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Molecular-Ink Route to 13.0% Efficient Low-Bandgap CuIn(S,Se)2 
and 14.7% Efficient Cu(In,Ga)(S,Se)2 Solar Cells†  

A. R. Uhl,*a J. K. Kataharaa and H. W. Hillhouse*a 

A stable dimethyl sulfoxide (DMSO)-based ink containing a copper-

thiourea-chloride complex and an indium-DMSO-chloride complex 

leads to 13.0% efficient CuIn(S,Se)2 (CIS) solar cells, which is a 

record for solution processed CIS. The formation of these 

complexes was found critical to control oxidation states and loss of 

metals during processing and to tailor the final composition of the 

absorber.            

Photovoltaic devices are experiencing dramatic worldwide 

growth in installed capacity due to the increasingly favorable 

economics, the growing global energy demand, and rising 

concerns about climate change from greenhouse gas 

emissions.1 To date, polycrystalline Si solar cells are the market-

leading technology, but thin film solar cells have caught up in 

performance.1,2 One of the most promising thin film 

technologies that has achieved conversion efficiencies up to 

21.7% is based on Cu(In,Ga)(S,Se)2 absorber layers.3 The direct 

bandgap and high absorption coefficient enables complete light 

absorption within several microns only. By changing Ga/In and 

S/Se ratios, the bandgap can be tuned from 1.0 to 2.4 eV.4 

However, device efficiency for the lowest bandgap (~1.0 eV) still 

lags behind at 15.4%.5 These low bandgap variants are 

important for the development of tandem architectures with 

hybrid perovskite top cells since a 1.0 eV bandgap bottom cell is 

well current-matched with the bandgap of some of the best 

performing hybrid perovskites.6,7 Currently, the highest 

efficiency Cu(In,Ga)(S,Se)2 devices are made by vacuum 

evaporation, regardless of bandgap,2,3,5 but companies have 

struggled to translate the efficiencies from lab-scale cells to the 

module level.8 Non-vacuum solution-based printing techniques 

that exhibit inherent high material utilization, low capital 

expenditure (CAPEX), and high manufacturing throughput are 

an attractive alternative to vacuum deposition. However, cost 

advantages can only be realized if benign processing reagents 

are used and comparable efficiency values are achieved. Here, 

we report a solution processing route to CuIn(S,Se)2 (CIS) and 

Cu(In,Ga)(S,Se)2 (CIGS) that utilizes a benign molecular-ink that 

can be printed and is adaptable to roll-to-roll processing. The 

gallium-free CIS devices we report are a new World-record for 

solution processed photovoltaics with a bandgap of ~1.0 eV 

(efficiency of 13.0%).         

  The direct deposition of molecular solutions – in contrast to 

nanoparticle dispersions – is particularly favorable, as it can use 

off-the-shelf chemicals, omits the need for nanoparticle 

Broader Context  

Solar cells based on Cu(In,Ga)(S,Se)2 absorber layers have 

achieved the highest conversion efficiency amongst several thin 

film solar technologies but have so far struggled to translate 

their high performance into cost advantages on a module level. 

The use of printing processes has the potential to close that gap, 

provided high efficiency levels can be maintained and benign 

reagents for the material synthesis are employed. Additionally, 

low bandgap absorbers such as CuInSe2 are a highly attractive 

material for bottom cells in tandem devices, as their bandgap is 

an excellent match to some of the best performing hybrid 

perovskites. Here we present an ink composed of molecular 

complexes formed from metal chlorides, thiourea, and dimethyl 

sulfoxide and a fabrication route for low-bandgap CuIn(S,Se)2 

absorbers whose device efficiency exceeds the performance of 

all previous non-vacuum methods and approaches device 

parameters of conventional cells formed by vacuum co-

evaporation. The formation of complexes was found critical to 

control oxidation states and loss of metals during processing and 

tailor the composition of the absorber. These findings may pave 

the way for all-printed tandem solar modules and dramatically 

reduced cost of solar electricity. 
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synthesis and stabilization, and ensures intermixing of 

