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ABSTRACT  

We analyse the voltage losses at open circuit in solution processed, small molecule: fullerene 

blend solar cells, using electroluminescence and external quantum efficiency measurements and 

the reciprocity relationship between light absorption and emission. For solar cells made from 

oligo-thienylenevinylene based donors and phenyl-C71 butyric acid methyl ester (PC71BM), we 

find that the voltage loss due to the finite breadth of the absorption edge is remarkably small, less 

than 0.01 eV in the best cases, while the voltage loss due to non-radiative recombination reaches 

0.29 eV, one of the smallest values reported for an organic solar cell. As a result the open-circuit 

voltage reaches around 1.0 V for an optical gap of 1.6 eV, greatly exceeding the voltage of a 

high performance polymer based system with similar optical gap. We assign the remarkably 

small absorption broadening loss to a low degree of energetic disorder in the small molecule 

system that allows efficient charge separation at a lower driving force than in typical conjugated 

polymer blends.  
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Organic solar cells have attracted intense interest due to the potential for manufacture of solar 

cells at low cost using solution processing and flexible substrates.1,2 Research in the field of 

solution processed organic photovoltaics (OPV) has mostly focused on blends of conjugated 

polymers with fullerenes due to their high efficiency that has reached 11% in multijunctions3 and 

above 10% in single junctions.4-6 Recently organic solar cells based on low molecular weight 

solution processed semiconductor molecules (so called “small molecule” organic solar cells) 

have attracted more attention due to their increasing efficiencies, which have reached record 

efficiencies of 9-10% in single junction devices7,8 and 10% in tandem structures9. The growing 

interest in small-molecule optoelectronics is also stimulated by several potential advantages over 

semiconducting polymers, such as a more reproducible synthesis and the relative ease of 

purification,10 whilst maintaining the potential for control of blend microstructure e.g. through 

use of additives.11 A further important advantage is the relatively small variation in site energies 

that may be expected in a small molecule film compared to a conjugated polymer, as a result of 

the smaller range of backbone conformations available to a small molecule. Such a limited 

variation in hole or electron energies reduces the so-called energetic disorder of the system; 

reduced energetic disorder may positively impact the rate of charge transport and the charge 
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separation yield.12 Previous studies on high performance small molecule devices indicate that 

energy losses between the optical gap and the energy equivalent to the open-circuit voltage, eVoc, 

can be relatively small 13, 14 and that the penalty for charge pair separation may be low14. Hence, 

it is of great interest to analyse and quantify the energy loss processes in small molecule devices 

in order to understand their potential performance.  

We present here a study of the open-circuit voltage (Voc) loss of solar cells based on two 

different small-molecule donors built around a 3,4-ethylenedioxythiophene (EDOT) group and 

based on a previously published study of devices made from a family of such materials15 blended 

with phenyl-C71-butyric acid methyl ester (PC71BM). One of the molecules led to a Voc of 1.0 V, 

which makes these materials especially interesting for our study of the energy losses in small 

molecule solar cells. We use methods presented in a recent study16 to evaluate the different 

contributions to the loss in Voc. This method uses the concept of a radiative open circuit voltage 

Voc,rad as previously defined17, 18 but extends the definition of Voc,rad to respect the actual light 

absorption spectrum of the solar cell under study. This allows us to assign an upper radiative 

limit to Voc, Voc,SQ, based on the Shockley-Queisser19 condition of a sharp absorption edge at the 

optical gap Eopt, and a second limit Voc,rad which replaces the step-function with the measured 

shape of the absorptance. These assignments allow the losses to absorption edge broadening and 

non-radiative phenomena to be distinguished.18,20  In this work we use the external quantum 

efficiency coupled with electroluminescence spectroscopy to determine the Voc,SQ and the Voc,rad 

in order to characterise the losses in the open-circuit voltage. The study was extended to different 

processing conditions, in order to understand the effect of processing-induced changes in film 

microstructure on the energy loss. The results show that these materials have a very low energy 

loss compared to polymers with similar optical gap. Moreover, we find that processing 
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treatments that are known to promote phase segregation also appear to retard non-radiative 

recombination, as expected. Finally, we attempt to rationalise the low energy loss in these 

materials using quantum chemical calculations of the excited state spectra of these blend 

systems.  

