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ABSTRACT: Cation-exchange has been used to synthesize PbS/CdS core/shell colloidal quantum dots from PbS starting cores. These were then incorporated as the active material in solar cell test devices using a solution-based, air-ambient, layer-by-layer spin coating process. We show that core/shell colloidal quantum dots can replace their unshelled counterparts with a similar band-gap as the active layer in a solar cell device, leading to an improvement in open circuit voltage from 0.42 V to 0.66 V. This improvement is attributed to a reduction in recombination as a result of the passivating shell. However, this increase comes at the expense of short circuit current by creating a barrier for transport. To overcome this, we first optimize the shell thickness by varying the conditions for cation-exchange to form the thinnest shell layer possible that provides sufficient surface passivation. Next, ligand exchange with a combination of halide and bi-functional organic molecules is used in conjunction with the core/shell strategy. Power conversion efficiencies of 5.6 ± 0.4 % have been achieved with a simple heterojunction device architecture.

INTRODUCTION
Colloidal Quantum Dots (CQDs) are a promising material for use in photovoltaic (PV) technology.  They allow low cost versatile device processing1–3 and might be used to exploit new ideas in quantum physics4–8 and materials chemistry9,10 in a bid to overcome the Shockley-Quessier Limit11,12. Lead sulfide (PbS) CQDs currently top the photovoltaic efficiency tables13 in this class, with great developments being made by improving junction architecture13, carrier properties14–16 and solution deposition chemistry17,18. However, efficiencies still lag behind competing technologies, like dye-sensitized solar cells, largely due to comparatively poor electronic properties. 
The limiting factor for the current generation of CQD devices are the lower than expected open-circuit voltage (VOC)19 values, which are attributed to the high density of defect states20. Electronically active CQD thin films are produced by exchanging the long-chain ligands used to synthesize and stabilize the CQD for a shorter linker ligand which allows electronic coupling between neighboring CQDs in the film. Currently a post-deposition solid state treatment is used to produce the best devices21–23. However, despite the improvements made, this exchange process has been shown to be imperfect, causing surface defects which increase recombination and non-radiative losses, thus directly reducing VOC21. These defects are caused by incomplete ligand coverage24 or the inherent instability of the more labile shorter ligands25. In addition, post-deposition exchange is highly dependent on optimizing ligand concentration, solvation, impurity elimination, and processing environment17,26,27. Ip et al. recently investigated the role of ligand coverage and demonstrated that a combination of short bi-functional organic and atomic halide ligands results in nearly complete CQD surface passivation. Using transient photovoltage measurements, the authors showed a reduction in defect density as compared to an organic ligand-only treatment21. However this strategy is strongly dependent on the stability of ligands. 
In photoluminescent applications of CQD such as bio-labelling28, the issue of surface passivation is addressed by having a shell of another wider band-gap semiconductor (forming a type I heterostructure) grown around the CQD. This shell passivation method has been shown to be stable and effective29–32, giving rise to higher photoluminescence quantum yields, longer decay lifetimes and even greater chemical and environmental stability29,33,34. While employing a coating of a wider band-gap material on a nanocrystal sensitizer is a well-established procedure in quantum dot-sensitized solar cells35, reports of using core/shell quantum dots as both the light absorber and the active transport material are scarce. This is possibly because a thick shell layer of a type I heterostructure impedes exciton dissociation, charge extraction and transport36.  Zamkov and co-workers showed that having a CdS shell on PbS quantum dot improves passivation and that the distance between PbS quantum dots and hence the thickness of CdS layer impact carrier mobility and device performance37,38. Etgar et al. also showed that a type II lead selenide/lead sulfide core/shell quantum dot can improve exciton dissociation39. This paper builds upon these studies to increase device efficiencies, and to investigate the effect of shell thickness and surface chemistry on device performance. This is done by developing a passivation strategy that uses the synergistic effect of a core/shell structure and ligands coordination to passivate CQD surfaces.