precursors on a molecular level. Several solution approaches 

have been developed, but challenges such as low device 

efficiency, carbon contamination, and the necessity to use toxic 

and explosive reagents could not be addressed simultaneously.9 

The use of alcohol-based solvents and organic binder materials 

was seen to leave carbon-rich residual layers10,11 while other 

non-vacuum routes necessitate highly reactive gases (i.e. H2, 

H2S, or H2Se) to reduce precursor layers12-14 or toxic KCN etching 

to remove binary selenides.15 Notable efficiencies of 10.5% and 

11.0% were presented by Hossain et al. and Berner et al. for 

Cu(In,Ga)(S,Se)2 and Cu(In,Ga)Se2 absorbers from a water spray-

coating process and doctor-bladed metal carboxylates, 

respectively.16,17 McLeod et al. recently presented a sulfide 

nanoparticle based route with up to 15.0% efficient 

Cu(In,Ga)(S,Se)2 devices but further improvements could be 

hindered by carbonaceous impurities stemming from organic 

solvents or ligands.18 The highest efficiency from a pure solution 

process to date uses the carbon-free solvent hydrazine to 

achieve up to 15.2% efficient Cu(In,Ga)(S,Se)2 devices,19 but the 

toxic and explosive nature of the solvent may not be suitable for 

industrial implementation. Gallium-free absorbers from the 

same process have yielded up to 12.2% efficient devices with 

only slightly reduced bandgap from 1.16 to 1.15 eV, and 10.6% 

with a bandgap of 1.08 eV (12.7% and 10.6% using quantum 

efficiency data).20 However, low bandgap absorber materials 

such as CuInSe2 or low-sulfur CuIn(S,Se)2 are particularly 

important since they are excellent candidates for the bottom 

portion of tandem solar cells, e.g. in combination with a hybrid 

perovskite top cell.21   

  In this work, we present a novel solution deposition route 

that omits the use of highly toxic and explosive reagents by 

using inexpensive and commercially available metal chlorides, 

thiourea (TU), and dimethyl sulfoxide (DMSO) solvent. A clear 

precursor solution (Figure 1a) is formed in which copper and 

indium ions are stabilized in the oxidation state +I and +III, 

which obviates the need for redox reactions before forming the 

I-III-VI2 absorber phase. Single crystal and powder X-ray 

diffraction (XRD) of precipitated crystals from the ink show 

crystalline Cu(TU)3Cl and In(DMSO)3Cl3 phases, which confirm 

both the oxidation state of cations and the important role of TU 

and DMSO as coordinating ligands (Figure 1b-d).The ink is then 

applied on a substrate by spin-coating (or any other solution 

coating method) and enables conversion to CuIn(S,Se)2 or 

Cu(In,Ga)(S,Se)2 absorber layers by subsequent selenization 

with selenium vapor at temperatures below 550°C. The 

resulting absorber layers exhibit high crystallinity and appear 

free of binary phases or carbon-rich layers. Combined 

thermogravimetric analysis (TGA) and Fourier transform 

infrared spectroscopy (FTIR) of the ink confirms the low 

evaporation or decomposition temperatures of the involved 

organic reagents (Figure 1e). The early evaporation of DMSO 

around 100°C is followed by the decomposition of TU between 

180-230°C, as seen by the accompanied release of CS2. Solar 

cells with CuIn(S,Se)2 absorber layers from this process exhibit 

conversion efficiencies up to 13.0% with bandgaps of only 

1.0 eV, which represents the highest reported efficiency of a 

CuIn(S,Se)2 solar cell from any non-vacuum process, including 

the carbon-free hydrazine route. Early results with gallium-

containing precursor inks resulted in up to 14.7% efficient solar 

cells, highlighting the potential of this route.   

