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Abstract 
Organic photovoltaic cells incorporating a homogeneously blended amorphous active layer were fabricated using a novel glass-forming 
squarylium cyanine derivative (SQ-glass) as donor, and both a previously reported glass-forming diketopyrrolopyrrole (DPP-glass) and 
the benchmark PC61BM as acceptors. Whereas devices with DPP-glass always yielded an amorphous active layer, devices with PCBM 
could be either fully amorphous, or phase-segregated with crystalline PCBM, depending on processing conditions. Amorphous devices 
yielded efficiencies ranging up to 0.41-0.44 %, while the efficiency of devices with crystalline PCBM reached up to 0.56 %, which 
corresponds to only a 18 % increase relative to a fully amorphous active layer. Although phase-segregated active layers are known to 
show a higher efficiency, this difference is smaller than anticipated, and is mitigated by the absence in amorphous films of various defects 
common in their polycrystalline counterparts. 
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1. Introduction 
Organic photovoltaics constitute a promising alternative 
energy technology that can address future energy issues in an 
environmentally friendly way.1 Organic photovoltaic (PV) 
cells utilize organic semiconducting small molecules or 
polymers that can directly convert sunlight into electricity.2-5 
Organic PV (OPV) cells possess several potential advantages 
over conventional inorganic PV cells such as easy 
processability, device flexibility and cost effectiveness. In 
particular, solution- processed OPV cells are promising for 
future low-cost power production using simple and flexible 
devices that can be processed on a large scale using 
techniques such as roll-to-roll or inkjet printing.6 Solution-
processed OPV cells have been demonstrated to be capable of 
reaching power conversion efficiencies above 10% based on a 
nanocomposite between a donor and an acceptor material 
called bulk heterojunction.7  
The role of bulk heterojunctions in OPV cells is to promote 
exciton dissociation at the interface between electron donor 
and acceptor domains, followed by efficient charge separation 
and transport to the electrodes by charge diffusion in the 
interpenetrating donor and acceptor networks.8-9 To achieve 
this, it is crucial for the donor and acceptor domains to be 
properly segregated in small domains.10 Solid-state 
morphology is one of the critical factors determining the 
performance of OPV cells.11 A bi-continuous interpenetrating 
network morphology with a characteristics length scale 
equivalent to the exciton diffusion length (~10 nm) is required 
to increase the donor/acceptor interfacial area that leads to 
reduced unfavorable recombination.12-13 The active layer 
morphology strongly depends on the various parameters of 

materials such as crystallinity, miscibility, interaction 
parameter and solubility in processing solvents. The D/A 
blend ratio, processing conditions and post-processing 
treatments also play an important role for influencing the 
blend morphology.14 
Low bandgap polymers are the most commonly used donors 
in OPV cells, and possess several properties that make them 
appealing to use in OPV cells, including large absorption, 
large hole mobility, and adequately tuned HOMO and LUMO 
levels.1,15 However, polymers also carry certain 
disadvantages, including a high synthesis cost, difficult 
purification methods, and batch-to-batch variations in molar 
mass and defect density. Small-molecule materials are an 
appealing alternative to polymers, because of their easy 
synthesis and purification, well-defined structure, 
monodispersity, and tunability of optoelectronic properties.16-

19 However, not every small-molecule material used in 
organic photovoltaics can be deposited from solution. Most 
acceptor materials are small molecules, mainly fullerene 
derivatives,20 and can be readily processed from solution. On 
the other hand, several small-molecule donors show limited 
solubility, and as a result, deposition must be achieved by 
vacuum thermal deposition, which requires a high 
temperature and is not compatible with flexible PV cells.7,21-22 
However, recent advances in solution-processed small-
molecule donors has resulted in PV cells with impressive 
power conversion efficiencies (PCEs) up to 8%.7 
Independently of whether the donor is a polymer or a small 
molecule, the morphology of the active layer must still be 
thoroughly controlled to yield phase-segregated donor and 
acceptor domains of an appropriate size. However, the 
nucleation of molecular crystals can occur in solution 
depending on the interplay of non-covalent interactions 
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between the conjugated moieties or the peripheral groups, 
along with external parameters such as temperature or 
concentration,  resulting in incomplete film coverage with 
high surface roughness.23 Furthermore, small molecules tend 
to crystallize rapidly during solvent and thermal annealing to 
yield films of poor quality with polycrystalline small domains 
separated by grain boundaries, which act as electron traps and 
limit the long-range transport of electrons.24  
Previously, our group showed that amorphous materials could 
be successfully used as the acceptor in organic PV cells by 
using both glass-forming perylenediimide (PDI)25 and 
diketopyrrolopyrrole (DPP)26 derivatives as acceptors with 
the benchmark donor polymer P3HT in solution-processed 
organic PV cells. Furthermore, the PV cell performance of the 
glass-forming DPP derivative was compared with the 
performance of an analogous crystalline derivative and was 
found to yield PCE values 20 % to 50 % larger depending on 
the conditions, up to a maximal PCE of 2.50 %. These glass-
forming acceptors were conveniently synthesized by reacting 
the corresponding precursors with mexylaminotriazine 
derivatives bearing reactive functional groups. These 
mexylaminotraizine building blocks show outstanding glass-
forming ability and high kinetic stability towards 
crystallization, and their glass transition temperatures (Tg) can 
be tuned by modifying their molecular structures.27-29 The 
materials functionalized with glass-forming 
mexylaminotriazine derivatives can remain indefinitely in the 
amorphous state at working temperatures, which preserves 
their optical and electronic properties.30-31 
Although a completely amorphous and homogeneously 
blended active layer is believed to lead to a vastly decreased 
performance compared to a bulk heterojunction with properly 
segregated donor and acceptor domains, it would nonetheless 
mitigate the impact of molecular structure and processing 
conditions on film morphology. Furthermore, such an 
approach would avoid most pitfalls associated with bulk 
heterojunctions, including uneven crystalline domain 
distribution, domains of inappropriate size, grain boundaries, 
and mismatched domains.32-33 
In this report, a glass-forming donor material based on a 
squarylium cyanine moiety (SQ-glass) was synthesized and 
characterized, and incorporated in PV cells with both 
previously described glass-forming acceptor DPP-glass and 
the benchmark PC61BM. While fully amorphous and 
homogeneously blended active layers could be obtained with 
both DPP-glass and PCBM, bulk heterojunctions with 
crystalline PCBM domains could also be obtained depending 
on the processing conditions, thereby allowing to compare 
both active layer morphologies. Maximal efficiencies of 0.42 
% were obtained with DPP-glass, and 0.52 % with PCBM. 
Interestingly, phase segregation in PV cells with PCBM only 
increased efficiency by 18 %. The results reported herein 
show that charge transport is possible in the amorphous state, 
and a homogeneously blended active layer can show 
performances comparable to that of phase-segregated bulk 
heterojunctions.  