The small molecules used in our study are 2,2'-((5,5'-((1E,1'E)-(2,3-dihydrothieno[3,4-

b][1,4]dioxine-5,7-diyl)bis(ethene-2,1-diyl))bis(3,4-dihexylthiophene-5,2-

diyl))bis(methanylylidene))dimalononitrile (SML01) and (5Z,5'Z)-5,5'-((5,5'-((1E,1'E)-(2,3-

dihydrothieno[3,4-b][1,4]dioxine-5,7-diyl)bis(ethene-2,1-diyl))bis(4-hexylthiophene-5,2-

diyl))bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one) (SML06), both of which are 

based on a central EDOT moiety, substituted on both sides by thienylenevinylene moiety, and 

terminated at each end by dicyanovinylene groups (in the case of SML01), or rhodanine  groups 

(for SML06)15. Replacing the dicyanovinylene groups with the rhodanine groups lead to a 

smaller optical gap and higher lying HOMO15, as confirmed with time-dependent density 

functional (TD-DFT) calculations (Table S1). The molecules also differ in the number of side 

chains attached to the thiophenes, which is likely to influence their ability to crystallise. The 

chemical structures of these small molecules are shown in Scheme 1. 

 

   

 

Scheme 1.  Chemical structures of SML01 and SML06. 
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Figure 1.  Current vs. voltage (J-V) curves under illumination for (a) SML01:PC71BM solar cell 

devices and (b) SML06: PC71BM solar cell devices that have been processed differently, as 

follows:  ‘neat’: a blend film with no additive or further processing; ‘SVA’: neat film that has 

been solvent vapour annealed in CH2Cl2; ‘PDMS’: a blend film cast from a solution with 0.3 

mg/ml PDMS added; ‘PDMS SVA’: PDMS containing blend that has also been solvent vapour 

annealed.  
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Representative current density – voltage (J-V) curves obtained from blend devices of the 

structure glass/ITO/PEDOT:PSS / SML0x:PC71BM (1:1)/Ca/Al are plotted in Figure 1. The 

results are in good agreement with those in a previous report on these small molecules.15 In 

accordance with the HOMO energies and optical gaps of the donor materials, SML06 results in a 

higher short circuit current density, Jsc, whilst SML01 results in a higher Voc. Comparison of 

different process routes shows that by exposing the film to a solvent vapour annealing (SVA) 

stage (3 to 5 minutes in CH2Cl2 solvent at room temperature) or applying the SVA to a blend 

film containing 0.3 mg/ml of the inert polymer additive polydimethylsiloxane (PDMS) leads to 

an improvement of fill factor and consequently power conversion efficiency (PCE). In the case 

of SML06:PC71BM the effect on Jsc is also substantial, as the untreated device suffers from slow 

charge collection relative to charge generation, which we infer from the poor fill factor.  The 

impact of the processing on Voc is not large in comparison.  

  To characterise the difference in film microstructure due to processing, we compare 

atomic force microscope (AFM) images of the film surfaces, before and after solvent vapour 

annealing, in Figure S1. The SVA treated films appear to show larger domain structures, 

implying better phase segregation, particularly in the case of SML06. Photoluminescence 

intensity data (Figure S2) show the effect of SVA more clearly than the surface images. 

Exposure of blend films to solvent vapour reduces the quenching of the donor PL signal, 

indicating a growth in the size of pure SML0x domains. In the case of SML06 the domain 

growth is accompanied by a red shift in the onset of absorption and of EQE (visible on a linear 

scale in Figure S3) suggesting aggregation of the molecule upon SVA. Crystallisation occurs 
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readily only in the case of SML06 because of the single alkyl chain on the flanking thiophene in 

that molecule. 

