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Abstract 

Achieving high performance and reliable organic solar cells hinges on the development of 

stable and energetically suitable hole transporting buffer layers in tune with the electrode and 

photoactive materials of the solar cell stack. Here we have identified solution-processed 

copper(I) iodide (CuI) thin films with low-temperature processing conditions as an effective 

hole–transporting layer (HTL) for a wide range of polymer:fullerene bulk heterojunction (BHJ) 

systems. The solar cells using CuI HTL show higher power conversion efficiency (PCE) in 

standard device structure for polymer blends, up to PCE of 8.8%, as compared with poly(3,4-

ethylenedioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS) HTL, for a broad range of 

polymer:fullerene systems. The CuI layer properties and solar cell device behavior are shown 



 

 

to be remarkably robust and insensitive to a wide range of processing conditions of the HTL, 

including processing solvent, annealing temperature (room temperature up to 200°C), and film 

thickness. CuI is also shown to improve the overall lifetime of solar cells in the standard 

architecture as compared to PEDOT:PSS. We further demonstrate promising solar cell 

performance when using CuI as top HTL in an inverted device architecture. The observation of 

uncommon properties, such as photoconductivity of CuI and templating effects on the BHJ 

layer formation, are also discussed. This study points to CuI as being a good candidate to 

replace PEDOT:PSS in solution-processed solar cells thanks to the facile implementation and 

demonstrated robustness of CuI thin films. 

 

1. Introduction 

Organic photovoltaics (OPV) have attracted tremendous attention in recent years 

because of the potential for manufacturing solution-processable, large area devices using 

potentially low cost, non-toxic materials and manufacturing methods which have a reduced 

carbon footprint.[1] Efficient OPV devices require hole and electron transporting and buffer 

layers which prevent recombination of charges at the anode and cathode.[2,3] In the standard 

OPV device architecture, a transparent anode is traditionally coated with poly(3,4-ethylene 

dioxythiophene):(polystyrene sulfonic acid) (PEDOT:PSS), so far the most widely used hole-

transporting layer (HTL) in OPVs.[4] However, the acidic and hygroscopic characteristics of 

PEDOT:PSS can cause indium loss from the indium tin oxide (ITO) transparent anode, 

adversely affecting the device stability.[5,6] Recently a few transition metal oxides (TMOs) have 

been reported as candidate replacements to PEDOT:PSS owing to the energy level 

compatibility with ITO and to the semiconducting nature of the oxides. This includes materials 



 

 

such as nickel oxide (NiOx),
7] molybdenum oxide (MoO3),

[8] tungsten oxide (WO3),
[9] and 

vanadium oxide (V2O5).
[10] 

An important requirement for such TMO materials is their compatibility with solution-

processing to enable large-area and high-thoughput production of OPV devices. While most 

hole transporting oxides are typically vacuum deposited, some of them have been successfully 

shown to be solution processable, including NiOx,
[11] MoO3

[12] and V2O5.
[13] However, research 

is still directed toward identifying low temperature means of producing such oxides, as many of 

them require process temperatures incompatible with roll-to-roll fabrication of OPV devices on 

plastic substrates. The oxide thin film synthesis methods can also be complex when compared 

with PEDOT:PSS thin film deposition and can yield highly variable properties depending upon 

the processing conditions and environments.[14-17]  

In this manuscript, we report a room-temperature solution-processed inorganic 

pseudohalide HTL that is simple-to-process and produces high performance OPV devices over 

a broad range of preparation conditions. Copper(I) iodide (CuI) is inexpensive, abundant, and 

non-toxic. It is stable enough to be successfully vacuum-deposited as HTL,[18,19] yet can be 

easily solution-processed at room temperature.[20,21] CuI was successfully introduced in the past 

into dye-sensitzed solar cells (DSSCs) by Tennakone and coworkers,[22] in which p-type CuI 

was used as hole conducting layer.[21-27] Vacuum-deposited CuI has also been used to template 

the stacking orientation of vacuum-deposited small-molecule thin films such as zinc 

phthalocyanine (ZnPc)[28,29] and copper phthalocyanine (CuPc),[30] as well as polymers such as 

poly(3-hexylthiophene) (P3HT)[31,32] and poly(4-(2-thiophenaniline)) (P42TA) in OPV 

applications.[33] Here, we characterize in detail solution-processed CuI thin films in terms of 

their microstructure, optical and electronic properties. We then successfully apply CuI as HTL 

to get power conversion efficiency (PCE) of up to 4.0% with P3HT:PC60BM, 6.8% with 



 

 

PBDTTPD:PC70BM, 8.0% with PTB7:PC70BM, and 8.8% with PTB7-Th:PC70BM in the 

standard device architecture, exceeding the performance achieved by PEDOT:PSS with the 

same material systems. CuI is also shown to work as top HTL in inverted architecture OPV 

devices. This study highlights the reemergence of pseudohalides, such as CuI and copper(I) 

thiocyanate (CuSCN),[34-36] as an interesting and promissing class of highly transparent 

materials for use in solution-processed emerging electronic and photovoltaic applications. 