 

2. Experimental 
2.1 Materials 

2,4-dichloro-6-(N-methylphenylamino)-1,3,5-triazine,34 1-(2-
hydroxyethyl)-2,3,3-trimethylindolenine bromide35 and DPP-
glass were synthesized according to literature procedures.26 
[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM) as 
electron acceptor was purchased from Rieke Metals. 
Molybdenum oxide used as hole transport layer was 
purchased from Alfa Aesar. Zinc Oxide (ZnO) as electron 
transporting material was synthesized by the sol-gel method 
reported in the literature.36 Indium tin oxide (ITO) glasses 
used as substrates were purchased from Luminescence 
Technology Corporation, with ITO film thickness 135±15 nm, 
and sheet resistance 15 Ωsq-1. All other solvents and 
reagents used herein were purchased from commercial 
sources and used as received without further purification.  
Glass transition temperatures were determined with a TA 
Instruments 2010 Differential Scanning Calorimeter 
calibrated with indium at a heating rate of 5 °C/min from 30 
to 250 °C. Values were reported as the half-height of the heat 
capacity change averaged over two heating runs. FTIR 
spectra were acquired with thin films cast from CH2Cl2 on 
KBr windows using a Perkin-Elmer Spectrum 65 
spectrometer. NMR spectra were acquired on either a 400 
MHz Bruker AV400 or on a 300 MHz Varian Oxford 
spectrometer. UV-Visible absorption spectra were acquired 
using a Hewlett-Packard 8453 spectrometer or an Olid® 
HP8452 Diode Array Spectrometer. Luminescence was 
measured with a USB2000-Ocean Optics spectrometer. XRD 
data were obtained using an Xpert Pro Philips powder X-ray 
diffractometer with a cobalt x-ray tube (ʎ=1.78 A0), an iron 
filter, a graphite crystal monochromator, a proportional 
counter detector, a 0.50 divergence slit and a 0.25 mm 
receiving slit. Current density-voltage (J-V) measurements 
were carried out using a Keithley 4200-SCS in the dark and 
under illumination.  
 
2.2. Synthesis 

2.2.1. Synthesis of 2-chloro-4-(N-methylphenylamino)-6-
pyrrolininyl-1,3,5-triazine 1.  
To a solution of 2,4-dichloro-6-(N-methylphenylamino)-
1,3,5-triazine (13.3 g, 51.9 mmol) in acetone (50 mL) in a 
round-bottomed flask equipped with a magnetic stirrer was 
added K2CO3 (7.18 g, 51.9 mmol), then the mixture was 
cooled down to 0 °C and a solution of pyrrolidine (4.34 mL, 
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3.69 g, 51.9 mmol) in acetone (100 mL) was added dropwise. 
The mixture was stirred 2h while warming up to ambient 
temperature, at which point Et2O and H2O were added. Both 
layers were separated, then the organic layer was washed with 
H2O and brine, dried over Na2SO4, filtered, and the volatiles 
were removed under vacuum. The crude product was 
triturated in hot hexanes, then collected by filtration to yield, 
after drying, 8.20 g pure compound 1 (28.3 mmol, 54 %). Tm 
108 °C; FT-IR (KBr/CH2Cl2) 3059, 3037, 2970, 2954, 2925, 
2875, 1601, 1578, 1558, 1487, 1458 1448, 1399, 1344, 1314, 
1293, 1281, 1259, 1238, 1180, 1166, 1153, 1094, 1073, 1025, 
970, 939, 911, 861, 816, 799, 784, 765, 696, 642, 614 cm-1; 
1H NMR (400 MHz, DMSO-d6, 363 K) δ 7.40 (t, 3J = 7.8 Hz, 
2H), 7.33 (d, 3J = 7.8 Hz, 2H), 7.26 (t, 3J = 7.8 Hz, 1H), 3.44 
(m, 7H), 1.88 (t, 3J = 6.3 Hz, 4H) ppm; 13C NMR (75 MHz, 
DMSO-d6) δ 168.4, 164.7, 162.6, 143.9, 129.1, 127.0, 126.6, 
46.6, 46.5, 38.3, 38.2, 25.1, 24.9 ppm; HRMS (ESI, MNa+) 
calcd. for C14H16ClNaN5 m/e: 312.0986, found: 312.0987. 
 