EXPERIMENTAL SECTION
Material. Lead oxide yellow (PbO, 99.9%) was purchased from Acros Organics. Oleic acid (OA, 90%), 1-octadecene (ODE, 90%), bis(trimethylsilyl) sulfide ((TMS)2S, synthesis grade), cadmium acetate hydrate (Cd(Ac)2, 99.99%), Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, 1.3wt% in water, conductive grade), 1,2-ethanedithiol (EDT, >98%), cetyltrimethylammonium bromide (CTAB, >98% ) and anhydrous cadmium chloride (CdCl2, 99%) were purchased from Sigma Aldrich. Hexane (98.25%), acetone (99.98%), methanol (99.99%) and toluene (99.99%) were purchased from the Fischer Scientific. All chemicals were used as-received. 
PbS CQD synthesis. The synthesis of 1.3 eV PbS CQDs was adapted from the procedure developed by Hines and Scholes40, and was performed under inert conditions using standard Schlenk line techniques. Details of synthesis are described in the supplementary information. 
PbS/CdS core/shell CQD synthesis. The synthesis of PbS/CdS core/shell CQD is adapted, with modifications, from the procedure developed by M. S. Neo et al.31 To prepare 0.1 nm (one monolayer) CdS shell-thick PbS/CdS core/shell CQD, 0.395 mL of ODE, 0.115mL of OA and 0.030 g of Cd(Ac)2, were mixed in a 25 mL three-neck flask, connected to a Schlenk line assembly. The mixture was heated and stirred continuously under vacuum at 100°C for at least 1 hour, forming a clear cadmium-oleate solution. The temperature was then reduced to 80°C and the vacuum environment was swapped to an argon atmosphere. 2 mL of the prepared PbS 50 mg/mL solution was swiftly injected into the flask and allowed to react under stirring for 10 minutes. The heating was then turned off and the reaction was quenched by adding 5ml of cold hexane and the resultant solution was then added to 30 mL of acetone to precipitate out the CQDs. The same washing step for PbS CQDs was applied and the prepared CQDs were re-dissolved in toluene to a concentration of 50 mg/mL. Details of the conditions used to vary the CdS shell thickness are described in the supplementary information. 
ZnO nanoparticle colloidal solution synthesis. ZnO nanoparticles were synthesized using the method adapted from Pacholski et al. as  described elsewhere41.
Fabrication of solar cell devices. PbS and PbS/CdS CQD ﬁlms were deposited using a layer-by-layer spin-coating process with an in-situ solid-state ligand exchange process, carried out in an ambient atmosphere. Substrates were prepared by pre-patterning ITO on glass, spin coating a layer of PEDOT:PSS at 5000 rpm and then annealing at 150°C for at least 5 minutes before use. For each layer, a drop of CQD solution (50 mg/ml in toluene) was deposited onto the spinning substrate, with a spin rate of 2000 rpm, followed by two drops of 1% v/v EDT in methanol. While spinning, 3 drops of methanol were added followed by 3 drops of toluene to wash off unbound ligands and CQDs. This cycle was repeated to build up to the required thickness. In our study, all samples were standardized to have 6 layers of CQD deposited, which gave a thickness of about 150±17 nm as measured by surface profilometry. Finally, the n-type layer was deposited by spin coating ZnO colloidal solution on top of the as-prepared film at 1000 rpm and post- deposition annealing was not required.. 
In the halide treatment approach, solid-state ligand exchange was performed by covering the surface of PbS/CdS film with saturated CdCl2 in methanol for Cl exchange and 10 mg/ml CTAB in methanol for Br exchange, over a period of one minute. The sample was then spun dry at 2000 rpm before 3 drops of methanol were added to wash off excess CTAB. For each layer of PbS/CdS CQD deposited, this procedure was repeated three times before the next layer was deposited, so as to ensure comprehensive ligand exchange. 
In the hybrid ligand exchange approach, the same flooding procedure is followed as above but was carried out once instead of three times for each PbS/CdS layer. After one minute of the halide treatment, the sample was spun dry and 3 drops of methanol were added. While spinning, this procedure was followed by one drop of 1% v/v EDT in methanol and then 3 drops of methanol and 3 drops of toluene. This completes one layer of PbS/CdS CQD film for the hybrid ligand exchange approach.
Finally top electrodes were formed by depositing aluminum by thermal evaporation in an Edwards 306 evaporator at 10−6 Torr to a thickness of 100 nm, with an evaporation rate of 0.1 nm/s. A shadow mask was used to pattern the electrodes.
Morphological and structural characterization of CQD. A morphological study of CQDs was performed using a JEOL 2010 transmission electron microscope (TEM), with EDX capability, operating at 200 kV and the Oxford JEOL 2200MCO Aberration Corrected, Monochromated FEG-TEM operating at 80 kV. The mean particle sizes were fitted with a Gaussian distribution curve to the experimental size histogram. TEM samples were prepared by making dilute solutions of CQD, then briefly dipping the TEM grids into the solution and the letting them dry in ambient conditions. For powder X-ray diffraction (Philips theta/2theta), samples were prepared by drop casting PbS or PbS/CdS CQD solutions onto glass. 
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Figure 1. TEM images of PbS and PbS/CdS core/shell CQDs. (a, d) Low magnification images of 1.26eV PbS CQD and 1.34eV PbS/CdS CQD, respectively. PbS/CdS CQDs have a calculated 0.1nm CdS shell and is synthesized from the same batch as the PbS CQDs. (b, e) Histograms of the size distribution, with a Gaussian fit, of 1.26eV PbS CQDs and 1.34eV PbS/CdS CQDs, respectively. (c, f) High magnification images of 1.26eV PbS CQD and 1.34eV PbS/CdS CQD respectively. 