 To quantify the losses in open-circuit voltage we have measured the external quantum 

efficiency (EQE) and electroluminescence (EL) response of the devices. Figure 2 shows the 

resulting EQE spectra extended to lower energy over several orders in magnitude using the EL 

data and exploiting the reciprocity relation21 as done previously.16,22 Compared to spectra for 

polymer:PC71BM or evaporated small molecule solar cells,16, 22-24 the EQE spectra in Figure 2a, 

and 2b show a remarkably sharp absorption edge over several orders of magnitude for all 

devices. In addition, it is evident that the EQE for the devices subjected to SVA maintain the 

sharp gradient over more orders magnitude than the as-fabricated devices for both molecule 

types.  
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Figure 2.  Electroluminescence and external quantum efficiency for (a) SML01:PC71BM and (b) 

SML06:PC71BM blend device with different processing conditions. The external quantum 

efficiencies are composed of the directly measured quantum efficiency and the quantum 

efficiency determined from the EL spectra. 
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Following previously presented methods16, 25, we can separate the voltage difference between 

the optical absorption edge Eopt/q where (q is the electric charge) and the measured Voc into three 

different terms. For an ideal solar cell with a step-function absorptance and perfect carrier 

collection but in the absence of light concentration or any directionality of light emission, we can 

define a maximum open-circuit voltage for a material with a given band gap Eg by using the 

Shockley-Queisser theory. The resulting open-circuit voltage Voc,SQ is typically about 250 mV 

smaller than Eg/q at one sun illumination. This first component in the energy loss, Eg/q-Voc,SQ 

cannot easily be associated to any particular loss mechanism but it would be reduced for 

concentrator solar cells. In the context of organic solar cells this term can be considered as an 

unavoidable loss mechanism. However, in principle the next two loss mechanisms are avoidable 

and change substantially from one blend to another.16  The first of these, ∆Voc,abs = Voc,SQ - Voc,rad, 

is the loss due to a broadened absorption edge. The so-called radiative open-circuit voltage is, 

like Shockley-Queisser theory, based on the principle that the only charge carrier loss process is 

radiative recombination, but it uses the measured absorptance rather than the ideal step-function 

of Shockley and Queisser to calculate the radiative open-circuit voltage. The more the measured 

absorptance mimics a step function, the closer Voc,SQ and Voc,rad will be. In contrast large shifts in 

energy between the main onset of absorption and the tail of absorption, which dominates the 

luminescence, lead to large values for ∆Voc,abs = Voc,SQ - Voc,rad. In an organic donor-acceptor 

blend based solar cell this loss can be substantial because the energy of interfacial charge transfer 

states is often strongly red shifted relative to the onset of strong absorption by the 

semiconductors. However, if the charge transfer state is barely visible and the luminescence peak 

is close in energy to the absorption onset, ∆Voc,abs can in principle also become negative. This is 

due to the fact that the step-function like absorptance used for the SQ limit always has an 
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absorptance of 1 at the peak of emission, while the absorptance at the emission peak in the 

radiative limit can be substantially smaller than one. Thus, the radiative saturation current 

density can in principle be smaller than the SQ saturation current density without violating the 

theory. This means that energetic disorder has a small positive effect on Voc and a negative effect 

on Jsc, when compared with a SQ solar cell at a given experimentally determined band gap. 

The last loss ∆Voc,nr = Voc,rad - Voc represents the reduction in open-circuit voltage due to non-

radiative recombination. Table 1 summarises the results of this analysis for the devices discussed 

in the present paper and compares the results to data published in several recent publications that 

allowed us to perform the same analysis as proposed here. 

 

Table 1. Voltage loss analysis for the small molecule devices and comparison with a range of 

devices published in the literature and analyzed in the same way.  In case of the literature data, 

we added an abbreviation to show which donor-acceptor combination is used. P represents 

polymer, F is fullerene, SM is small molecule, ‘:’ means donor-acceptor blend and ‘/’ indicates a 

planar heterojunction between a donor and an acceptor. For the devices presented in this paper, 

the optical gap Eg is determined from the onset of the external quantum efficiency as illustrated 

in Figure S3. 

  

Blends Eg VOC,SQ VOC, rad ∆VOC, abs VOC ∆VOC, nr 

SML01:PC71BM 1.61 1.32 1.28 0.04 0.99 0.29 

SML01:PC71BM (PDMS) 1.61 1.32 1.30 0.02 0.99 0.31 

SML01:PC71BM (PDMS, SVA) 1.60 1.31 1.31 0.005 0.99 0.32 
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SML06:PC71BM 1.58 1.29 1.21 0.08 0.85 0.36 