2.2.2. 2-(N-methylphenylamino)-4-piperazinyl-6-pyrrolidinyl-
1,3,5-triazine 2.  
2-Chloro-4-(N-methylphenylamino)-6-pyrrolidinyl-1,3,5-
triazine 1 (10.0 g, 34.5 mmol) and piperazine (29.7 g, 345 
mmol) were dissolved in THF (100 mL) in a round-bottomed 
flask equipped with a magnetic stirrer and a water-jacketed 
condenser, then the mixture was refluxed 18 h. After cooling 
down to ambient temperature, the volatiles were concentrated 
under vacuum, then CH2Cl2 and 1M aq. NaOH were added, 
and both layers were separated. The organic layer was 
recovered and extracted with 1M aq. HCl. The aqueous layer 
was recovered, neutralized with NaOH pellets to pH >12, and 
extracted with CH2Cl2. The organic layer was dried over 
Na2SO4, filtered, and the solvent was removed under vacuum 
to yield, after thorough drying, 9.84 g compound 2 (29.0 
mmol, 84 %). Tg 56 °C; FT-IR (KBr/CH2Cl2) 3402, 3057, 
3037, 2960, 2926, 2868, 1601, 1541, 149, 1477, 1457, 1445, 
1390, 1343, 1313, 1281, 1245, 1222, 1207, 1157, 1100, 1027, 
1005, 965, 911, 861, 807, 786, 765, 735, 696, 625 cm-1; 1H 
NMR (300 MHz, CDCl3) δ 7.34 (m, 4H), 7.12 (t, 3J = 7.0 Hz, 
1H), 3.68 (t, 3J = 4.7 Hz, 4H), 3.49 (m, 7H), 2.84 (t, 3J = 4.7 
Hz, 4H), 1.86 (m, 4H), 1.70 (br s, 1H) ppm; 13C NMR (75 
MHz, CDCl3) δ 165.1, 164.8, 163.6, 145.2, 128.4, 126.5, 
125.0, 45.9, 43.9, 41.6, 37.3, 25.1 ppm; HRMS (ESI, MH+) 
calcd. for C18H26N7 m/e: 340.2244, found: 340.2248. 
 
2.2.3. Synthesis of Squarylium cyanine 3.  
1-(2-hydroxyethyl)-2,3,3-trimethylindolenine bromide (2.61 
g, 9.20 mmol), squaric acid (1.00 g, 4.38 mmol) and 
quinoline (1.09 mL, 1.19 g, 9.20 mmol) were dissolved in 
toluene/1-butanol 1:1 (125 mL) in a round-bottomed flask 
equipped with a magnetic stirrer, a Dean-Stark trap and a 
water-jacketed condenser, then the mixture was refluxed 18 h. 
After cooling down to ambient temperature, the volatiles were 
evaporated under vacuum, then Et2O was added, and the 
resulting precipitate was decanted. The residue was 
redissolved in minimal CH2Cl2, poured into Et2O, then the 

precipitate was collected by filtration and washed with H2O 
and Et2O until the effluent was colorless to yield, after drying, 
2.05 g compound 3 (4.23 mmol, 97%). Tm >300 °C (dec.); 
FT-IR (KBr/CH2Cl2) 3346, 3054, 2961, 2924, 2870, 1572, 
1494, 1455, 1431, 1354, 1279, 1241, 1171, 1099, 1055, 1020, 
969, 930, 835, 814, 782, 753, 696, 682 cm-1; 1H NMR (400 
MHz, CDCl3) δ 7.49 (d, 3J = 7.3 Hz, 2H), 7.31 (m, 4H), 7.14 
(t, 3J = 7.3 Hz, 2H), 5.89 (s, 2H), 4.33 (br s, 2H), 4.16 (t, 3J = 
5.4 Hz, 4H), 3.77 (t, 3J = 5.4 Hz, 4H), 1.69 (s, 12H) ppm; 13C 
NMR (100 MHz, CDCl3) δ 180.7, 177.8, 169.7, 142.7, 141.3, 
129.2, 129.0, 127.6, 123.4, 121.9, 110.6, 86.3, 57.7, 48.6, 
45.9, 26.4 ppm; UV-Vis (DMF): λmax (ε) 641 nm (143000); 
HRMS (ESI, MNa+) calcd. for C30H32NaN2O4 m/e: 507.2254, 
found: 507.2258. 
 