XRD simulation. Simulated XRD patterns were calculated using a modified procedure described elsewhere42. In outline, a core/shell atomistic model was built by simulating the epitaxial growth of a CdS zinc blende shell around PbS core with a rock salt structure using the common simple cubic positions of the rock salt and zinc blende crystal structure. Whilst the core diameter and shell thickness varied, the overall diameter of the core/shell particle was kept constant at 3.2 nm. Strain was incorporated into the atomistic model through continuum elasticity in a core/shell spherical geometry previously described42,43. 
The XRD pattern of the atomistic model was then simulated from the Debye equation for kinematic diﬀraction using the program ‘DISCUS’44 for a Cu Kα X-ray source and accounting for the thermal dependence of the scattering with Debye-Waller factors. Instrument broadening was not considered in the simulations. The parameters used for the simulation are given in the supporting information

Optical characterization of CQD. Optical absorption spectroscopy of the CQDs was measured on a Cary Varian 4000 UV-VIS-NIR spectrophotometer with diluted CQD solution in a quartz cuvette. Steady-state photoluminescence (PL) measurements were taken using an automated spectrofluorometer (Fluorolog, Horiba Jobin-Yvon), with a 450 W Xenon lamp excitation source and an InGaAs NIR detector. The excitation wavelength was 500 nm. All spectra were corrected for instrumental response using a calibration lamp of known emissivity. Time-resolved PL measurements were acquired using a time-correlated single photon counting (TCSPC) apparatus (FluoTime 300, PicoQuant GmbH). Film samples were photo-excited using a 507 nm laser head (LDH-P-C-510, PicoQuant GmbH) pulsed at 300 kHz (for PbS-OA and PbS/CdS-OA samples) or 8 MHz, with a pulse duration of 117 ps and fluence of ~0.5 µ/cm2. The PL at the peak emission (~1100 nm) was collected using a high resolution monochromator and NIR-PMT detector assembly (H10330A-45, Hamamatsu). Mono or bi-exponential fits to the data were carried out using commercial fitting software (FluoFit v4.5.3, PicoQuant GmbH). CQD films were prepared on PEDOT:PSS-coated glass, with and without a ZnO top coat. 
Device characterization. All devices were loaded into a sealed testing chamber flushed with N2 to minimize sample degradation. Current-voltage (I-V) measurement was performed using a Keithley 2400 Source Meter. The voltage was swept from -0.5 V to 1.0 V at a step size of 0.025 V. AM1.5 solar spectrum illumination was produced by a Newport solar simulator fitted with an AM1.5 filter. The power density of the light source was calibrated with a Thorlabs D3MM thermal sensor.
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Figure 2. Normalized absorbance curve of PbS CQDs and PbS/CdS CQDs with increasing shell thickness, synthesized from the same PbS batch. Absorption was carried out with CQDs dissolved in toluene with oleic acid as ligands. The schematic inset serves as a visual aid, displaying the calculated shell thickness and core diameter displayed. A systematic blueshift of peaks with thicker shell layer implies a decrease in PbS core diameter. 

RESULTS AND DISCUSSION
Synthesis and characterization of core/shell PbS/CdS. With a low temperature cation- exchange method, we have been able to synthesize PbS/CdS core/shell CQD from 1.3 eV PbS CQD using the method reported by Neo et al.31. The choice of a cation-exchange approach to produce core/shell nanocrystals as opposed to conventional repeated hot injection methods is important as it uses a relatively low temperature that minimizes the effect of Ostwald ripening, which would otherwise increase the size distribution45. A key feature is that the anionic framework of the CQD is preserved and the incoming cation is incorporated into a similar crystal structure46. CdS has a similar lattice constant to PbS and the ability to form a face-centered cubic (FCC) structure and thus, using CdS as a shell layer via cation exchange reduces strain-related defects that negate the benefits of a passivating shell layer.  A unique feature of this technique is that the synthesized PbS/CdS core/shell colloidal quantum dots preserve the initial diameter of the original PbS CQD, whilst the PbS core decreases in size during the shell formation. The thickness of the CdS shell is hence governed by the concentration of the Cd source added for cation-exchange as described in the methods section and in supplementary information.
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Figure 3.  (a) Experimental X-ray diffraction patterns of PbS and PbS/CdS CQDs drop cast on glass substrates. PbS and CdS peaks are referenced from JCPDS file: #01-078-1057 and #00-001-0647 respectively. Main peaks of both PbS and CdS phases are labelled and guidelines to peaks are drawn to highlight the subtle shifts in peak position and relative intensity from PbS to CdS with increasing CdS shell thickness. (b) Simulated X-ray diffraction pattern of PbS and PbS/CdS CQD with varying shell thicknesses with an overall diameter of 3.2 nm.