 

2. Results and discussion 

2.1 Microstructure and morphology of CuI thin films 

The CuI solution was prepared by dissolving the CuI powder into dipropyl sulfide 

(DPS) or acetonitrile (ACN) and stirring overnight at room temperature. Thin films of CuI were 

deposited onto cleaned ITO substrates via spin coating of the room temperature solution (see 

Methods). Scanning electron micrographs (Figure 1a) on CuI film reveal a grainy structure 

with typical lateral feature size on the order of several hundred nanometers.[21] Atomic force 

micrographs reveal CuI (inset of Figure 1a) to be rougher (∼3.3 nm) than PEDOT:PSS (∼1.1 

nm) (Figure S1a,b). High resolution transmission electron micrographs (HRTEM) (Figure 1b) 

obtained in plan-view mode on CuI films solution-cast on a copper grid reveal clear lattice 

fringes. The fast Fourier transform (FFT) spectral image taken for the selected area indicates 

the presence of d-spacings of 0.35 nm and 0.23 nm which correspond to the (111) and (220) 

crystalline planes of the γ-phase of CuI, respectively, which is also confirmed by grazing 

incidence X-ray diffraction (GIXRD) (Figure 1c) measurements.[37] The plan-view TEM 

images looking through the polycrystalline CuI to the BHJ layer reveal CuI film retains good 

uniformity, coverage and crystalline structure after deposition of active layer (Figure S1c-f). 

The dark-field cross-sectional TEM image (Figures 1d,e) shows the CuI film is sandwiched 



 

 

between the ITO and the BHJ layer and forms an abrupt interface with the latter; the FFT 

analysis shown in the inset of Figure 1e reveals the γ-phase is maintained after device 

fabrication. A x-ray photoelectron spectroscopy (XPS) survey scan of the surface of solution-

processed CuI thin films is shown in (Figure 1f). Analysis of high resolution spectra peaks 

associated with Cu and I is shown in Figure S2 and summarized in Table 1, confirming a 

stoichiometric CuI film prior to BHJ deposition. 

 

2.2 Optical and electronic properties of solution-processed CuI thin films 

In Figure 2a, we plot the optical transmission and absorption spectra of the solution-

processed CuI film (~12 nm) deposited directly on a glass substrate. The transmission of a 

PEDOT:PSS layer (~22 nm) spin-cast on glass is also shown for comparison. The average 

transmittance of the film is about 91% in the wavelength region above 500 nm and slightly 

lower at shorter wavelength, (89% at λ = 420 nm), until the onset of significant absorption at 

∼410 nm and below. While the absorption is higher for CuI than PEDOT:PSS in the ultraviolet, 

CuI is more transparent than PEDOT:PSS in the wavelength region above 600 nm. The 

absorption coefficient is be determined from the transmittance by using the following equation: 

                    
1 1
 ln( )
t T

α =                                                                                                  (1) 

where t is the thin film thickness (~12 nm) and T is the transmittance spectra of the thin films. 

The direct band gap can be extracted by plotting (αhν)2 versus photon energy and extrapolating 

to intersect with the abscissa (Figure S3). The optical band gap was found to be 2.96 eV which 

is lower than what was previously reported (3.1 eV).[38] The work function (WF) of solution-

processed CuI film is determined from ultraviolet photoelectron spectroscopy (UPS) 

measurements to be -4.7 eV (Figure 2b), shallower than the vacuum-deposited film (-5.4 eV), 

but still expected to exhibit hole extraction characteristics. The valence band edge of the 



 

 

solution-processed CuI film was determined to be -4.9 eV, which lies significantly higher than 

for vacuum-deposited CuI (~11 nm, -5.7 eV). The reason for this energetic difference is not 

well understood. However, we have been successful at inducing a significant shift of the 

energetics in vacuum-deposited CuI films by exposing them to chlorobenzene (Figure S4). The 

work function decreases to -5.0 eV and the valence band edge decreases to -5.3 eV. This 

indicates the solvent interactions may be partially responsible for the energetic shift. 

 

2.3 Standard P3HT:PC60BM solar cells with CuI as HTL 

The organic solar cell architecture we have explored herein is the standard configuration 

with HTL at the bottom, as illustrated in Figure 3a. ITO-coated glass substrates were used as 

the transparent anode, CuI or PEDOT:PSS were used as HTL, Ca and Al were vacuum-

evaporated as electron transporting layer and top reflective cathode, respectively. We found 

that the CuI solar cell exhibits higher short circuit current (Jsc) than the PEDOT:PSS device in 

P3HT:PC60BM solar cells in a previous report,[32] but this effect was not explained. We believe 

such effects may stem from testing solar cells without using an aperture in the presence of a 

reasonably conducting buffer layer and as such may be suspect. In the case of CuI, the as-

prepared films did exhibit sufficient conductivity to warrant special precautions. We have also 

observed a significant photo-induced enhancement of the conductivity under light exposure 

(Figure S5a). The conductivity shows a rapid increase within a few seconds under AM 1.5G 

solar irradiation at 100 mW cm-2, while no change is measured in PEDOT:PSS films under 

similar conditions. This effect is not understood, but may be related to the ionic nature of CuI. 