2.2.4. Synthesis of SQ-glass 4.  
To a solution of N,N’-carbonyldiimidazole (1.25 g, 7.68 
mmol) in dry DMF (25 mL) in a dry flask equipped with a 
magnetic stirrer was added squarylium cyanine 3 (1.24 g, 2.56 
mmol) in small portions at ambient temperature under 
nitrogen atmosphere. Once the addition was complete, the 
mixture was stirred 18 h at ambient temperature under 
nitrogen. The mixture was poured in H2O, and the resulting 
precipitate was collected by filtration and washed with H2O 
and Et2O until the effluent was colorless. The residue was 
suspended in THF (30 mL) in a round-bottomed flask 
equipped with a magnetic stirrer and a water-jacketed 
condenser, glass 2 (1.91 g, 5.63 mmol) was added, and the 
mixture was refluxed 18 h. The volatiles were removed under 
reduced pressure, then CH2Cl2 and 1M aq. AcOH were added. 
Both layers were separated, the organic layer was recovered, 
washed with H2O and aq. NaHCO3, dried over Na2SO4, 
filtered, and the volatiles were removed under vacuum to 
yield, after thorough drying, 2.35 g SQ-glass 4 (1.93 mmol, 
75 %). Tg 94 °C; FT-IR (KBr/CH2Cl2) 3053, 2962, 2927, 
2867, 1703, 1599, 1541, 149, 1457, 1390, 1344, 1283, 1233, 
1185, 1099, 1066, 1020, 997, 969, 916, 835, 807, 781, 756, 
736, 697, 684 cm-1; 1H NMR (400 MHz, DMSO-d6, 363 K) δ 
7.32 (m, 12H), 7.13 (m, 4H), 7.05 (d, 3J = 8.0 Hz, 2H), 6.02 
(s, 2H), 4.51 (t, 3J = 4.9 Hz, 4H), 4.33 (br s, 4H), 3.63 (m, 
4H), 3.46 (m, 22H), 3.19 (m, 4H), 1.83 (m, 8H), 1.79 (s, 12H) 
ppm; 13C NMR (100 MHz, DMSO-d6) δ 181.9, 180.0, 170.3, 
165.2, 164.8, 163.6, 154.5, 145.0, 142.4, 141.7, 128.8, 128.0, 
127.9, 127.6, 126.2, 125.3, 124.4, 123.8, 122.1, 109.4, 86.8, 
60.9, 49.3, 45.6, 43.4, 42.5, 37.0, 30.2, 27.0, 25.1 ppm; UV-
Vis (CH2Cl2): λmax (ε) 639 nm (156000); HRMS (MALDI, 
MH+) calcd. for C68H79N16O6 m/e: 1215.6363, found: 
1215.6345. 
 
2.3. Cyclic Voltammetry 
Cyclic voltammograms were recorded using an EG&G Model 
263 potentiostat connected with three electrodes: working 
electrode (glassy carbon-carbon), reference electrode 
(Ag/AgCl (in 3M NaCl)) and counter or auxiliary electrode 
(Pt) in 0.1 M Tetrabutylammonium hexafluorophosphate in 
dichloromethane at a scan rate of 50 mVs-1. Ferrocene was 
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used as internal standard. 
 
2.4. Atomic Force Microscopy 
The morphology of SQ-glass/DPP-glass and SQ-glass/PCBM 
blend films was characterized using an Ambios multimode 
Atomic Force Microscope (AFM) in tapping mode with a 300 
KHz resonant frequency cantilever. 
 
2.5. Device Fabrication and Characterization 
The devices were fabricated according to previously 
published procedures.24,37-38 Pre-patterned Indium tin oxide 
glass (ITO) substrates were cleaned consecutively in an 
ultrasonic bath with soapy water, distilled water, isopropyl 
alcohol and acetone for 15 minutes each and finally dried 
with air. The dried substrates were heated at approximately 
100 °C for 30 minutes to improve the surface adhesion and 
wettability of the ITO-glass.39 The dried substrates were 
further cleaned with a plasma cleaner for 15 minutes. ZnO 
precursor gel was spin-coated at a rate of 3000 rpm under 
ambient conditions. The glass substrates coated with ZnO 
were heated on a hot plate at 200 °C for 1 h. The thickness of 
ZnO measured with a Sloan Dektak II profilometer was 
approximately 25-30 nm. Blend solutions of SQ-glass with 
DPP-glass or PC61BM were prepared separately in different 
solvents (chlorobenzene, chloroform & toluene) in different 
weight ratios (1:1, 2:1 and1:2) and stirred for 24 h at room 
temperature. The blend solutions were filtered through a 0.45 
µm poly(tetrafluoroethylene) (PTFE) filter. The active layer 
was spin-coated at 1500 rpm and annealed at temperatures 
ranging from 80 to 150 °C for 10, 30 or 60 minutes. The 
thicknesses of the active layers were in the 75-85 nm range. 
The contacts with the electrodes were cleaned with a cotton 
stick soaked with chloroform. Finally, 5 nm of MoO3 and 100 
nm of Ag were deposited with deposition rates of 0.2 A/s and 
1.0 A/s, respectively, on all the devices using a physical 
vapour deposition system (PVD) under high vacuum at a 
pressure of 7.6×10-6 mBar. The active area of the devices was 
0.06 cm2. The device structure and energy alignment is shown 
in Figure 1. 
The photovoltaic parameters of the inverted cells were 
measured under ambient conditions using a Xenon light with 
an intensity of 100 mWcm-2 calibrated with an AM 1.5 solar 
simulator, and conversion efficiencies are reported as 
averages for a minimum of 6 devices. 
 
 
 
 

 
Figure 1. a) Device structure, and b) energy level alignment 
of photovoltaic cells incorporating SQ-glass with either DPP-
glass or PCBM. 