  The mixture of DMSO and TU to prepare molecular inks was 

first developed in 2011 by Ki et al. for the application of 

Cu2ZnSn(S,Se)4 (CZTS) solar cells.22 In this method, Cu(CH3COO)2 

and SnCl2 were shown to undergo a redox reaction that is aided 

by TU to produce a clear ink and leave metal cations in the 

desired oxidation state to react to CZTS.23 Thiourea is a well-

known complexing agent that can release sulfur ions in alkaline 

media or upon thermal decomposition at 219°C.24 Krzewska et 

al. have communicated its reducing capacity in connection with 

Cu(II) to form formamidine disulfide and various cuprous – but 

not cupric – complexes with thiourea.25 Reported complexes 

with Cu(I) in liquids range from 1-4 ligands, i.e. Cu(TU)1-4Cl, with 

the strongest coordination for the highest number of ligands.25 

Cu+ is unstable in aqueous solutions and disproportionates to 

Cu0 and Cu2+.26 However, coordination with TU is able to 

stabilize the Cu(I) oxidation state in a soluble complex. Stable 

complexes for In(III) are reported as In(TU)3Cl3 with 

decomposition temperatures around 180°C.27 DMSO is a non-

toxic, dipolar, aprotic solvent that exhibits excellent solvation 

capabilities. Its hygroscopic and protophilic character 

effectively binds H2O molecules in the bulk solvent and 

precludes hydrolysis reactions.28 This facilitates its antioxidant 

properties and prevents precipitation of metal hydroxides as 

well as the premature decomposition of thiourea. DMSO was 

seen to form complexes with group III metals via bonding  

 

 
Fig. 1 a) Photograph of the final molecular ink. The photo shows 
a clear colorless solution, indicating the absence of solvated 
Cu(II) complexes. b-c) Molecular structure of indium and copper 
complexes. The structure of In(DMSO)3Cl3 was determined by 
single-crystal XRD (see Table S3) of crystals precipitated from an 
indium, TU, and DMSO ink. The Cu(TU)3Cl structure was 
identified from powder XRD (part d).  d) XRD pattern of a dried 
copper, TU, and DMSO ink that exhibits a mixture of TU and 
Cu(TU)3Cl crystals. e) TGA with in-situ FTIR analysis shows 
release of DMSO and CS2 during the decomposition of the ink.
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through oxygen, i.e. In(DMSO)3Cl3, In(DMSO)6Cl3, or 
Ga(DMSO)2Cl3.27,29 Thermal decomposition of In(DMSO)3Cl3 was 
found to start at 130°C with a smooth decomposition curve.27 
Copper complexes with DMSO are only known with its cupric 
form, i.e. Cu(DMSO)1-2Cl2.29  
  To confirm the coordination of metal cations in DMSO and 
DMSO/TU solutions, Raman spectroscopy was used to analyze 
the molecular vibrational modes. Figure 2a shows the change in 
the DMSO C-S antisymmetric and thiourea C=S stretch with the 
addition of InCl3 and CuCl, respectively. The shift of the DMSO 
C-S antisymmetric stretch with InCl3 addition from 698 cm-1 to 
720 cm-1 (and DMSO S=O stretch from 1042 cm-1 to 1005 cm-1, 
Figure S1) is unaffected by the addition of thiourea.30 
Furthermore, the C=S stretch of thiourea (at 746 cm-1) is 
unaffected by InCl3 addition. In contrast, the C=S stretching 
mode of thiourea is significantly lowered by the addition of CuCl 
to the ink.31 These results show that the oxygen in DMSO 
coordinates to the In(III) cation and that the sulfur in TU 
coordinates to the Cu(I) cation (corroborating findings in 
literature).  
  The importance of a strong coordination of Cu(I) to avoid its 
oxidation is exemplified in Figure 2b where precursor inks with 
varying thiourea (TU) to metal (Me) ratio are depicted. Inks with 
TU/Me ratios of 0.5 - 1.5 exhibit greenish color, which could be 
related to CuCl2 or Cu(DMSO)2Cl2,29 and black crystallites that 
were identified as Cu(II)S (Figure S2). Inks with TU/Me ≥ 2 
appeared colorless and visually transparent. A comparison of 
the thiourea NH2 rocking mode with different TU/Cu ratios can 
elucidate this behavior (Figure 2c). The rocking mode of 
uncoordinated TU in DMSO appears at  

 
Fig. 2 a) Raman scattering spectra of liquid samples indicate 
coordination of In with DMSO and Cu with TU as well as the 
absence of In-TU interactions and Cu-DMSO interactions. b) Inks 
with increasing thiourea to metal ratio from left to right. For a 
TU/Me ratio larger or equal to 2, inks are transparent and 
colorless, indicating a +I oxidation state of copper. c) Shift of the 
S=O stretch in DMSO to lower wavenumbers with TU addition 
suggests TU and DMSO coordination. The NH2 rocking mode of 
thiourea is affected by the addition of CuCl as seen by a shift to 
higher wavenumbers. The shift levels off at around TU/Cu ≤ 4.
  

