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A B S T R A C T   

To investigate photocurrent generation mechanisms in these organic solar cells (OSCs), we design and synthesize 
four thienothiophene (TT)-based small-molecule donors with the highest occupied molecular orbital (HOMO) 
levels varying from −6.4 eV to −5.1 eV, which span across the HOMO value of the [6,6]-phenyl-C70-butyric acid 
methyl ester (PC71BM) acceptor. We measure TT-based donor:PC71BM films’ electronic and optical properties, 
OSC current density-voltage characteristic, and external quantum efficiency, and perform density functional 
theory (DFT) calculations. Our results show that photocurrent generation depends strongly on the substitutions 
of the center TT groups, cyano (-CN) versus hexyloxy (-OHex). With 1 wt% donor, TTOHex:PC71BM devices 
produce seven times, increasing to twelve times for 5 wt % donor, higher photocurrent than neat PC71BM de
vices. In contrast, TTCN:PC71BM devices do not generate additional photocurrent even with 10 wt% donor. The 
photocurrent generation in TT-based donor:PC71BM devices depends critically on the HOMO value of the donor 
molecule with respect to that of PC71BM, indicating the importance of type II energy level alignment to facilitate 
exciton dissociation at the donor-acceptor interface. The photovoltage of all TT:PC71BM devices are comparable 
to neat PC71BM devices, 0.85–0.90 V, with a low voltage loss due to non-radiative recombination. The fill factor 
of TTOHex:PC71BM devices are low due to the low hole mobility, ~10−8 cm2/V. Following exciton dissociation, 
hole transport is analyzed according to three possible mechanisms: tunneling, percolation pathways, and hole 
back transfer. We find that the hole back transfer mechanism can explain all experimental results and therefore is 
the primary hole transport mechanism for photocurrent generation in TT-based donor:PC71BM dilute-donor 
OSCs.   

1. Introduction 

Dilute-donor organic solar cells (OSCs), with a minute amount of 
donor molecules in the active layer, are intriguing because they exhibit 
high open-circuit voltage (Voc) and short circuit current density (Jsc) 
concurrently [1–9]. The high Voc is attributed to reduced bimolecular 
recombination [3] or the formation of a Schottky barrier between the 
fullerene matrix and the anode [1,2,10]. Dilute-donor OSCs have pre
dominant exciton generation on the acceptors, followed by the forma
tion of charge-transfer (CT) states at donor-acceptor interfaces, which 

can dissociate into electron-hole pairs [11]. However, the realization of 
Jsc in these solar cells remains under debate. 

Conventional understanding of bulk heterojunction (BHJ) OSCs 
would lead to a conclusion that dilute-donor OSCs should not produce 
much photocurrent because there are too few donors to form a perco
lating pathway to the anode, thus impeding hole transport. Electron 
transport is not impeded as the acceptor matrix readily provide path
ways to the cathode. Experimental observations however do show sig
nificant Jsc, which has given rise to three proposed hole transport 
mechanisms. First, Melianas et al. reported that hole transport in 4–7 wt 
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% dilute-donor devices are governed by donor-donor tunneling dis
tances up to 4 nm [12]. Second, many groups proposed that for ≥10 mol 
% donor concentration, donor aggregation could form percolating 
pathways to the anode for hole transport [5,6,13]. Third, Albes et al. 
reported that hole transport to the anode is carried by the fullerene 
matrix. Following exciton dissociation and hole transferred to the do
nors, because of the lack of percolation pathways, holes pile up at donor 
sites; the resulting Coulombic repulsion drives the holes back onto 
fullerene molecules overcoming the donor-acceptor highest occupied 
molecular orbital (HOMO) energy barrier, hence “hole back transfer”, 
and subsequently holes are transported to the anode [7]. To distinguish 
among these three proposed processes, combined experimental and 
modeling efforts are needed. For solution-processed dilute-donor OSCs, 
previous work all used polymer donors [2,14]. Since each polymer chain 
has different molecular weights and shapes, even when isolated, it is 
challenging to perform modeling in these polymer donor systems. An 
investigation of dilute-donor OSCs using small molecule dilute-donors 
offers more realistic modeling to gain better understanding because 
each molecule is small and has an identical molecular weight and shape. 