3. Results and Discussion 
3.1 Synthesis 

While several small-molecule donors reported in the literature 
possess structures reminiscent of small thiophene oligomers,40 
squaraines were instead selected for the current study because 
of their high absorption in the visible range and high stability 
towards oxygen, light and moisture.41-44 While squaraines 
typically yield lower conversion efficiencies than 
oligothiophene donors, their synthesis is typically more cost-
efficient and requires fewer synthetic steps. Because the 
condensation of squaric acid with tertiary anilines typically 
give modest yields,45 squarylium cyanine derivatives can be 
readily accessed by the condensation of squaric acid with 
2,3,3-trimethylindolenine or 2-methylbenzothiazole 
derivatives in significantly higher yields.46 For this reason, a 
symmetrical squarylium cyanine dye bearing 2-hydroxyethyl 
chains to allow further substitution was used to maximize 
synthetic efficiency. It should be noted that to the best or our 
knowledge, symmetrical squarylium cyanines have yet never 
been used in organic photovoltaic cells, but their structural 
similarity with squaraines and the close similarity of their 
absorption spectra suggests that they should also show similar 
photovoltaic behavior. 
It has been previously shown by our group that 
mexylaminotriazine derivatives with reactive functional 
groups can be used to bond covalently to chromophores to 
yield adducts that share the glass-forming ability of the 
mexylaminotriazine moiety. However, the presence of 
multiple mexylaminotriazine units results in a loss of 
solubility in most solvents because of their high polarity and 
extensive hydrogen bonding.47 For this reason, triazine 
derivative 2, which contains a reactive secondary amino 
group and no hydrogen bond donors, was synthesized from 
cyanuric chloride and the corresponding secondary amines 
(Scheme 1). It has been shown that for triazine derivatives 
with N-methylated amino groups, the mexyl group was not 
required for glass formation, as unsubstituted phenyl groups 
yielded comparable glass-forming ability.48 An  amino group 
was selected as reactive group because it can be further 
functionalized in amidation or carbamoylation reactions 
through a simple and high-yielding procedure, as previously 
demonstrated in our group with azo and spiropyran dyes.30 
 
Scheme 1. Synthesis of glass precursor 2.‡ 
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Scheme 2. Synthesis of squarylium cyanine glass (SQ-glass) 
4. 

 
 
Squaric acid was condensed with 1-(2-hydroxyethyl)-2,3,3-
trimethylindolenine bromide in toluene/1-butanol (1:1) to 
give squarylium cyanine 3 in 97 % yield, and in one synthetic 
step from known precursors (Scheme 2). The hydroxy groups 
of compound 3 could be functionalized with triazine unit 2 
through a carbamoylation reaction with N,N’-
carbonyldiimidazole (CDI) following our previously 
published procedure to give adduct 4, thereafter referred to as 
SQ-glass, in 75 % yield (Scheme 2). The product could be 
conveniently purified by a series of acid-base washings that 
completely remove the unreacted starting materials or 
partially reacted intermediates. 
 
 
3.2. Physical Properties 

 
While triazine-based glasses with no hydrogen bond donors 
have been previously reported and found to form stable 
glasses, attempts to use such building blocks to generate 
glass-forming chromophores had not yet been reported. 
Differential Scanning Calorimetry (DSC) was thus used to 
confirm the presence of a glass transition in compounds 2 and 

4, as well as the absence of crystallization upon heating, 
which is an indication of the kinetic stability of the glassy 
phase. DSC curves of compounds 2 and 4 are shown in Figure 
S1 (Supporting Information). Precursor 2 indeed showed 
glass formation, with a glass transition temperature (Tg) of 56 
°C and no crystallization was observed upon heating, thereby 
confirming that compound 2 is a suitable glass-forming 
candidate for functionalizing chromophores. Interestingly, 
while glass-forming triazine derivatives with N-methylated 

aryl groups typically show Tg values that are significantly 
lower than their non-methylated analogues, compound 2 
shows a slightly higher Tg than its primary analogue, which is 
possibly a consequence of the more rigid piperazinyl ring. 
SQ-glass also shares the glass-forming properties of precursor 
2, with no crystallization upon heating and a higher Tg value 
of 94 °C, which is to be expected for a compound with two 
triazine units. 
UV-Visible absorption spectra of SQ-glass 4, both in 
chlorobenzene solution and as a thin film, are shown in 
Figure  
 
 
2a. Both spectra show a single absorption band with a small 
shoulder, with maxima at 640 nm in solution and 660 nm as a 
thin film. Not only is the absorption band red-shifted for the 
thin film, the band is also significantly broader, hinting at 
significant intermolecular interactions between squarylium 
cyanine moieties in the solid state. The optical band gap for 
SQ-glass was 2.0 eV, as determined using a Tauc plot (Figure 
S2).49 The emission spectrum for SQ-glass in chlorobenzene 
is shown in Figure 2b. SQ-glass exhibits an intense 
fluorescence with an emission maximum of 659 nm upon 
excitation at 550 nm. 
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Figure 2. UV-Visible spectra of SQ-glass 4. a) Absorption 
spectra in chlorobenzene solution and as a thin film, and b) 
emission spectrum. 
 