In addition, an energy dispersive X-ray spectroscopy (EDX) and a simulation study done by Zhao et al.29 backed the formation of a pure phase CdS shell rather than an alloyed Cd and Pb sulfide when PbS/CdS core/shell CQD are formed by cation-exchange method.
The preservation of the overall CQD diameter is supported by TEM images (size distribution statistics are shown in Fig.1) while the reduction in PbS core diameter is reflected by a blueshift in the excitonic peak as shown in Fig. 2. The core diameter and the shell thickness has been estimated using the empirical relationship of the PbS CQD size to its band-gap as proposed by Moreels et al.47:
	
	    (1)      
	


where Eg is the band-gap of the PbS CQD as determined by the excitonic peak feature in the absorption spectrum and d is the diameter of particle in nm. From the crystal structure of CdS (zinc blende), a good gauge of the thickness of a monolayer of CdS would be the nearest cadmium to sulfur atom distance, which is about 0.25 nm48. Our thinnest CdS shell thickness for the core/shell CQD was calculated to be 0.1 nm, using the band-gap approach. Similar sub-monolayer CdS has been deduced in other work using this approach49. This discrepancy might be due to the fact that the thickness of shell layer is determined by subtracting the total CQD diameter from the diameter of the PbS core, which is only an estimation using the excitonic peak feature, and Eq. 1 assumes a spherical shaped-CQD. Furthermore, the PbS core has a common shared outer layer of sulfur atoms with the CdS layer. Thus, a simple subtraction of diameters may result in an apparent sub-monolayer value of CdS.
Due to the similarity in crystal structure and lattice constant of CdS and PbS, it is difficult to image the thin layer of CdS using high resolution TEM.50 However, evidence for an epitaxial CdS shell can be determined using XRD. The presence of an increasing CdS phase composition with increasing CdS shell thickness implies that the CdS only exists as part of the core/shell heterostructure and, eliminating the possibility of the nucleation of separate CdS phases and homogenous alloying. As illustrated in Fig. 3a, the relative peak heights of the PbS/CdS core/shell CQD sample and positions are influenced by the CdS shell on the PbS core. Taking the most obvious peaks as an example, pure bulk CdS zinc blende has a higher peak intensity for the {111} reflections compared to the {200} reflections whereas both PbS CQD  and pure PbS bulk phase (rocksalt structure) have almost equal intensities for these reflections. For a core/shell structure with a constant diameter, a thicker shell layer would increase its overall composition with respect to the amount of PbS left in this heterostructure. This model is consistent with our XRD results, showing an increasing {111} intensity while the {200} peak decreases as the CdS shell thickness increases. In addition, Fig. S1 excludes the possibility of a hexagonal phase of CdS. A pure phase CdS shell rather than an alloyed Cd-PbS is also supported by a theoretical work by Zhao et al. that proposed an observation of a much smaller band gap if shell layer exists as an alloy.29
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3]Our observation is supported by XRD simulations as illustrated in Fig. 3b, which is based on an atomistic model of PbS/CdS rock salt/zinc blende core/shell nanoparticle using the Debye equation for kinematic diﬀraction51. The transition of peak heights from PbS to CdS reveals the close proximity of the core and shell atoms, causing the scattered X-rays to constructively interfere between the two materials giving rise to a perceived average of the two diffraction patterns. Quantitative analysis using EDX on TEM samples indicates not only the presence of cadmium, but yields an atomic composition as that in PbS/CdS core/shell CQDs with a 0.1 nm CdS shell (Supplementary Information Fig. S2). Raman spectra (Supplementary Information Fig. S3) also indicates the presence of CdS and shows that the CdS peaks are slightly red-shifted. This latter observation is consistent with the effect of a material under tensile strain, which is expected for CdS epitaxially grown on the surface of PbS. At this juncture, it is important to note that this cationic exchange approach differs from the hybrid passivation scheme developed by Ip et al., which utilizes a long chain phosphonic acid molecule to selectively deliver cadmium cations to the PbS surface site. They observed no obvious change in excitonic absorption peak wavelength and showed, using X-ray photoelectron spectroscopy (XPS), an atomic ratio of Pb to Cd atom of 1 to less than 0.0521. However, in our study we observed a sizable blueshift in absorbance peak and EDX results backing up theoretical composition calculations of 1 Pb to 0.25 Cd atoms. Together with the observations that there is no separate CdS evident in TEM images and that the band-gap increases with no apparent decrease in CQD size, we conclude that an epitaxial CdS shell forms on the PbS core.
 