SML06:PC71BM (PDMS) 1.58 1.29 1.22 0.07 0.85 0.37 

SML06:PC71BM (SVA) 1.54 1.26 1.23 0.03 0.88 0.35 

SML06:PC71BM (PDMS, SVA) 1.53 1.25 1.24 0.01 0.87 0.37 

PTB7:PC71BM [11] (P:F) 1.61 1.33 1.13 0.20 0.74 0.39 

PIPCPa:PC61BM [14] (P:F) 1.41 1.15 1.16 -0.01 0.89 0.27 

DBP:ZClb [26] (SM:SM) 1.95 1.66 1.58 0.08 1.33 0.25 

DTD:N2200c [27] (SM:P) 1.55 1.27 1.16 0.11 0.82 0.34 

PTB7-Th:IDTIDT-ICd [28] (P:SM) 1.53 1.25 1.28 -0.03 0.94 0.34 

aPIPCP contains a backbone comprised of CPDT-PT-IDT-PT repeat units (CPDT = cyclopentadithiophene, PT = pyridyl[2,1,3]thiadiazole, 
IDT = indacenodithiophene);  
b(tetraphenyldibenzoperyflanthrene : zinc chlorodipyrrin);  
c (diketopyrrolopyrrole-thieno[2,3-f]benzofuran : commercial polymer acceptor);  
d (poly(thieno[3,4-b]thiophene/benzodithiophene) : indacenodithiophenoindacenodithiophene) 
 

 

 
Both optical gap and Voc are larger for SML01 than SML06. In the case of SML06 only, the 

band gap is reduced by up to 0.05 eV upon SVA. This is due to the greater ability of this 

molecule to crystallise upon annealing, also suggested by the domain growth in Figure S1and S2. 

In all Voc,SQ lies 0.28 – 0.29 V below the optical gap. The loss in actual Voc compared to this 

maximum, i.e. ∆Voc,abs + ∆Voc,nr,  varies between 0.32 and 0.44 V. Compared to many typical 

polymer:fullerene solar cells11 the avoidable loss ∆Voc,abs due to the non-sharp absorption edge is 

very small, between 0.01 and 0.08 eV compared, for example, to 0.20 eV in the case of 

PTB7:PC71BM.  

 The non-radiative voltage loss ∆Voc,nr of these materials ranges from 0.29 to 0.37 V and 

in the best cases is lower than the lowest previously published values for polymer:fullerene solar 

cells which were 0.32 V for an indacenodithiophene polymer29 and 0.34 V for a 

diketopyrrolopyrole based polymer16. However, even lower values can be found in the literature 

if the present analysis is applied to published data. The lowest values for ∆Voc,nr that we could 
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find were 250 mV for an evaporated bilayer solar cell reported in Ref [26] and 270 mV for a 

polymer:fullerene bulk heterojunction solar cell reported in Ref [14]. Other relatively low values 

that have been published recently are 340 mV for both a small molecule:polymer blend and a 

polymer:small molecule blend both of which have no fullerene acceptor.27,28 Thus, low voltage 

losses can be found for all combinations of donor and acceptor molecules. However, it can be 

noted that material combinations including either a small molecule donor or a non-fullerene 

acceptor are very well represented among the materials with very low voltage losses. In the 

following we consider possible reasons for low voltage losses in the blends based on thje small 

molecules SML01 and SML06.   

The combination of low ∆Voc,abs and ∆Voc,nr explains the high open-circuit voltages that we 

could achieve with these materials. Whilst the origin of the relatively low non-radiative loss is 

not known, it is consistent with the higher degree of purification possible for small molecules 

than for polymers, which could reduce the defect density, and also with the lower degree of 

disorder in electronic state energies that is expected in small molecules due to their limited 

conformational phase space . In the case of the SML06 devices, the non-radiative loss is lower 

after SVA. This is consistent with the longer charge recombination time observed for the SVA 

relative to the non-annealed devices using transient-photovoltage measurements (Figure S4). As 

established previously15 SVA appears to lead to larger domains and therefore less interfacial 

area. It has been shown elsewhere that reduction in interfacial area in bulk heterojunctions can 

improve Voc by reducing non-radiative recombination losses24 and it is consistent with the fact 

that the lowest ∆Voc,nr we found was for a bilayer system where the interfacial area is naturally 

minimized. 
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We notice as well that the solvent vapour annealing stage decreases ∆Voc,abs for SML06 

samples by at least 0.03eV. This is due to the sharpening of the absorption edge that is observed 

upon SVA, which was assigned to aggregation of SML06.  