Measurement artefacts can be introduced by the elevated conductivity of the HTL during J-V 

measurements and are suspected in prior CuI-related literature.32 Such artefacts can be 

eliminated by using an aperture during solar cell testing (Figure S5b,c). 



 

 

  In Figure 3b, we plot the J-V characteristics of typical P3HT:PC60BM BHJ solar cells 

fabricated on solution-processed and vacuum-deposited CuI. The device parameters, averaged 

over 5 individual devices, are summarized in Table 2. We have found that the average PCE for 

these devices is 3.95% and 3.85%, respectively, with comparatively lower PCE in the case of 

PEDOT:PSS-based devices (PCE 3.65%). The improved performance compared to 

PEDOT:PSS is mainly due to higher fill factor. The external quantum efficiency (EQE) spectra 

of devices based on solution-processed CuI and PEDOT:PSS are plotted in Figure 3c. They 

reveal nearly identical EQE with a slightly higher intensity in the 500-600 nm range. However, 

the UV-Vis absorption spectra of the P3HT:PC60BM BHJ layer grown on CuI and PEDOT:PSS 

look the same (Figure S6), suggesting better photocurrent extraction in the former case. 

A key feature of the CuI buffer layer is its robustness and resilience. To highlight this 

we investigate the sensitivity of solar cell performance metrics to changes in HTL preparation 

conditions, including thickness (Figure 3d), post-processing temperature (Figure 3e) and 

choice of processing solvent (Figure 3f).[39] The device parameters are summarized in Table 3 

and show very little if any meaningful changes as CuI film thickness was varied from ca. 7 to 

20 nm, was annealed in inert atmosphere to 200 °C  or processed using ACN instead of DPS 

with or without annealing. The only deterioration in device performance is observed when 

annealing CuI to 250 °C, resulting in a PCE of 2.96%. Otherwise, all devices exhibited 

comparable Jsc, Voc, FF and PCE. The performance of CuI-based DSSCs has been previously 

shown to be strongly affected by solution-processing conditions of CuI, which causes the 

contact between TiO2 and CuI crystallites to be degraded.[20,21] In contrast to these observations 

in the context of DSSCs, our results highlight the remarkable reliability and robustness of 

solution-processed CuI HTLs in response to changes in thickness and processing conditions, 



 

 

making it a potentially attractive material for manufacturing of organic and other emerging 

photovoltaic devices. 

The lower band gap of CuI as compared with PEDOT:PSS means that CuI can block 

part of the ultraviolet radiation responsible for the degradation of OPV devices. This effect is 

well-known in the context of inverted solar cell devices, where the use of a ZnO ETL on ITO 

blocks UV radiation from reaching the photoactive layer of OPV devices.[40] In standard 

devices, use of lower bandgap oxide-based HTL, such as MoOx, has also shown a similar 

advantage over PEDOT:PSS.[12,41] We have made a simple comparison of the lifetime of non-

encapsulated P3HT:PC60BM solar cells based on PEDOT:PSS and CuI HTLs after being kept 

in N2 environment. Device parameters including Voc, Jsc, FF and PCE are monitored over a 90 

days period and are summarized in Figure S7. The results indicate a comparatively slower 

decline of device performance in case of CuI versus PEDOT:PSS HTL. The Voc and FF remain 

remarkably stable in both cases, but it is the Jsc that suffers the most, with CuI-based devices 

maintaining their original photocurrent much longer than the PEDOT:PSS-based device. After 

90 days, the CuI-based device still shows a PCE > 1% whereas the PEDOT:PSS device shows 

no photovoltaic response. The comparison suggests the CuI HTL provides more Jsc satiability 

than does PEDOT:PSS in the standard OPV architecture. 

 

2.4 Highly efficient polymer:fullerene solar cells based on CuI as HTL 

Based on the success of CuI as HTL in P3HT:PC60BM solar cell, it is expected that it 

may work well for more modern and high performing polymer:fullerene blends, a topic not yet 

investigated for this material. It is helpful to show the energy levels of the various materials 

potentially involved in making such solar cells in the standard architecture. We have plotted in 

Figure 4a the energy levels for a standard OPV device architecture schematically represented 



 

 

in Figure 3a. The various active layer material combinations tested, including the donor 

polymers PBDTTPD, PTB7 and PTB7-Th (also known as PCE-10) as well as the fullerene 

derivative PC70BM are identified in Figure 4b.  In Figures 5, we plot the J-V characteristics of 

OPV devices based on PBDTTPD:PC70BM, PTB7:PC70BM and PTB7-Th:PC70BM, 

respectively, comparing solution-processed CuI and PEDOT:PSS as HTL. It is evident in both 

cases shown that the solution-processed CuI HTL outperforms PEDOT;PSS. Specifically, best 

performing CuI-based devices using PTB7:PC70BM and PTB7-Th:PC70BM yield PCE of 8.0% 

and 8.8%, respectively, substantially better than the best PEDOT:PSS-based cells, which were 

7.5% and 8.4%, respectively. These results continue to support our previous assertions about 

the excellent quality of CuI as HTL in organic solar cells. While the EQE of P3HT:PC60BM 

devices showed an advantage for CuI-based devices between 500 and 600 nm, the EQE spectra 

of PTB7:PC70BM and PTB7-Th:PC70BM devices, shown in Figures 5d,f, respectively, reveal 

higher EQE in the lower wavelength region between 420 nm and 550 nm, where CuI is more 

absorbing than PEDOT:PSS. The absorption spectra of these blends shown in Figures S8 

reveal a higher absorption intensity in the short wavelength between 420 nm and 550 nm for 

both PTB7:PC70BM and PTB7-Th:PC70BM, indicating that higher light absorption by the BHJ 

layer might be the origin of the EQE differences. We speculate here that the CuI’s 

demonstrated ability to impact molecular packing and orientation, especially at the CuI-BHJ 

interface may be operant in these solar cells. We investigate this possibility for the 

P3HT:PC60BM BHJ layer system in the next section. 