Incorporation of PbS/CdS CQD into devices. The PbS/CdS core/shell quantum dots have been used to form the p-type layer of a heterojunction device as shown in Fig.4a with the full procedure described in the methods section. It should be noted that all PbS/CdS CQD were derived from the same batch of PbS. Briefly, each layer of CQD film was formed by spin coating followed by a solid state ligand exchange with a bi-functional linker molecule, 1,2-ethanedithiol (EDT). Each test device consisted of 6 layers of CQD films, which gives an overall layer thickness of 150±18 nm as measured by surface profilometry, which are then capped with colloidal ZnO to a thickness of 100±24 nm, without any post-deposition anneal treatment. This test device architecture is kept consistent throughout this study. We performed photovoltaic performance testing under AM 1.5 illumination and we first compare devices made using PbS and PbS/CdS with 0.1 nm shell thickness. The current density-voltage (J-V) characteristic curves in Fig. 4b reveal that although the short-circuit current (JSC) is substantially lower for the PbS/CdS device, VOC exceeds that of the non-shelled PbS device by more than 0.2 V. 
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Figure 4. (a)  Model showing the device architecture of the solar cell used for performance testing. Inset shows the actual sample device. (b) Current density versus voltage performance testing of best performing devices under dark and AM1.5 illumination conditions. Both devices have the same structure, with similar thickness and underwent the same solid state ligand exchange process using EDT. Arrows indicate the voltage points where light generated current equals the dark current and gives an estimate of the built in potential of the device. Refer to Table 1 for a summary of the average performance statistics.

A PbS band-gap change of 0.08 eV from 1.26 eV to 1.34 eV (as would be predicted using the method of Yoon et al.19 , in this work moving from a PbS to a PbS/CdS CQD with 0.1 nm shell thickness) would result in only a 0.044 V change in VOC if it were due only to an increase in band offset. Hence, the greater increase of VOC observed must be due to additional factors. Using dark and illuminated J-V curves to estimate the built-in potential and comparing it with VOC, it is clear that the PbS devices suffer a greater voltage loss than the PbS/CdS devices, as shown in Fig. 4b. Zhao et al.52 have reported a similar improvement in VOC resulting from a post-deposition annealing treatment of a PbS CQD film, which forms a thin layer of oxide on the surface of PbS. We postulate that the thin CdS shell layer effectively passivates surface defects of the PbS core because cation-exchange relies on the replacement of the original host cationic species resulting in the complete bonding of every PbS surface atom. Therefore, deleterious deep traps that promote non-radiative recombination are minimized and this gives a rise in VOC9. To confirm that the improvement in VOC originates from the core/shell passivation strategy, a set of CQD devices fabricated using an aluminum metal Schottky junction instead of ZnO were tested. Results from these show that even without a p-n junction that shell passivation is effective (supplementary information, Fig. S4).

The effect of shell thickness and passivation. To maximize the benefit of shell passivation, in the context of solar cell devices, the shell thickness has to be optimized such that it is sufficiently thick for complete passivation, yet sufficiently thin for charges to be transported dot to dot. Using the same starting core PbS CQD, a series of core/shell CQDs with increasing shell thicknesses were examined using the same procedure. Fig. 5 shows four device performance metrics that demonstrate the effect of shell passivation and . J-V curves versus shell thickness are illustrated in Fig S5.
These experiments show an increase in VOC with increasing shell thickness, with the most substantial change between no shell and a 0.1 nm shell. Ip et al.21 showed that a reduction of surface related trap density increases VOC by exploring the effect of mid-gap trap states using density functional theory simulations. It is most likely, that at 0.1 nm shell thickness, surface passivation is complete, i.e. each PbS core surface atom is fully bonded. Thus, additional layers do not lead to a substantial increase in passivation and the subsequent rise in VOC is small and attributed to the increase in band-gap due to the decrease in PbS core diameter19. 
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Figure 5. (a) Open circuit voltage, (b) Reverse saturation current, (c) Series resistance, (d) Shunt resistance versus thickness of CdS shell layer on PbS/CdS core/shell CQDs. 0 nm shell thickness refers to unshelled PbS CQD and all PbS/CdS CQDs are synthesized from the same batch of PbS. Devices have the structure shown in Fig. 4a. 

To investigate carrier recombination characteristics, we have measured the shunt resistance (Rsh) and the reverse saturation current (J0) of our devices.  J0 is a direct measure of recombination whereas, Rsh measures the amount of photocurrent leakage when the cell is under load, which, in part, is due to recombination of charges. Thus, the better the passivation of defects, the lower the recombination current and hence J0 should decrease while shunt resistance should increase. As expected we have observed a lower J0 and higher Rsh for shell passivation and as the shell thickness increases, J0 and Rsh continue this trend, likely associated with a reduction in overall charge transport, due to the increased quantum confinement imposed by a pure-phase CdS shell and hence reduced delocalization of electronic wavefunctions across neighboring quantum dots37. This is also evident from the rise in series resistance (Rs). 