In our work, we study the photocurrent in [6,6]-phenyl-C70-butyric 
acid methyl ester (PC71BM)-based devices with thienothiophene (TT)- 
based small-molecule donors with concentrations varying from 0 to 10 
wt%. The experimental investigation is complemented by planewave 
density functional theory (DFT) calculations. First, we elucidate donor 
molecule design from planewave DFT calculations with supercells. 
Second, we fabricate TT-based donor:PC71BM dilute-donor OSCs with 
varying donor concentration to study concentration effects on Jsc using 
ellipsometry, electrochemical impedance spectroscopy (EIS), transfer 
matrix method (TMM) calculations, and current density-voltage (J-V) 
characteristics. Third, we calculate frontier [HOMO, lowest unoccupied 
molecular orbitals (LUMO)] energy levels of TT-based donor-PC71BM 
dimers using DFT and show the donor-PC71BM interaction impact on 
device performance explicitly. Finally, to distinguish the three hole 
transport mechanisms (tunneling, aggregation, or back-transfer), we 
calculate the average donor-donor separation distance, measure the 
degree of TT-molecule aggregation using ultraviolet–visible (UV–Vis) 
absorption spectroscopy, atomic force microscopy (AFM), grazing inci
dent X-ray diffraction (GIXRD), and determine the hole back transfer 
barrier height at the donor-acceptor interface from photovoltaic 
external quantum efficiency (EQEPV), electroluminescence (EL) spec
troscopy measurements. Our results establish that the hole back-transfer 
mechanism governs the photocurrent in these dilute-donor OSCs with 
small-molecule donors. 

2. Results and discussion 

2.1. Design of TT-based molecules 

We design four acceptor-donor-acceptor (A-D-A)-configured 

molecules, in which the central donor TT-core unit is modified by two 
either electron deficient cyano (-CN) or electron rich hexyloxy (-OHex) 
groups that are symmetrically bridged by alkyl substituted thiophene 
units to either dicyanovinyl (-DC) or rhodanine (-RH) end acceptor 
groups. Fig. 1a shows the chemical structure of the four derived donor 
molecules: TTCN-DC, TTCN-RH, TTOHex-DC and TTOHex-RH. The TT- 
core unit, consisting of planar fused aromatic rings, is an electron- 
donating moiety [15,16], and has been reported to exhibit enhanced 
charge carrier mobility, higher Jsc, and better device performance 
compared to unfused aromatic rings in BHJ OSCs [17]. It has been re
ported that the conjugated system with the –CN group deepens the 
HOMO level [18], while the -OHex substituent elevates the HOMO levels 
and enhances the solubility of polymers [19]. In addition, the molecules 
end-capped with –RH groups have also been shown to deepen both 
HOMO and LUMO levels [20]. 

Our DFT calculations (detailed methodology given in supplementary 
information) of isolated molecules elucidate our molecular designs. 
Starting with the TT core, both end groups (-DC and –RH) and –CN group 
make the HOMO level deeper (-DC deepens the most while –RH deepens 
the least) while only the -OHex group makes the HOMO level shallower 
(Fig. S1). Permutation of end and center substitution groups produces 
four molecules with HOMO energies ranging between −6.4 eV and −5.1 
eV as seen in Table 1. In Table 1, our calculated HOMO levels of TTCN- 
RH, TTOHex-DC, and TTOHex-RH are shallower than the HOMO of the 
PC71BM, making them possible good donor candidates, while TTCN-DC 
has a deeper HOMO than PC71BM and is an unsuitable donor. To confirm 
HOMO level predictions, we synthesize the four molecules and perform 
cyclic voltammetry (CV) measurements. See supplementary information 
for molecule synthesis (Scheme S1, Figs. S2–S5), and characterization 
(Table S1, Fig. S6). In Table 1, we find excellent theoretical- 
experimental agreement on HOMO energy order, which from the shal
lowest to the deepest is TTOHex-RH, TTOHex-DC, TTCN-RH, then 
TTCN-DC when taking solvent interactions into account (Fig. S7). An in- 
depth statistical study on the solvent effect is outside the scope of this 

Fig. 1. (a) Molecular structures of TTCN-DC, TTCN-RH, TTOHex-DC, and TTOHex-RH. (b) J-V curves of neat PC71BM (blue) and 5 wt% TT-based donor:PC71BM 
devices with TTCN-DC (red), TTCN-RH (black), TTOHex-DC (yellow), and TTOHex-RH (green) donor molecules under one-sun illumination (AM 1.5G 100 mW/cm2). 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Energy levels of TT molecules from hybrid-DFT (HSE06) and CV measurements 
in dichloromethane (DCM) solutions. The hybrid-DFT uses an explicit solvent 
model for solvent interactions. CV results are shown in Fig. S6 and Table S1.  