As CuI can be solution-processed from DPS and ACN, there is an opportunity to 

fabricate inverted organic solar cells with CuI on top of the BHJ layer as top HTL. We have 

fabricated inverted solar cells with the following device configuration: 

glass/ITO/ZnO/PTB7:PC70BM/CuI/Ag, as shown in Figure 6. The ZnO layer was prepared 



 

 

based on a sol-gel process previously demonstrated.[42] CuI HTL was simply prepared by spin-

coating the dipropyl sulfide solution with a concentration of 100 mg/mL and diluted by 

isopropanol solvent (~20-50 times) without further thermal annealing or any other post-

deposition treatment. The isopropanol solvent was added in order to improve the wetting on the 

BHJ surface. The device shows a promising performance for a first try, with Jsc of 13.7 

mA/cm2, Voc of 0.67 V, FF of 54.8% and PCE of 5.1%. Nevertheless, the inverted solar cells 

exhibit lower efficiency than inverted solar cells made using the same ZnO ETL and MoOx as 

HTL, which we had shown yields PCE = 6.5%.[35] We believe that further optimization of the 

CuI film processing should yield future improvements, making CuI an interesting HTL for both 

standard and inverted architecture OPV devices. 

 

2.5 Discussion of the templating effect of CuI on the solution-processed BHJ layer 

In light of the previously reported ability of vacuum-deposited CuI to modulate and 

template the molecular conformation and crystalline texture of semicrystalline polymers P3HT 

and P42TA[31,33] as well as small-molecule organic semiconductors ZnPc and CuPc,[28-30] we 

investigate in this section whether CuI can influence the molecular orientation and phase 

separation of the solution-processed bulk heterojunction layers presented herein by focusing 

mainly on changes to the structural and optical properties of the semi-crystalline P3HT phase in 

P3HT:PCBM blends. As a first control experiment, we have vacuum-deposited ZnPc thin films 

on top of the solution-processed PEDOT:PSS and CuI interlayers and confirm through XRD 

measurements (Figure S9a) that ZnPc takes an edge-on orientation ZnPc on PEDOT:PSS, but 

not on solution-processed CuI, in agreement with previous studies showing a more face-on 

packing character on CuI.[28,29] This indicates that solution-processed CuI retains the same 

ability to template self-assembly of small molecule organic semiconductors as do the vacuum-



 

 

deposited CuI films. In case of polymer blends, however we do not expect a significant effect 

of the templating layer for two main reasons: (1) unlike vacuum deposition, which is initiated at 

the surface of the substrate, BHJ formation is unlikely to be initiated at the solid-liquid 

interface and is known to occur with sub-second kinetics,[43] (2) polymer building blocks are 

much less mobile and ordered than small-molecules and are unlikely to comply with the 

substrate for an extended length or thickness. Grazing incidence wide-angle X-ray diffraction 

(GIWAXS) experiments performed on P3HT:PCBM blends spin-cast on ITO, 

ITO/PEDOT:PSS and ITO/CuI reveal a reduced intensity and more mosaicity of the out-of-

plane (100) lamellar Bragg sheet as compared to films spin-cast on PEDOT:PSS (Figures 

S9b,c and inset of S9c). We have further investigated the anisotropy of chain-packing of P3HT 

within the BHJ by performing variable angle spectroscopic ellipsometry (VASE) 

measurements.[43] In the spectral region associated to π–π* interactions, the model fit, based on 

a uniaxial anisotropic assumption, reveals reduced ordinary extinction (ko, in-plane electric 

field vector) and increasing extraordinary extinction (ke, out-of-plane) (Figure S8d) when CuI 

is used instead of PEDOT:PSS, indicating more face-on π–stacking interactions in the presence 

of CuI. This is consistent with a more face-on arrangement of P3HT domains observed on 

vacuum-deposited CuI, as reported by Shao et al.[31] Despite the differences in packing, the 

performance boost is quite small, perhaps reinforcing the fact that polymer conformation with a 

BHJ layer is not as critical as in the case of vacuum-deposited small-molecule OPV systems; 

the role of the HTL is certainly more dramatic in the latter, where molecules adsorb and self-

assemble from the CuI substrate over a period of minutes, whereas the bulk heterojunction 

forms from a solution of entangled high Mw polymer chains on the subsecond to second 

timescale.[44,45] The apparent effect of CuI on the molecular orientation in P3HT domains raises 

the possibility as well of its effect on the vertical phase separation of the blend components. 



