lamp 
passing through a monochromator and appropriate cut-off fi lters). The 
output power was calibrated with Newport 818-UV and Newport 838-IR 
photodetectors. The beam was chopped at 220 Hz and focused in 
the pixel together with a solar-simulator at 1 sun intensity to provide 
for light bias. The response of the cell was acquired with a Lakeshore 
preamplifi er connected to Stanford Research 830 lock-in amplifi er at 
short-circuit conditions. 

  Capacitance–Voltage Measurement : The capacitance–voltage 
measurements were acquired with an Agilent 4284A LCR meter at a 
frequency of 1 kHz and an AC signal of 50 mV, scanning from −1 to 1 V. 
From the capacitance measurement ( C ) the depletion width ( L  dep ) can 
be calculated as:

    
dep

ε=L
A

C   
(2)

 
 where  A  is the area of the device and  ε  is the static permittivity of the 
PbS CQD solid (see Section S9 of the Supporting Information for further 
details). 

  Trap-Spectroscopy Measurements : The trap density of the fi lms in the 
fi nal device architecture was obtained by combining current and voltage 
transient spectroscopy at different open-circuit voltages as previously 
reported. [ 27 ]  Various  V  oc  were achieved by 640 nm by a light-bias laser 
light passing through different fi lters. A small signal perturbation (ca. 
10 mV) was generated with a 640 nm Melles-Griot laser modulated 
with an Agilent 33220A waveform generator (50 Hz period, 5 µs pulse). 
Short-circuit and open-circuit conditions were established by selecting 
the input impedance of the recording oscilloscope (Tektronix TDS 5104). 

  Diffusion Length Measurement : The diffusion length of the devices was 
measured based on a previously introduced model. [ 44 ]  The collection 
effi ciency ( η ) can be calculated as follows:

    
( ) IQE( , 0)

( , ) ( , )
( 0, ) ( 0, )i

H i L i

H i L i
η λ λ λ

λ λ= = −
= − =V V

J V J V
J V J V   

(3)
 

 where H and L subscripts stand for higher and lower power  J – V  curves 
under  λ  = 820 nm monochromatic illumination ( L  = 4 µW and  H  = 
20 µW). The IQE is taken at the excitation wavelength at short-circuit ( V  
= 0) conditions from the EQE and the absorption at this wavelength. The 
diffusion length can be estimated by fi tting the experimental data to this 
analytical model. The employed thicknesses correspond to those of the 
photovoltaic devices under study (200 nm and 220 nm of CQD fi lm for 
the control and the I 2 -treated samples, respectively).

 Optoelectronic Simulations : Optoelectronic simulations were 
performed using SCAPS software. [ 47 ]  The complete set of simulation 
parameters is included in Section S11 of the Supporting Information.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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