1086 cm-1 while the mode of coordinated TU is shifted to 1103 
cm-1. The observation of the coordinated NH2 mode from TU/Cu 
ratio of 2-4 suggests that up to 4 TU molecules can be 
coordinated by Cu(I) in solution.   
  Beyond that ratio, a shift towards the uncoordinated NH2 
mode is detected. This is commensurate with literature that 
reported TU/Cu ≤ 3 for dried crystals but TU/Cu ≤ 4 in the ionic 
form.25 Moreover, both the DMSO S=O stretch and the thiourea 
C=S and NH2 modes in Figure 2a and 2c exhibit either partial or 
complete shifts from literature values (C=S: 731 cm-1, NH2: 
1095 cm-1), which suggests the coordination of DMSO and TU.31  
 The TU/Me ratio in the ink was also found to have a strong 
effect on the final stoichiometry of the absorber (Table 1). By 
reducing the TU/Me ratio in the ink from 3 to 1, the indium loss 
throughout the process increased from 6% up to 59%. These 
now highly Cu-rich absorbers (Cu/In > 1) necessitate etching to 
remove conductive Cu-Se phases that would otherwise shunt 
the solar cell. Increased thiourea content in the ink also resulted 
in higher sulfur content in the films both after annealing and 
selenization. While all precursor layers appear chalcogen-poor 
(S/(Cu+In) < 1) after annealing despite the excess of TU, only the 
highest TU/Me ratio resulted in detectable sulfur content after 
selenization. Films were also prepared without filtering the inks 
prior to deposition, which led to lower indium loss (Table S1).  
This suggests that some loss stems from the formation of small 
crystallites, particles, or coordination polymers that are formed 
with low TU concentration and filtered out of the ink prior to 
deposition. 
  Confirming ICP-MS findings, X-ray diffraction of the 
precursor and absorber layers shows the chalcopyrite phase for 
both layers, with the addition of MoSe2 for the selenized case 
(Figure 3a). The peak narrowing and shift towards lower 
diffraction angles from precursor to absorber is indicative of 
grain growth and the substitution of sulfur by selenium. The 
inset depicts the peak shift of the (112) orientation in the 
absorber layers with varying TU/Me ratios. As expected from 
the ICP-MS data in Table 1, only TU/Me=3 results in a detectable 
presence of sulfur in the absorber. Absorber layers from the 
described process appear free of residual carbon-rich layers and 
with large grains around 0.5 µm (Figure 3b). Apart from some 
small void inclusions, the CuIn(S,Se)2 absorbers exhibit a dense 
microstructure and thickness around 1 µm. Figure 3c visually 
summarizes the deposition process in three consecutive steps: 
(i) the application of the molecular precursor ink onto the Mo-
coated glass substrate. Metal cations are stabilized by TU and 
DMSO ligands in oxidation state +I and +III; (ii) annealing of the 
film to decompose organic ligands and form nanocrystalline 
domains of CuInS2; and (iii) second annealing under Se vapor to 
facilitate the ion 
  
Table1 Inductively coupled plasma mass spectroscopy (ICP-MS) 
compositional study (in at.%) at varying thiourea to metal ratios 
(TU/Me).   

 

     Cu/In In loss (%) S/(Cu+In) Se/(S+Se) 

TU/Me=3 

  

  

ink 0.90 6 ± 2 18.35 0.00 

precursor 0.96 0.26 0.00 

absorber 0.95 0.01 0.99 

TU/Me=2 

  

  

ink 0.91 18 ± 5 16.09 0.00 

precursor 1.11 0.24 0.00 

absorber 1.03 0.00 1.00 

TU/Me=1 

  