 

 

From the cross-sectional EFTEM analysis on P3HT:PC60BM blends deposited on solution-

processed CuI and on PEDOT:PSS (Figure S9), a different vertical phase separation of the 

components, wherein PC60BM seems to be more uniformly distributed and possibly present 

more in the middle of the blend film on PEDOT:PSS and has a tendency to accumulate near the 

substrate when CuI is used. The CuI-induced vertical phase separation implies a unique 

interaction between donor:acceptor components and CuI film, which might partially be due to 

much lower surface energy of hydrophobic CuI (26 mJ/m2) as compared with hydrophilic 

PEDOT:PSS (73 mJ/m2) HTL.[46,47] The apparent reduction of lamellar texture should therefore 

not necessarily be interpreted as resulting from a preferred face-on orientation of P3HT on CuI, 

but perhaps more due to the fact that P3HT crystalline domains are predominantly in the bulk 

and near the surface of the BHJ, and are therefore more randomly oriented than if they were to 

grow on the flat surface of the substrate. More detailed investigations and further exploration 

are needed to unravel the possible templating effects that can be used to control molecular 

orientation within solution-processed BHJ layers. It is clear from this study that CuI leads to 

noticeable improvements in the performance of OPV devices, but this benefit is not easy to link 

to changes in the molecular orientation or phase separation. 

    

3. Conclusions 

We have demonstrated the general utility and effectiveness of a low-temperature 

solution-processed CuI film as hole transporting layer in highly efficient polymer:fullerene 

BHJ solar cells. The standard architecture solar cells with CuI HTL show enhanced PCE across 

the board when used as a replacement to PEDOT:PSS for P3HT:PC60BM, PBDTTPD: PC70BM, 

PTB7:PC70BM and PTB7-Th:PC70BM systems, with PCE as high as 4.0%, 6.8%, 8.0% and 

8.8%, respectively, in the standard OPV architecture. The CuI HTL was found to be very 



 

 

versatile and robust to improve the stability of standard architecture devices as compared with 

PEDOT:PSS-based cells. We also show evidence to suggest that CuI can alter the overall 

molecular orientation and vertical phase separation within P3HT:PC60BM BHJ layer. Overall, 

CuI is a non-toxic, cost effective competitor, very easy to process even at room temperature 

and robust and reproducible over a broad range of processing and post-processing conditions, 

making it a suitable candidate for development of higher performance organic solar cells. 
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Materials and Methods: 

Solution preparation and thin film processing: The solution preparation was conducted under 

inert atmosphere inside a nitrogen glove box. CuI solutions were prepared by dissolving CuI 

powder (>99.5%, Sigma-Aldrich) into solvents dipropyl sulfide (97%, Sigma-Aldrich) or 

acetonitrile (anhydrous, 99.8%, Sigma-Aldrich) with a concentration of 15 mg/mL. As-

prepared solutions were then stirred overnight at room temperature before use. Materials P3HT 

(445703, Sigma-Aldrich, Mw = 68 kDa), PC60BM/PC70BM (American dye source), PTB7 (1-

material), and PTB7-Th (1-material) were used as received. PBDTTPD was synthesized as 

reported in ref.40. The P3HT:PC60BM (1:1, wt/wt) solution was prepared in oDCB (anhydrous, 



 

 

99%, Sigma-Aldrich) with total concentration of 50 mg/mL followed by stirring overnight at 

60°C. The PTB7:PC70BM (2:3, wt/wt) solution was prepared in chlorobenzene (containing 3% 

(v/v) of 1,8-diiodooctane (DIO) additive) with total concentration of 25 mg/mL followed by 

stirring overnight at 60 °C. The PTB7-Th:PC70BM (2:3, wt/wt) solution was prepared in 

chlorobenzene (3% v/v DIO as additive) with total concentration of 25 mg/mL followed by 

stirring overnight at 60 °C. The PBDTTPD: PC70BM (2:3 wt/wt) solution was prepared in 

chlorobenzene (5% (v/v) 1-chloronaphtalene (CN) as additive) with a concentration of 20 

mg/mL followed by stirring overnight at 115°C. ITO/glass (15 Ω sq-1, ITO thickness 140 nm) 

substrates were cleaned through sequential sonication in sodium dodecyl sulfate (SDS) solution, 

deionized water, acetone and isopropanol for 15 min each. Substrate cleaning was completed 

through exposure to oxygen plasma for 10 min. The cleaned ITO/glass substrates were 

immediately spin coated with PEDOT:PSS (Clevious, AI4083) at 4000 rpm for 30 sec in 

ambient atmosphere or moved to the nitrogen glove box and spin coated with CuI with 

spinning speed ranging from 500 rpm to 5000 rpm to get film thickness ranging between 20 nm 

down to 7 nm. The as-cast PEDOT:PSS films were then baked at 140 °C for 10 min in ambient 

atmosphere to dry water. The as-cast CuI films can be dried at ambient temperature to yield 

good solar cells, but were baked at 60 °C for 2 min to dry the solvent faster. The 

P3HT:PC60BM solutions were spin-coated onto the HTLs with a speed of 900 rpm for 45 sec 

followed by keeping films in covered petri dish overnight. The films were annealed at 130 °C 

for 10 min prior to placing into the vacuum evaporator for device fabrication. The 

PTB7:PC70BM solution and PTB7-Th:PC70BM solution were spin-coated onto the HTLs with a 

speed of 1000 rpm for 50 sec. The PBDTTPD: PC70BM solution (90 °C) was spin-coated with 

thickness of of 100 to 120 nm. Device fabrication was completed by placing the samples in a 

high vacuum metal evaporator in the N2-filled glove-box and by depositing electrodes of Ca 



 

 

(10 nm) / Al (80 nm) for P3HT:PC60BM devices and Ca (15 nm) / Al (80 nm) for other 

polymer based devices. The active area of the devices was defined as 0.1 cm2 by using aperture. 