Compared to most polymer:fullerene systems (see e.g. Ref [16]), the SM devices show 

exceptionally low absorption broadening losses and a Voc that is closer to the optical gap. In 

order to understand why these small-molecule devices show a low voltage loss, especially the 

one due to the absorption edge, we have used time-dependent density functional theory (TD-

DFT) to investigate the electronically excited states of the donor : acceptor complex for different 

positions of the fullerene (PC71BM) relative to the donor molecule.30,31 We calculated the excited 

states and their electronic density distribution using TD-DFT with B3LYP/6-31G* in vacuo with 

Gaussian 0932. Whilst we recognize that the B3LYP functional has known limitations that affect 

the study of charge transfer (CT) CT states, we selected this functional because it has shown 

good agreement with experimental trends in CT state energy with changes in chemical 

structure30 and it has been shown to reproduce experimental data as well as more expensive 

methods33. For the present study we first confirmed that the method reproduced the relative 

HOMO energies and optical gap of the two small molecules correctly. The results of the 

calculation for different position of the fullerene (on top of the central EDOT, the flanking 

thiophene (labelled T1), or the terminal group (labelled Rhod or CN)) are shown in Figure 3. 

These positions are presented in Figure S5. The different states are classified as being CT states, 

when most of an electronic charge is transferred to the fullerene, excitonic, when the excitation is 

localized largely on either donor or acceptor, or mixed in the intermediate case. 
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Figure 3.  TD-DFT calculation of excited states of SML01, SML06 and for SML01:PC71BM and 

SML06:PC71BM complexes with the PC71BM in three different positions relative to the donor 

molecule.  
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When the fullerene is placed above the acceptor (Rhod or CN) part of the molecules, there is 

no charge-transfer state at an energy below the exciton state. For both the T1 and EDOT 

positions, the lowest state is a charge-transfer state, and although the charge-transfer state for the 

EDOT position lies lower in energy, the energies of the CT states for the different positions lie 

within some kT (0.025eV) of each other.  From these calculations we will consider the CT state 

to be the first excited state for the complex where the fullerene is in the EDOT position, i.e. the 

lowest excited state of all geometries considered. We hence obtain a (value for the exciton – CT 

state energy difference) of 0.15 eV. The relatively small difference between the CT state and 

donor exciton energy could explain the low voltage loss observed for these materials. In fact, we 

can compute the absorption from the oscillator strength (Figure S6); these plots confirm that a 

sharp, approximately exponential absorption edge is expected for these calculated transitions and 

that the sharp edge is compatible with the low ∆Voc,abs observed.     

In polymer based systems, current generation is observed to depend on the interfacial 

driving force, and typically switches off when that the exciton-CT state energy gap drops below 

~0.3 eV34. There are exceptions where efficient generation occurs at lower driving force, for 

example in an isoindigo polymer35,36 and a diketopyrrolopyrrole terthiophene (DPP3T) polymer37 

as well as for the four systems listed at the bottom of Table 1. For  DPP3T:PCBM, for instance, 

∆Voc,abs = 0.02 eV16  while the calculated  exciton-CT state energy difference using a DPP3T 

oligomer: PCBM complex is 0.15 eV, using the same methods as used for the SML0x:PCBM 

complexes here (Figure S7) This value of 0.15eV is similar to the small molecule systems 

studied here and smaller than the calculated exciton-CT state difference for the majority of 

polymer:fullerene combinations used in solar cells27 (calculated using the same level of theory). 
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Thus, relative to typical polymer:fullerene systems, the SML01 and SML06 systems show 

charge separation at unusually low exciton-CT state energy gaps. The larger threshold for charge 

separation usually seen in polymer systems may result from a larger degree of conformational 

disorder in the polymer compared to small molecules, leading to disorder in the CT state energies 

and correspondingly inefficient separation for the fraction of CT states lying in the low energy 

tail. For the small molecule systems we expect less disorder in both exciton and CT energy as a 

result of the reduced number of donor: acceptor configurations, relative to a polymer: fullerene 

system. We explored the effect of conformational disorder in the small molecule on exciton and 

CT state energies and found that distortions of the small molecule backbone conformation that 

are expected at room temperature affect the position of CT and exciton by < 20 meV and cause a 

relatively minor broadening of the absorption spectrum (Figure S8). We propose that the 

efficient  charge separation at low driving force in small molecule based systems results, at least 

in part, from the relatively low energetic disorder in the system, and that this is what enables the 

relatively sharp EQE edge of the small molecule fullerene system, and hence the low losses in 

Voc. 