  

ink 0.76 59 ± 4 14.11 0.00 

precursor 1.23 0.21 0.00 

absorber 1.17 0.00 1.00 
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exchange from sulfur to selenium and concurrent grain growth. 
  Solar cells were completed by the deposition of  
CdS/ZnO/ITO window layers, MgF2 antireflection coating, and 
Ni/Al contacts. Devices with CuIn(S,Se)2 absorber layers exhibit 
up to 13.0% active-area power conversion efficiency under 
standard testing conditions with simulated AM1.5 illumination  
(with 37.4 mA/cm2, 68.3% FF, 507 mV), which, to the best of our 
knowledge, is the highest reported efficiency for any non-
vacuum deposited CuIn(S,Se)2 solar cell to date.14,20,32 Early 
results with gallium-containing inks resulted in up to 14.7% 
active-area power conversion efficiency devices with increased 
open-circuit voltage (Voc) and fill factor (FF) (31.2 mA/cm2, 
71.5% FF, 661 mV) (Figure 3d). The corresponding external 
quantum efficiency (EQE) measurements (Figure 3e) confirm 
bandgaps of 1.00 eV and 1.15 eV, while the calculated current 
densities (Jsc) from EQE of 37.9 and 31.1 mA/cm2 agree well with 
the data from current-voltage measurements for the CISSe2 and 
CIGSSe2 devices, respectively.   
 

Fig. 3 a) XRD patterns of precursor and selenized films show 
crystalline phase of CuInS2 and CuIn(S,Se)2, respectively. Narrowing 
peaks and shift to lower diffraction angles can be attributed to crystal 
growth and substitution of sulfur with selenium. Inset confirms the 
higher sulfur content of absorbers from inks with TU/Me = 3. b) SEM 
cross section of an absorber layer as obtained after ink depostition 
and selenization. c) Schematic drawing of the process flow from 
deposited molecular ink to dried precursor film, to polycrystalline 
absorber. The tailored metal coordination by organic complexes 
stabilizes oxidation states of cations, reduces metal loss, and allows 
for clean decomposition upon heat treatment. d) Active area 
efficiencies of up to 13.0% were obtained, which exhibits the highest 
value for a device with a non-vacuum obtained CuIn(S,Se)2 absorber. 
e) External quantum efficiency measurements confirm minimum 
bandgaps of absorbers and high current collection of the devices. 

  The quality of the solution-processed absorber layers 
becomes particularly apparent in comparison with devices using 
vacuum obtained absorber layers of similar bandgaps. Highest 
efficiency CuInSe2 solar cells (Egap= 0.97 eV) were obtained by 
both Uppsala University and NREL with efficiencies up to 15.4% 
(active area, 41.2 mA/cm2, 72.6% FF, 515 mV) and 14.5% (total 
area, 41.1 mA/cm2, 71.9% FF, 491 mV), respectively.5,33 While 
Jsc and FF are still lower for our CIS device, which points towards 
absorption, collection, or resistive losses, it is noteworthy that 
our Voc values are comparable to or exceed the vacuum 
fabricated record CIS devices above. This suggests that 
absorbers from our non-vacuum processes may be able reach 
efficiencies comparable to those from state-of-the-art vacuum 
processes while requiring only a fraction of the processing costs.  

Conclusions 
We have presented a novel molecular-ink route to deposit 
Cu(In,Ga)(S,Se)2 type absorber layers. The process employs 
readily available and environmentally benign metal chlorides, 
thiourea, and DMSO to form stable inks that can be deposited 
via non-vacuum printing methods. Thiourea and DMSO were 
shown to coordinate copper and indium in oxidation state +I 
and +III, respectively. High TU/Me ratios are essential to avoid 
the oxidation of Cu(I), prevent the loss of indium, and tailor the 
S/Se ratio in the final absorber. Intermediate sulfide precursor 
layers can be converted with simple Se vapors, which omits the 
need for highly toxic or explosive conversion gases. The 
resulting stoichiometrically controlled absorbers appear free 
from carbon-rich layers and phase impurities and render 
additional etching steps unnecessary. Photovoltaic devices of 
up to 13.0% and 14.7% were obtained for CuIn(S,Se)2 and 
Cu(In,Ga)(S,Se)2 absorbers with a bandgap of 1.00 and 1.15 eV, 
respectively. This represents the highest reported efficiency for 
a solar cell with non-vacuum obtained CuIn(S,Se)2 absorber and 
is the first time that cells from a non-vacuum approach could 
reach Vocs of vacuum-obtained absorbers. This challenges 
traditional conceptions of inherently inferior material 
properties for non-vacuum obtained semiconductor layers and 
the use of organic reagents for solution processing in general.  
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