The current density–voltage characteristics of the photovoltaic cells were measured using a 

Keithley 2400 under a simulated AM 1.5G solar irradiation at 100 mW cm-2. The external 

quantum efficiency (EQE) was recorded by Oriel Quantum Efficiency Measurement Kit 

(Newport). 

  X-ray and ultraviolet photoelectron spectroscopies (XPS/UPS): The XPS measurements were 

performed in ultrahigh vacuum chamber (Omicron NanoTechnology, Taunusstein, Germany) 

equipped with a monochromatic Al source (1486.7 eV) and a hemispherical energy analyzer 

EIS-Sphera (Omicron NanoTechnology, Taunusstein, Germany). The He (I) UV source 

operating at 21.22eV was a HIS 13 capillary discharge lamp. Pass energies of 20 eV and 3 eV 

were applied during the XPS and UPS measurements, respectively. A base pressure of about 

~10-10 mbar was maintained throughout all experiments. Vacuum-deposition of CuI was 

conducted in a high vacuum metal evaporator in the nitrogen glove box. A film thickness of 

about 11 nm was chosen to minimize charging during UPS measurements. Both solution-

processed and vacuum-deposited CuI films were transferred from the nitrogen glove box to the 

UHV chamber without exposure to air using a specially designed vacuum suitcase equipped 

with a turbomolecular pump.  

  Electron microscopy: A transmission electron microscope operating at 300 kV (Titan Cryo 

Twin, FEI Company, Hillsboro, OR) was used to acquire cross-sectional micrographs using a 

4k x 4k charged couple device (CCD) camera model US4000 and an energy filter model GIF 

Tridiem from Gatan, Inc. (Gatan Inc., Pleasanton, CA). The GIF was utilized in energy-filtered 

TEM (EF-TEM) mode to image the Carbon and Sulfur distribution in the sample. The Carbon 

edge located at 284 eV and Sulfur edge at 165 eV were selected to generate the EF-TEM maps 



 

 

using a 3-window method. Samples were prepared on a Helios 400s focused ion beam (FIB; 

FEI Company), foils were lifted out in situ using an Omniprobe nanomanipulator 

(AutoProbe300). Electron beam assisted carbon and platinum deposition was performed on the 

sample surface to protect the thin film surface against the ion beam bombardment during ion 

beam milling. Ga ion beam (30 kV, 9 nA) was first used to cut the sample from the bulk (30 kV, 

9 nA), after which it was attached to a Cu grid using a lift-out method. The sample was 

subsequently thinned down to ca. 50 nm thickness (30 kV, 93 pA) and cleaned (2 kV, 28 pA) to 

get rid of areas of the sample damaged during the thinning process. Samples for plan-view were 

prepared by floating the thin film in water and picking it up using a 400 mesh copper grid. 

  Grazing incidence wide angle X-ray scattering (GIWAXS) measurements were performed at 

D-line at the Cornell High Energy Synchrotron Source (CHESS). The wavelength of the X-rays 

was 1.157 Å with a bandwidth ∆λ/λ of 1.5%. The scattering signal was collected by an area 

CCD detector detector with a pixel size of 46.9 µm by 46.9 µm placed at 91 mm away from the 

sample position. The incident angle of the X-ray beam was at 0.15 degree and the integration 

time was 1s.    

  X-ray diffraction (XRD) measurements were carried out in a θ-2θ configuration with a 

scanning interval of 2θ between 20° and 60° on a Bruker D8 Discover (X-ray Source: Cu Kα; λ 

= 1.54 Å). 

  Optical metrology: UV-Visible transmission and absorption spectra were acquired on a Cary 

5000 (Varian) instrument. Variable Angle Spectroscopic Ellipsometry (VASE) was performed 

using a M-2000XI rotating compensator (J. A. Woollam Co., Inc) to determine the thickness 

and the optical properties. The substrates used for VASE measurements were Si(100) with a 

300 nm thermal oxide. VASE spectra ranging from 210 nm to 1689 nm were recorded at 8 

different angles of incidence with respect to the substrate normal from 45° to 79°, with 5° 



 

 

increment. For the purpose of model fitting, the CuI HTL was first regarded as isotropic 

material with refractive index modeled using a Cauchy dispersion over the transparent range 

from 500 to 1689 nm. Upon determining the CuI film thickness in the transparent range, a 

Kramers-Kronig consistent spline method was used to determine n and k below 500 nm. For 

the PEDOT:PSS HTL case, the film was regarded isotropic material with optical modelled by 

using the Tauc-Lorenz oscillator model to generate thickness as well as n and k. A two-layer 

model, the bottom layer HTLs with obtained thickness and optical functions as well as the top 

unknown active layers, was established for extracting the optical functions and thickness of the 

active layers. The optical properties of the active layers were modelled assuming a Cauchy 

dispersion relation and uniaxial anisotropy above the bandgap of the donor. Using the same 

method as described for CuI optical fitting, the in-plane and out-of-plane optical properties of 

the P3HT:PCBM blend were deduced. All data analysis was performed using the EASETM and 

WVASE32 software packages (J. A. Woollam Co., Inc). 