Electrochemical studies were carried out by cyclic 
voltammetry to measure the oxidation potential of SQ-glass 4, 
from which it is possible to calculate the HOMO energy level 
(Figure S3, Supporting Information). The onset oxidation 
potential (Eox)on was observed at 0.65 eV relative to Fc/Fc+, 
which corresponds to a HOMO level of -5.05 eV by 
comparison to ferrocene (-4.4 eV). As expected, no 
significant peak reduction was observed, showing the very 
weak reduction behavior of SQ-glass. With the measured 
HOMO level and the optical bandgap, the LUMO level was 
calculated to be -3.05 eV. The HOMO and LUMO energy 
levels of SQ-glass are close to that of both benchmark donor 
polymer P3HT (-5.0 and -3.1 eV, respectively)50 and reported 
values for other squaraine derivatives.44,51  
The charge carrier mobility of SQ-glass 4 was determined, 
because it is correlated with the PV cell performance. A high 
mobility is crucial for optimal performance, since a low 
mobility will enhance charge recombination, thereby leading 
to reduced photocurrent. To measure the hole mobility of SQ-
glass, diodes with the configuration ITO/ZnO/SQ-
glass/MoO3/Ag were prepared, and their IV characteristics 
were measured (Figure S4). The hole mobility was calculated 
using the Mott-Gurney space-charge-limited current (SCLC) 
equation from the intercept of the linear fit of the SCLC 
region (see Supporting Information),52 to yield a value of 
2.55x10-8 ± 0.10×10-8 cm2V-1s-1. This value is relatively low, 

and may be due to chromophoric dilution of the squarylium 
cyanine moiety by the presence of two triazine units. 
 
3.3. Characterization of Thin Films of SQ-glass Blends with DPP-
glass or PCBM 

The absorption spectra for thin films of blends of SQ-glass 4 
with both DPP-glass and PC61BM in 1:1 weight ratios were 
recorded and displayed in Figure 3. For both blends, the 
absorption spectra correspond to that of their respective 
components, though a slight hypsochromic shift (8 nm) can 
be seen in the absorption band of SQ-glass in the blend with 
DPP-glass, whereas SQ-glass shows a bathochromic shift (3 
nm) when blended with PCBM.  
 

Figure 3. UV-Visible absorption spectra of SQ-glass, DPP-
glass, PCBM, and 1:1 blends of SQ-glass with DPP-glass and 
PCBM.  
The photoluminescence of the blend films can also be used to 
study the stability of the  morphology of the donor-acceptor 
blends. Upon intimate mixing of the donor and acceptor 
phases, the photoluminescence of the blend is quenched by 
photoinduced electron transfer. For a large-scale phase 
separation in the blend, the exciton diffusion length in the 
active layer should be beyond 10-20 nm. If the electrons are 
not transferred rapidly (a few femtoseconds) within the 
working PV cells, the photo-generated excitons will decay to 
the ground state, thereby emitting photoluminescence. This is 
an undesirable process that results in a loss in efficiency. The 
electron transfer at the interface between SQ-glass 4 and both 
DPP-glass and PCBM was observed by photoluminescence 
(PL) quenching, which provides evidence of electron transfer 
from the photo-excited donor to the acceptor.53 
Photoluminescence (PL) spectra for SQ-glass 4 and its 
respective blends are shown in Figure 4. Whereas pure SQ-
glass 4 displays a strong PL band at 670 nm upon excitation 
at 550 nm, this PL intensity decreases by roughly 25 % in a 
1:1 blend with DPP-glass, and 50 % in a 1:1 blend with 
PCBM. Although it is possible that this PL quenching is due 
to energy transfer between SQ-glass and DPP-glass, it is 
unlikely in the case of PCBM because it absorbs very weakly 
in the emission range of SQ-glass. These results show that 
both DPP-glass and PCBM favor exciton dissociation in the 
blends, with a higher rate of electron transfer with PCBM 
than with DPP-glass. 
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Figure 4. Photoluminescence spectra of thin films of SQ-
glass and 1:1 blends of SQ-glass with DPP-glass and PCBM. 
 
The crystallinity and packing behavior of films of pure SQ-
glass 4 and blends with DPP-glass and PCBM in a 1:1 ratio 
were further studied by X-ray diffraction. The XRD scans for 
SQ-glass 4 and both blends before and after annealing at 100, 
130 and 150 °C (for 30 minutes in each case) are shown in 
Figure 5. In the case of the blend with DPP-glass, 
decomposition was observed upon annealing at temperatures 
higher than 100 °C. Only amorphous halos were observed for 
both SQ-glass 4 and the SQ-glass/DPP-glass blend, which 
confirm the amorphous nature of the films and their resistance 
to crystallization under the processing conditions. No sharp 
peaks were observed in the SQ-glass/PCBM blend before 
annealing and after annealing at 100 °C. However, two broad 
peaks at 10° and 20-30° emerged after annealing at 130 and 
150 °C, revealing the partial crystallization, and consequently 
phase segregation, of PCBM.  
 

Figure 5. X-ray diffraction patterns for thin films of a) SQ-
glass and SQ-glass:DPP-glass 1:1 deposited from 
chlorobenzene, and b) SQ-glass:PCBM deposited from 
toluene, before and after annealing at 100, 130 or 150 � for 
30 minutes. 
 