Passivation of defect states can also lead to a lower carrier concentration as the CQD becomes more intrinsic in nature, thereby reducing conductivity and hence increasing the overall series resistance52. It has also been reported that cation-exchange tends to be less uniform when thicker shells are formed, i.e. shell growth may be preferential at a certain crystal facet, giving rise to a broader excitonic peak29 as observed in Fig. 2, and this could be detrimental to device performance53. Core/shell CQDs with CdS shells less than 0.1 nm were also synthesized and evaluated as possible solar cell devices but gave no distinct improvement to VOC. Therefore, we conclude that 0.1nm CdS shell is the thinnest shell layer that can achieve sufficient surface passivation, which is regarded as optimal and further investigation was carried out using this particular core/shell PbS/CdS size.
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Figure 6. (a) Photoluminescence spectra of CQD films, showing significantly higher photoluminescence intensity of core/shell CQDs and the quenching effects of ligand exchange from OA to EDT. Inset shows the normalized intensity of the curves illustrating the extent of redshift of the photoluminescence peaks. (b) Photoluminescence decay curves of the same samples described in (a). Detection wavelength for each decay curve is based on the peak emission shown in (a). The fitted decay time constants are displayed alongside the graphs and are based on mono-exponential decay for OA samples. For EDT samples, fitting is based on bi-exponential decay and the faster decay time constant is displayed as τ1.  The corresponding τ2 is 7.45 ns and 15.97 ns for PbS and PbS/CdS respectively.

To further understand the nature of passivation provided by a shell material with a larger band gap, we have both steady-state and time-resolved photoluminescence (Figs. 6a and b). Photoluminescence yield in this study is not absolute but can be used comparatively across the sample sets since they are all prepared in a similar fashion with approximately the same thickness of CQD layer following the approach used by Pietryga et al.30 The effect of shell passivation manifests in two ways:
1. Passivation should lead to a reduction in trap states, especially deep traps, which are responsible for non-radiative recombination21. This is directly reflected in radiative recombination by an increase in photoluminescence intensity for the core/shell sample compared to a core-only CQD sample. Furthermore, for both oleic acid (OA) and EDT as ligands, core/shell CQDs display much longer decay lifetimes, typically 3 to 4 times longer than core-only PbS (Fig. 6b and Supplemental Information Fig. S65). A prolonged excitonic lifetime is an indicator that the faster, non-radiative, recombination channels are suppressed. 
2. The addition of a CdS shell enhances the quantum confinement effect (both carriers for type I), therefore buffering the effects of surface chemistry changes. When OA is replaced by EDT, a small bi-functional ligand, which is known to physically link and energetically couple neighboring CQDs, the overlap of their wavefunctions is enhanced, resulting in a relaxation of charge carrier confinement26. This results in a lower energy first excitonic transition, which is observed as a redshift in the exciton peak of the absorption or photoluminescence spectra54,55. However, when PbS CQD is over-coated with a CdS shell, the extent of emission peak redshift is lower, as shown in Fig 6a.
In light of these findings, we could surmise that employing a CdS shell is not only a surface trap passivation strategy, but also buffers the PbS core electronic states from changes in the surface states due to ligand exchange. The benefits of having a passivating CdS shell is illustrated on the band diagrams in Fig. 7a.  The alignment and the subsequent band bending results in electron injection from PbS CQD into ZnO conduction band. Charge carriers might be lost through recombination via traps cause by surface defects, which occurs between the quantum dots as well as across the heterointerface. Therefore, employing core/shell PbS/CdS CQDs may well be an important step forward in addressing the issues with solid state ligand exchanges as mentioned in the introduction, like incomplete passivation or ligand instability, which are thought to be the main source of surface defects in quantum dot solar cells.
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Figure 7. (a) Schematic diagram showing the proposed band alignment of the heterojunction cell and the defect mediationbuffering effect of a CdS shell on the PbS electronic structure after ligand exchange. Defect states promotes non-radiative recombination when charges moves between CQDs or between PbS and ZnO interface. Adding a CdS shell reduces recombination, thus improving VOC.are created based on CdS as the surface material and thus may likely be situated beyond the band-gap of PbS. This is based on a type I core/shell band alignment. (b) Current density versus voltage performance testing of the best PbS/CdS devices formed from different ligand exchange treatments with a PbS device performance shown as reference. Arrows highlight the improvement of hybrid treatment over standalone halide treatment for ligand exchange. Refer to Table.1 for the device performance statistics.

In light of these findings, we could surmise that employing a CdS shell is not only a surface trap passivation strategy, but also buffers the PbS core electronic states from changes in the surface states due to ligand exchange. Th is idea is illustrated in Fig. 7a.  The alignment and the subsequent band bending results in electron injection from PbS CQD into ZnO conduction band. Charge carriers might be lost through recombination via traps cause by surface defects, which occurs between the quantum dots as well as across the heterointerface. Therefore, employing core/shell PbS/CdS CQDs may well be an important step forward in addressing the issues with solid state ligand exchanges as mentioned in the introduction, like incomplete passivation or ligand instability, which are thought to be the main source of surface defects in quantum dot solar cells.
   