 In conclusion, we have investigated the voltage loss in a small molecule solar cell using a 

quantitative analysis of the loss processes based on quantum efficiency and electroluminescence 

measurements. We have found that for SML01 and SML06, the absorption edge is very sharp 

thereby considerably reducing the associated losses in open-circuit voltage. Additional 

processing steps such as solvent vapour annealing lead to a further reduction in voltage losses, 

probably due to phase segregation and a reduction in interfacial area. Time-dependent DFT 

calculations on the donor-acceptor interface show that the energy difference between the lowest 

charge-transfer state of the donor-acceptor complex and the donor exciton is around 0.15 eV and 
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lower than the threshold for efficient charge generation in typical polymer based systems.    We 

suggest that the high charge generation efficiency at low energetic driving force results from 

reduced disorder in the electronic energies of small-molecule, compared to polymer, systems. 

 

Experimental Methods 

 

The devices were fabricated with the layer structure  

glass/ITO/PEDOT:PSS/SML0x:PC71BM/Ca/Al. The substrates were cleaned by ultrasonic 

treatment in acetone, and isopropyl alcohol and subsequently blow-dried with nitrogen. The 

surfaces of the ITO substrates were processed in ozone at 100 W for 5 minutes. Subsequently, a 

hole transport layer PEDOT:PSS (Clevios PVP AI 4083, filtered at 0.45 µm) was deposited by 

spin-coating at 3500 rpm (thickness around ~30 nm ) onto the ITO surface and then annealed at 

150 °C for 20 min. The organic films were deposited from a solution containing SML0x and 

PC71BM in a weight ratio of 1:1 at a solid concentration of 20 mg/ml in chloroform. Another 

solution was prepared with the same condition but also containing 0.3 mg/ml of PDMS 

(molecular weight 14000 g/mol).  

 The active layer was spin-coated at 8000 rpm with acceleration 4000 rpm/s, yielding a 

thickness around 75 nm. Where necessary an additional step was also carried out straight after 

deposition of the active layer by exposing the films to a saturated vapour of dichloromethane 

solvent (CH2Cl2) in a sealed closed vessel (solvent vapour annealing, SVA). The films were 

exposed to the solvent vapour for 3-5 minutes. Finally, the layers of the top electrode, Ca 

(~20nm) and Al (~100 nm), were deposited subsequently at a rate of 0.1Å/s through a shadow 

mask with an aperture area of 0.045 cm2 under a constant pressure less than 10-6 Torr. Current 



 19

density–voltage (J–V) characteristics of the devices were measured using a Keithley 236 Source 

Measure Unit and a xenon lamp with AM1.5G filters and 100 mW/cm² illumination solar 

simulator (Oriel Instruments). 

Electroluminescence (EL) was measured using a Shamrock 303 spectrograph combined with 

an iDUS InGaAs array detector cooled to –90 °C. The driving injection current is in the range of 

1.25 and 1250 mA/cm2. The obtained EL spectra intensity was calibrated with the spectrum from 

a calibrated halogen lamp.  

External quantum efficiency (EQE) was measured using a grating spectrometer (CVI 

DIGIKROM 240) to create monochromatic light combined with a tungsten halogen light source. 

The monochromatic light was chopped at 235 Hz and Stanford Research Systems SR380 lock-in 

amplifier with an internal transimpedance amplifier of 106 V/A was used to detect the 

photocurrent. Long pass filters at 610, 715, 780, 850, and 1000 nm were used to filter out the 

scattered light from monochromator. The spectra were taken from 350 to 1100 nm and calibrated 

by a silicon photodiode. 

PL Steady-state: PL was collected using a Horiba Jobin Yvon Fluorolog-2 PL spectrometer. 

 
TD-DFT: Ground state energies and geometries were calculated using Density Functional 

Theory (DFT) with B3LYP functional and 6-31G* basis set in Gaussian 0929.We estimate the 

LUMO levels from the first excited state of a time-dependent DFT (TDDFT) calculation using 

the same functional and basis set. 
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