Atomic force microscopy (AFM) was used to study the 
morphology of nanocomposite thin films to gain additional 
insight about film topology and phase separation at the 
interface. SQ-glass/DPP-glass blends were deposited from 
both chloroform and chlorobenzene in a 1:1 weight ratio and 
annealed at 80 and 100 °C for 10 minutes, respectively. 
Representative scans are shown in Figure 8. In all cases, it 
can be observed that topologically smooth films were 
obtained with root mean square (RMS) roughnesses ranging 
from 0.8 to 1.2 nm. Thermal annealing did not cause any 
increase in surface roughness in either case, thereby 
confirming that the films remained amorphous. Small 
pinholes ranging from 10-20 nm diameter and 5-10 nm deep 
littered the surface. These pinholes are likely due to the 
presence of traces of water, and have been previously 
observed during the spin-coating of analogous compounds.54 
Nonetheless, their small size makes it unlikely that these 
pinholes will interfere will cell performance.  
 

Figure 6. AFM topographic images (10 µm × 10 µm) for SQ-
glass:DPP glass 1:1 blend films 1:1 deposited from CHCl3 or 
chlorobenzene before and after annealing. a) Chloroform 
before annealing, b) chloroform after annealing at 80 °C for 
10 minutes., c) chlorobenzene before annealing, d) 
chlorobenzene after annealing at 100 °C for 10 minutes. 
 
SQ-glass/PCBM blend films were prepared similarly in a 1:1 
weight ratio from chloroform, chlorobenzene and toluene. 
Whereas films deposited from chloroform and chlorobenzene 
were annealed at 80 and 100 °C for 10 minutes, respectively, 
films cast from toluene were annealed at 130 and 150 °C for 
30 minutes in each case. At these higher annealing 
temperatures, crystalline peaks started appearing by XRD. 
AFM scans of the films deposited from chloroform and 
chlorobenzene (Figure 9a-d) show films with smooth surfaces 
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and no obvious phase separation, with RMS roughness 
ranging from 1.3 to 2.2 nm. Although films cast from toluene 
and annealed at 130 °C showed crystalline peaks by XRD, 
their surface topology shows a relatively smooth surface, with 
a RMS roughness of 1.0 nm (Figure 9e). On the other hand, 
annealing at 150 °C revealed a grainy film with a RMS 
roughness of 6.9 nm, and with grains ranging from 500 to 700 
nm in diameter and 10 to 20 nm in height, revealing clear 
phase segregation. 
 

Figure 7. AFM topographic images (10 µm × 10 µm) for SQ-
glass:DPP glass 1:1 blend films 1:1 deposited from CHCl3, 
chlorobenzene or toluene before and after annealing. a) 
Chloroform before annealing, b) chloroform after annealing at 
80 °C for 10 minutes, c) chlorobenzene before annealing, d) 
chlorobenzene after annealing at 100 °C for 10 minutes, e) 
toluene after annealing at 130 °C for 30 minutes, f) toluene 
after annealing at 150 °C for 30 minutes. 
 
3.4. Device Characterization and Performance 

Photovoltaic cells with an inverted ITO/ZnO/SQ-
glass:acceptor/MoO3/Ag configuration were fabricated with 
both DPP-glass and PCBM as acceptors. An inverted 
configuration was chosen because of its stability towards air 
and moisture, allowing to characterize device performance 
under ambient conditions.55-56 Indeed, unlike conventional 
devices that use low work-function air sensitive metals for the 
electron-collecting electrode and require encapsulation 
techniques to prevent electrode oxidation,57-58 the charge-
collecting nature of the electrodes is reversed in these 
inverted devices, thereby allowing the use of high work-
function metals (such as Ag), and can be operated under air 
without any additional precautions.  

Devices were fabricated incorporating both active layer 
components in various weight ratios (1:1, 1:2, and 2:1), with 
various solvents used for deposition (chloroform, 
chlorobenzene and toluene), and with various annealing 
temperatures and times. Films processed from chloroform 
were annealed at 80 °C for 10 minutes, films cast from 
chlorobenzene were annealed at 100 °C for 10 minutes, 
whereas films cast from toluene were annealed at either 100, 
130 or 150 °C for 30 minutes. It should be noted that longer 
annealing times failed to result in any performance 
improvements. The current-voltage characteristics for all 
devices were then measured both in the dark and under 
illumination with an intensity of 100 mW cm-2. The 
photovoltaic parameters measured for representative devices 
are listed in Table 1, and J-V curves for selected devices are 
shown in Figure 8 (the data for all devices can be found in 
Tables S3-S4 and Figures S5-S7). In all cases, the current 
density-voltage curves of the devices in the dark (Figure 8a) 
show a rectification effect, indicating the formation of p-n 
junctions in the active layer, even with both components 
homogeneously blended.  
Significantly higher efficiencies were obtained with a 1:1 
blend ratio, as it is close to an equimolar ratio of donor and 
acceptor. In cells with DPP-glass as acceptor, optimal 
performances were obtained by deposition from either 
chloroform or toluene, and after annealing at 80 or 100 °C for 
10 or 30 minutes, respectively. These conditions yielded 
conversion efficiencies of 0.40-0.41 %. It should be noted that 
although the active layers are completely amorphous, thermal 
annealing does improve device efficiency by nearly 40 %, 
likely by eliminating residual solvent, improving both 
molecular packing, and promoting the formation of non-
covalent intermolecular interactions in the blend, leading to 
improved contacts between electroactive moieties.  
Unlike DPP-glass, devices using PCBM showed lower 
efficiency improvements (20 % or less) upon thermal 
annealing at lower temperatures, and chlorobenzene and 
chloroform yielded the best efficiencies (0.41-0.44 %). While 
these performances are slightly higher than that of the devices 
incorporating DPP-glass, they are closely similar, and 
although devices with SQ-glass show modest efficiencies, this 
seems to be a consequence of the low mobility of the SQ-
glass itself. However, annealing at higher temperatures (130 
and 150 °C) for 30 minutes, which has been shown to result 
in the crystallization and phase segregation of PCBM, 
resulted in higher conversion efficiencies, reaching a maximal 
PCE of 0.52 %. Another notable consequence of the 
crystallization of PCBM is a slight increase in the Voc of the 
cells from 0.42 V to 0.49 V, which is a consequence of a 
broadening of the density of states due to the lower ordering 
in amorphous films, resulting in a lower Voc.59   
Interestingly, even though proper phase segregation of the 
donor and acceptor components resulted in a higher 
performance, it only resulted in a 18 % enhancement over a 
homogeneously blended active layer. In contrast, the packing 
and phase segregation of crystalline active layers can have a 
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significantly deeper impact on device performance.60,61  A 
possible explanation to rationalize these observations is 
because of the glassy nature of the active layer. Since glasses 
are isotropic and homogeneous, they conveniently avoid the 
defects present in polycrystalline thin films. While 
polycrystalline bulk heterojunctions can lead to superior 
performance under ideal conditions, the presence of grain 
boundaries, improperly distributed donor and acceptor 
domains, or domains too small or too large, all contribute to 
losses in the efficiency. With glassy homogeneous blends, 
although maximal efficiencies may be lower, near-ideal 
conditions are comparatively easier to attain. 
 