Relaxation of the charge transport barrier imposed by the shell layer. Our preliminary results (Fig. 4b) reveal that shell passivation comes at the price of lowering charge transport capacity as shown by the lower overall photocurrent harnessed and the greater series resistance. Charges now have to tunnel through both the shell and the ligand matrix to neighboring CQDs to get to their respective electrodes. EDT, being a bi-functional linker, draws the CQDs closer together and enhances coupling between the quantum dots26. However, even with EDT ligands, our observation from photoluminescence studies imply that energetic coupling amongst core/shell CQDs is less significant compared to their non-shelled counterparts as shown by the minimal redshift of the photoluminescence emission peak. Therefore, to improve charge transport in an array of core/shell CQDs it is necessary to further decrease inter-dot distance or to relax the confinement potential of CdS shell by changing its surface chemistry.
Recently, two new classes of inorganic ligands have been reported to produce CQD films with high carrier mobility, namely metal chalcogenide complexes56,57 and small molecular58,59 or atomic ligands60–62.  Here, we investigate halide atomic ligands since they have recently been shown to increase the efficiency of PbS CQD devices63. The use of these halide ligands requires a cadmium cation and a long chain phosphonic acid molecule conjugation to deliver the halide ligand to the PbS surface. It was noted through absorption studies that a complete cadmium shell is not formed as cadmium binds only to exposed sulfur atoms and the rest of the exposed lead atoms are bonded to the halide atoms. These methods gave record efficiency CQD solar cell devices at the time of publication and results were attributed to effective passivation and increased carrier mobility63. 
Tang et al. have also shown that different halide ligands gave different mobility results with the trend being that mobility increases from chlorine, through bromine to iodine. Interestingly, more recent studies have shown that when halide treatment was performed on PbS without cadmium, PbS with n-type character is produced27. With cadmium incorporation, the formation of donor states seems to be suppressed while carrier mobility is improved, in similar fashion to atomic ligand passivation63. From this we hypothesized that with a cadmium sulfide layer on PbS for our core/shell CQD, there could be a similar effect of improving carrier mobility while minimizing the chances of introducing donor states in the PbS band structure.
To maximize device performance we carried out a halide surface treatment21,63, using cadmium chloride (CdCl2) for chlorine (Cl) source and cetyltrimethylammonium bromide (CTAB) for the bromine (Br) source, on our PbS/CdS (0.1 nm CdS shell) CQD films. The performance of the devices with halide ligand exchange demonstrates an improvement in efficiency. Fig. 7b shows that there is a major improvement in current density for both halides treatment but VOC shows a decrease from the reference EDT-passivated PbS/CdS device. It is evident that the increase of JSC for a CTAB treatment is higher than that for CdCl2 and accordingly the drop in VOC is more significant. The improvement in JSC improvement is consistent with the mobility studies performed by Tang et al. for different halide passivation where Br gives higher mobility than Cl, improving charge transport and leading to overall increase in extracted photocurrent. 
To further improve charge transport, we seek to exploit the linking properties of EDT and to use it in conjunction with halide treatment. Ip et al. have reported that the average spacing between quantum dots is much smaller when organic bi-functional linkers are used as compared to purely inorganic halide ligands21. We also note that despite similar film thicknesses, our halide treated films look optically less dense than EDT treated films. While thiols, such as EDT, provide good surface passivation64,65, together with the passivation provided by the CdS shell, carrier mobility would be hampered. Thus, we propose that optimizing the performance of the CQD film requires a balance of mobility improvement and passivation. Mobility is improved by introducing halide ligands and can be used together with EDT that decreases the separation of the CQDs. 
We carried out our hybrid treatment by reducing the ligand exchange time for halide treatment to only one cycle to avoid total replacement with halide ligands and then used EDT to swap out the remaining oleic acid ligands. Results in Fig. 5a and Table 1 show the improvement when both halide and EDT ligands are used for passivation, with VOC increased compared to a halide-only treatment with a concomitant increase in JSC. 
To investigate the effect of having both EDT and halide species as ligands, we employed photoluminescence studies. PbS films were produced on Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)-coated glass, with and without a ZnO top coat. Photoluminescence  quenching  is a useful measure for determining  whether  charge  separation  is  occurring  at  an  interface66. Steady state spectra of our core/shell CQD films treated with the respective halides (Fig. 8a) reveals no quenching and minimal redshift of the 1st exciton transition peak energy with reference to the EDT-treated sample. However, when a heterojunction is formed with the n-type ZnO, the photoluminescence spectra reveal quenching of photoluminescence peaks for both halide-treated films with greater quenching in the case of Br (Fig. 8b). The heterojunction formation results in band bending, providing an internal electric field to drift the charge carriers thus aiding charge separation. In summary, our observations suggest that: 
(1) There is a slightThe decrease in VOC values obtained for halide-treated devices. We postulate that might be due a change in the surface chemistry of the CdS shell caused by halide ligands. This may lower the confinement effect, lowering the barrier to charge transport. 
(2) CTAB treatment has a greater effect on lowering the confinement barrier compared to CdCl2, as reflected by the greater extent of photoluminescent quenching and larger decrease in VOC.