  Resistance of fresh prepared CuI and PEDOT:PSS film were measured by using the LOM-

510A Micro-Ohmmeter in N2 filled glove-box. 

  Atomic force microscopy: The surface topography of the samples was analyzed by atomic 

force microscopy in tapping mode using an Agilent 5400 SPM. 

 

 

 

 

 

 



 

 

Figures and captions 

 

Figure 1. (a) SEM image of a solution-processed CuI film on ITO, inset showing atomic force 

micrographs of CuI film. (b) plan-view bright-field high resolution TEM (HRTEM) on CuI 

film deposited on a TEM copper grid. (c) X-ray diffraction (XRD) spectrum of the solution-

processed CuI film (~12 nm) showing (111) and (222) crystalline planes in γ-phase. (d,e) cross-

sectional TEM of a CuI film sandwiched between ITO and the organic photoactive layer in an 

actual device shown on the left. (f) X-ray photoelectron spectroscopy (XPS) of the solution-

processed CuI film (~12 nm). The spectrum shows that the film mainly contains copper and 

iodine. 
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Table 1. The detailed parameters of X-ray photoelectron spectroscopy of solution-processed 

CuI film (~12 nm). Concentration ratio of copper and iodine elements is 1:1, suggesting no 

elemental loss. 

Elements Peak used for 

quantification 

Peak Position 

[eV] 

R.S.F. Area 

[a.u.] 

Conc. 

[at.%] 

Iodine I3d 619.45   33.6  24.6   49.5 

Copper Cu3p 932.35   25.4  19.0   50.5 
 

 

Figure 2. (a) Optical transmission spectra of a CuI film (~12 nm) and PEDOT:PSS (~22 nm) 

on bare glass and the UV-visible absorption spectrum of the CuI film. (b) Ultraviolet 

photoelectron spectroscopy (UPS) showing valence band onset at 0.28 eV (Ec: -4.9 eV) and 

Secondary eletrons cut-off at 16.56 eV (WF: -4.7 eV) for the solution-procesed CuI film (~12 

nm). 
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Table 2. Photovoltaic parameters under AM1.5G solar spectrum with light intensity of 100 

mW/cm2 for P3HT:PC60BM organic solar cells. The device structure is ITO/HTL/BHJ/Ca/Al, 

where HTL is either PEDOT:PSS or CuI. CuI[a] and CuI[b] refer to the solution-processed (~12 

nm) and vacuum-deposited CuI film (~11 nm), respectively. The results are expressed in terms 

of the average and standard deviation from ~5 devices. 

HTL Jsc 

[mA/cm
2
] 

Voc 

[V] 

FF 

[%] 

PCE (PCEmax) 

[%] 

PEDOT:PSS 9.28 ± 0.11       0.61 ± 0.01       64.8 ± 0.21       3.65 ± 0.04 (3.7)        
CuI

[a]
 9.42 ± 0.07       0.59 ± 0.01       70.9 ± 0.12       3.94 ± 0.03 (4.0)       

CuI
[b]

 9.06 ± 0.07      0.59 ± 0.01      72.4 ± 0.08      3.85 ± 0.02 (3.9)     
 

 

Figure 3. (a) Standard configuration of polymer:fullerene devices with CuI HTL at the bottom. 

(b) J–V plots under the illumination of AM 1.5 G, 100 mW/cm2, and (c) EQE spectra for the 

P3HT:PC60BM solar cells with PEDOT:PSS or CuI as HTL. CuI[a] and CuI[b] refer to the 

solution-processed (~12 nm) and vacuum-deposited (~11 nm) CuI films, respectively. (d-f) J–V 

plots of CuI based P3HT:PC60BM devices showing the effect of CuI thickness, post-processing 
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temperature of CuI and choice of solvent of CuI solution (acetonitrile) on the performance of 

P3HT:PC60BM solar cells, respectively. 

 

Table 3. Effect of CuI thickness, post-processing temperature of CuI and choice of solvent of 

CuI solution (acetonitrile) on the performance of P3HT:PC60BM solar cells. [i]: note that the 

maximum thickness of 19.2 nm is obtained by spin-coating from a saturated solution with low 

speed (600 rpm) for 60 sec. 