 
 

Figure 8. Current density as a function of voltage (J-V) 
characteristics of representative ITO/ZnO/SQ-glass:DPP-
glass/MoO3/Ag or ITO/ZnO/SQ-glass:PCBM/MoO3/Ag 
devices deposited from either chloroform, chlorobenzene or 
toluene a) in the dark, and b) under illumination with an 
irradiance of 100 mWcm-2. Acceptor, deposition solvent and 
annealing temperature is indicated for each device. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Photovoltaic parameters of ITO/ZnO/SQ-glass:DPP-
glass (1:1)/MoO3/Ag and ITO/ZnO/SQ-glass:PCBM 
(1:1)/MoO3/Ag devices under illumination with an intensity 
of 100 mWcm-2. 

Acceptor Solvent Thermal 
Annealing 

Jsc 
(mAcm-

2) 

Voc 
(V) 

FF PCE 
(%) 

DPP-
glass 

PhCl no 1.80 0.28 0.39 0.18±
0.02 

100 °C 2.45 0.28 0.40 0.26±
0.01 

CHCl3 no 1.73 0.41 0.41 0.30±
0.01 

80 °C 2.25 0.42 0.42 0.41±
0.01 

Toluene 100 °C 2.66 0.39 0.39 0.40±
0.02 

PCBM PhCl no 3.06 0.40 0.30 0.36±
0.04 

100 °C 3.20 0.42 0.45 0.44±
0.01 

CHCl3 no 2.28 0.43 0.41 0.39±
0.02 

80 °C 2.30 0.43 0.43 0.41±
0.02 

Toluene 100 °C 2.35 0.42 0.34 0.30±
0.03 

130 °C 2.68 0.46 0.38 0.45±
0.02 

150 °C 2.96 0.49 0.39 0.52±
0.05 

 

4. Conclusions 
In summary, we report the first instance of organic 
photovoltaic cells where the active layer is an amorphous 
homogeneous blend composed of two small-molecule 
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materials, including a new squarylium cyanine donor (SQ-
glass), and two acceptors: DPP-glass and PC61BM. 
Depending on the processing conditions, PCBM can undergo 
crystallization and phase segregation, allowing to compare the 
performances of the devices with and without phase 
segregation. The devices incorporating DPP-glass reached 
efficiencies up to 0.41 %, whereas the devices with PCBM 
reached maximal efficiencies of 0.44 % for homogeneous 
blends, or 0.52 % for phase-segregated blends. Although 
phase segregation of the donor and acceptor was found to 
result in higher efficiencies, it resulted in a performance 
enhancement of only 18 %, highlighting the fact that while 
electron transport is more efficient in phase-segregated bulk 
heterojunctions than in homogeneous blends in theory, the 
presence of defects in the former, and their absence in the 
latter, results in more closely similar performances than 
expected. Although the efficiencies reported herein are 
modest because of the low mobility of the donor, the concept 
presented herein will pave the way to the development of 
organic photovoltaic cells with improved glass-forming donor 
and acceptor materials. 
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An organic photovoltaic cell with an amorphous, homogeneously blended active layer is reported. 
 
This PV cell uses a novel glass-forming donor based on a squarylium cyanine core (SQ-glass), and a previously 
reported glass-forming diketopyrrolopyrrole acceptor (DPP-glass). 
 
The photovoltaic performance of this cell was measured, and compared to that of cells with the active layer 
composed of SQ-glass and PC61BM, both homogeneously blended and phase-segregated. 
 
Efficiencies ranging from 0.41 to 0.56 % were obtained. Interestingly, although phase segregation gave higher 
efficiencies, a homogeneous blend still yielded efficiencies that were close. Phase segregation resulted in a 18% 
increase. 
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