Further EDX experiments reveals that CdCl2 treatment might have increase the CdS shell thickness slightly by increasing Cd composition, thereby enforcing passivation and minimizing the drop in Voc. (see Fig. S75)
For both Cl+EDT and Br+EDT hybrid treatment, energetic coupling should be more significant compared to EDT treatment alone due to the combined effect of closer inter-dot spacing and reduced quantum confinement brought about by halide ligands. This is indicated by a slight redshift of the photoluminescence peak, using the EDT treated sample peak as the reference, which is observed both with and 




without the ZnO layer (Fig. 8a and 8b respectively). However, photoluminescence quenching was not observed for hybrid treated samples when a ZnO layer was added and instead, a higher photoluminescence yield was recorded. This is also the case for EDT-only treated samples. The passivation brought about by EDT ligands may influence the radiative recombination rate as it was shown to alter the valence band level in lead selenide nanocrystals when forming a heterojunction with ZnO67. However, further studies are needed to fully understand why photoluminescence quenching is not observed.




Figure 8. (a) Photoluminescence spectra of CQD films, prepared with similar thicknesses, after halide or hybrid ligand treatment. (b) Photoluminescence spectra of CQD films prepared in the same way as (a) but with an extra layer of n- type ZnO deposited (as in test device fabrication) (c) Schematic diagram illustrating the competing effect between radiative recombination and electron-hole pair dissociation. Dissociation is aided by a lowering of energy barrier for transport, the reduction of inter-particle spacing and also the band bending effect resulting from a heterojunction formation.


Table 1. Performance data for heterojunction CQD solar cells (ITO/PEDOT:PSS/CQDs/ZnO/Al) under AM 1.5 Spectral illumination (100 mW/cm2). 
	 
	Ligand
	Jsc (mA/cm2)
	Voc  (V)
	FF
	PCE  (%)
	Jo (mA/cm2)
	Rs  (Ωcm2)
	Rsh (Ωcm2)

	PbS 
	EDT
	17.9±3.5
(19.8)
	0.41± 0.09
(0.42)
	0.45± 0.06 
(0.44)
	3.40± 0.22
(3.66)
	(1.2±0.7) 
 10-3
	6.52±0.93
	55.5±14.2

	PbS/CdS
	EDT
	5.9±1.4
(6.2)
	0.65± 0.04
(0.65)
	0.42± 0.06
(0.42)
	1.37± 0.28
(1.69)
	(1.3±0.3) 
 10-5
	23.9±4.3
	324±14

	
	Cl
	11.2±2.3
(11.8)
	0.63± 0.03
(0.61)
	0.33± 0.04
(0.33)
	2.16±  0.14
(2.38)
	(6.3±0.4) 
10-5
	23.6±3.5
	69.9±6.3

	
	Br
	17.4±1.2
(19.4)
	0.54± 0.04
(0.55)
	0.39±  0.02
(0.39)
	3.83± 0.30
(4.16)
	(5.0±0.4) 
10-4
	10.1±2.4
	61.0±4.8

	
	Cl+
EDT
	13.8±1.9
(14.8)
	0.66± 0.03
(0.68)
	0.34± 0.03
(0.34)
	3.12± 0.22
(3.42)
	(9.4±0.5) 
 10-5
	24.9±3.3
	76.2±5.4

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	Br+
EDT
	21.9±2.4
(23.9)
	0.63± 0.04
(0.65)
	0.38± 0.03
(0.39)
	5.61± 0.38
(6.05)
	(2.0±0.4) 
 10-4
	11.8±2.6
	58.1±3.9

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	PbS/CdS CQD is with 0.1 nm CdS shell. Results are averaged with standard deviation across 12 samples on 4 different substrates. The Jsc Voc, FF and PCE of champion devices are quoted in brackets.





In summary, the addition of EDT with halide ligands improves passivation but also improves charge transport, giving rise to both improved VOC and JSC when compared to a bare halide treatment.

CONCLUSIONS AND FUTURE OUTLOOK
The studies reported here have shown that by using PbS/CdS core/shell CQDs, VOC can be enhanced and in conjunction with a combination of passivation strategies, JSC can be held at a level that increases PV device efficiency. A CdS shell layer not only provides effective surface passivation but also buffers the core electronic energies from the surface chemistry. This resulted in improved VOC at the expense of Jsc. To mitigate this we have showed that it is possible to alter the energy barrier imposed by the shell material by the use of halide ligands and that the extent of passivation can be regulated by a synergistic use of both halide and bi-functional EDT ligands. Using this approach, we were able to boost the photocurrent without losing the effect of shell passivation and our best device demonstrated an impressive 6% power conversion efficiency.  The device architecture presented here is comparatively simple and there is substantial capacity for further efficiency improvements with more complex architectures.
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Core/Shell Colloidal Quantum Dot Solar Cells

	A shell material reduces surface defects and also buffers incomplete passivation during ligand exchange. While this results in an improvement of open-circuit voltage, charge transport is impeded. A strategy that combines shell passivation with ligand treatment offers a balance between defect mediation and charge transport, thus improving overall device performance.
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