Solvent Temperature 

[ºC] 

Thickness 

[nm] 

Jsc 

[mA/cm
2
] 

Voc  

[V] 

FF  

[%] 

PCE   

[%] 

DPS 25 19.2[i] 9.29 ± 0.05 0.60 ± 0.02 69.9 ± 0.30 3.90 ± 0.00 
DPS 25 11.6 9.42 ± 0.07 0.59 ± 0.01 70.9 ± 0.12 3.94 ± 0.03 
DPS 25 10.1 9.00 ± 0.20 0.58 ± 0.01 70.1 ± 0.30 3.70 ± 0.08 
DPS 25 9.3 9.16 ± 0.20 0.57 ± 0.01 70.1 ± 0.45 3.70 ± 0.09 
DPS 25 7.0 9.55 ± 0.01 0.57 ± 0.01 70.4 ± 1.04 3.85 ± 0.04 
DPS 60 11.6 8.84 ± 0.11 0.58 ± 0.02 71.2 ± 0.09 3.65 ± 0.15 
DPS 100 11.6 8.91 ± 0.05 0.60 ± 0.01 71.0 ± 0.18 3.75 ± 0.18 
DPS 150 11.6 9.21 ± 0.20 0.58 ± 0.01 70.3 ± 0.20 3.80 ± 0.10 
DPS 200 11.6 9.92 ± 0.02 0.60 ± 0.01 65.4 ± 0.22 3.95 ± 0.09 
DPS 250 11.6 8.93 ± 0.24 0.50 ± 0.01 65.9 ± 0.17 2.96 ± 0.04 
ACN 25 12.1 8.81 ± 0.12 0.60 ± 0.01 68.7 ± 0.26 3.65 ± 0.13 
ACN 100 12.1 9.23 ± 0.11 0.59 ± 0.01 69.6 ± 0.14 3.80 ± 0.19 
ACN 100 8.5 9.38 ± 0.10 0.59 ± 0.02 68.7 ± 0.22 3.78 ± 0.14 

 

 

 

 

 

 



 

 

 

Figure 4. (a) Energy level diagrams of the complete device, where CuI[a] and CuI[b] refer to 

solution-processed (~12 nm) and vacuum-deposited (~11 nm) CuI films, respectively. Valence 

band edges of CuI[a] and CuI[b] were measured by UPS and the conduction band edge was 

estimated from the estimated direct optical band gap (2.96 eV). (b) Molecular structures of 

different highly efficient donor:acceptor systems, PTB7, PBDTTPD, PTB7-Th, and PC70BM. 
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Figure 5. (a,c,e) J–V plots under the illumination of AM 1.5 G with light intensity of 100 

mW/cm2 and (b,d,f) EQE spectra for the PTB7:PC70BM, PTB7-Th:PC70BM devices with 

PEDOT:PSS and CuI as HTL.  
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Table 4. Photovoltaic parameters under AM 1.5G solar spectrum with light intensity of 100 

mW/cm2 for PBDTTPT:PC70BM, PTB7:PC70BM and PTB7-Th:PC70BM solar cells. The 

device structure is ITO/HTL/donor:acceptor/Ca/Al, where HTL is either PEDOT:PSS or CuI, 

both solution processed. The results are expressed in terms of the average and standard 

deviation calculated from ~5 devices. 

Donor HTL Jsc  

[mA/cm
2
] 

Voc  

[V] 

FF 

[%] 

PCE (PCEmax) 

[%] 

PBDTTPT PEDOT 12.61 ± 0.32 0.77 ± 0.08 62.7 ± 0.18 6.00 ± 0.12 (6.2) 
PBDTTPT CuI 12.87 ± 0.26 0.82 ± 0.05 63.4 ± 0.32 6.32 ± 0.30 (6.8) 
PTB7                       PEDOT           15.72 ± 0.16 0.70 ± 0.01 68.0 ± 0.26 7.31 ± 0.17 (7.5) 
PTB7 CuI               15.85 ± 0.29 0.71 ± 0.01 66.2 ± 0.18 7.70 ± 0.25 (8.0) 
PTB7-Th PEDOT                16.27 ± 0.25 0.78 ± 0.01 65.2 ± 0.92 8.14 ± 0.20 (8.4) 
PTB7-Th CuI             17.08 ± 0.42 0.79 ± 0.01 63.9 ± 1.00 8.33 ± 0.34 (8.8) 

 

 

 

Figure 6. Configuration of an inverted device (left) and J–V plots (right) of PTB7:PC70BM 

inverted solar cell based on low temperature solution-processed ZnO and room temperature 

solution-processed CuI as bottom ETL and top HTL, respectively. 
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Solution-processed copper(I) 
iodide (CuI) is demonstrated to 
be an effective hole 
transporting layer (HTL) for 
several polymer:fullerene bulk 
heterojunction (BHJ) systems, 
leading to demonstration of 
efficiency up to 8.8% in the 
standard device configuration 
and in many cases surpassing 
the performance of devices 
based on PEDOT:PSS as HTL. 
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• Copper iodide (CuI) is demonstrated as an effective hole transporting layer (HTL) and 

replacement for PEDOT:PSS. 

• CuI-based solar cells achieve higher open circuit voltage and yield highly efficient (>8%) 

polymer:fullerene solar cells. 

• CuI can be solution processed at room temperature and is shown to yield efficient solar cells 

on plastic substrates. 

• Extremely robust and reliable in terms of processing temperature, solvent and thickness, 

yielding consistently good solar cells. 

 

 