Molecules Hybrid-DFT Calculation Solution CV Measurement 

HOMO (eV) LUMO (eV) HOMO (eV) LUMO (eV) 

TTCN-DC −6.42 −4.47 −6.09 −3.72 
TTCN-RH −5.81 −3.98 −5.73 −3.52 
TTOHex-DC −5.72 −3.96 −5.42 −3.53 
TTOHex-RH −5.13 −3.47 −5.22 −3.42 
PC71BM −5.92a −3.84a −5.87 −3.91  

a Hybrid-DFT calculation on PC71BM monomer does not include DCM solva
tion effects. 
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paper and will be the subject of a future publication [21]. In terms of 
absolute HOMO energy values, theoretical DFT and experimental CV 
agree within 0.1 eV for both the RH molecules, while theory predicts a 
deeper HOMO for both DC molecules by 0.3 eV. Based on theoretical 
HOMO values with respect to that of PC71BM, we expect TTOHex-RH: 
PC71BM and TTCN-DC:PC71BM devices to generate the most and least 
photocurrent respectively. 

After characterizing the donor molecules in solution, we fabricate 
the TT donor thin films and perform UV–Vis absorption spectroscopy 
and PESA measurements. When donor molecules condense to a solid 
state, the molecular interactions alter the energy levels. Compared to 
molecules in solution, both the absorbance peaks of TTOHex molecules 
in thin films red shift, i.e. smaller optical band gap (Fig. S8a). Using 
PESA, we determine the ionization energy (IE) of neat PC71BM, TTCN- 
RH, and TTOHex films (Fig. S8b). From the IE and optical bandgap 
values shown in Table 2, we find that TTOHex films form a type II energy 
level alignment with neat PC71BM films, while TTCN-RH films form a 
type I energy level alignment with neat PC71BM films. In BHJ-OSCs, 
energy level alignment using pristine donor and pristine acceptor en
ergy levels are used to forecast exciton dissociation and charge gener
ation at the donor-acceptor interface. For dilute-donor OSCs, donor 
domains are as small as isolated molecules, possibly with significantly 
different properties compared to the pristine film phase. It is therefore 
not clear that a type II energy level alignment of pristine compounds is a 
necessary criterion for charge generation through CT states. This issue 
has not been studied previously. In this paper, we examine the role of 
energy level alignment in the photocurrent generation. 

2.2. Photocurrent generation in TT-based donor:PC71BM dilute-donor 
OSCs 

To test how the TT-based donors with different HOMO energy levels 
affect photocurrent generation in dilute-donor devices, we measure the 
J-V curves of neat PC71BM and four 5 wt% TT-based donor:PC71BM 
devices under AM 1.5 one-sun illumination (Fig. 1b) and in dark 
(Fig. S10). Device parameters obtained from Fig. 1b are shown in 
Table 3. TTOHex:PC71BM (TTOHex-DC:PC71BM, TTOHex-RH:PC71BM) 
devices generate additional photocurrent (Jsc ~ 1.67–1.90 mA/cm2), 
which is at least 10 times larger than neat PC71BM (Jsc ~ 0.16 mA/cm2). 
Strikingly, TTCN:PC71BM (TTCN-DC:PC71BM, TTCN-RH:PC71BM) de
vices generate the same amount of photocurrent as neat PC71BM, i.e. no 
additional photocurrent generation. Despite the low leakage current in 
the dark J-V curves (Fig. S10), these devices show low J-V performance 
under illumination. But these results are highly reproducible from batch 
to batch. EQEPV results (Fig. S11) also confirm that TTCN:PC71BM and 
neat PC71BM devices generate the same low EQE (maximum ~ 3%), 
whereas TTOHex:PC71BM produce substantially larger EQE (maximum 
15–21%). These results indicate that the chemical nature of the center 
substitution groups (-CN vs -OHex) has a stronger effect on the photo
current than the end groups (-DC vs –RH). 

2.3. DFT calculations of HOMO energies of TT-PC71BM dimers 

To understand how interactions between TT-based molecules and 
PC71BM affect energy level positions, we perform DFT calculations of 

TT-PC71BM dimers in large supercells (detailed supercell methodology 
given in supplementary information). Supercells, as opposed to unit 
cells, are more appropriate for planewave DFT calculations on lower 
dimensional materials or molecules [22–24]. Fig. 2 shows HOMO-LUMO 
energy levels of interacting TT-PC71BM dimers compared to a 
PC71BM-PC71BM dimer, as well as frontier orbital localization of all 
dimers. Interaction with PC71BM makes the HOMO levels shallower for 
TT-based molecules with -DC end groups and has negligible effects on 
TT-based molecules with –RH end groups for all dimer configurations 
we studied (Fig. S9). PC71BM interaction with another PC71BM molecule 
shallows the HOMO for the PC71BM-PC71BM dimer and has delocalized 
charges on both molecules. The HOMO energy of TTCN-DC-PC71BM 
dimer is 0.32 eV deeper than PC71BM-PC71BM dimer’s HOMO level, and 
HOMO localization is observed on the PC71BM instead of the TTCN-DC 
as seen in Fig. 2b. Therefore, in TTCN-DC:PC71BM devices, exciton 
dissociation will not be favorable. It is consistent with the experiments in 
Fig. 1b where we observe the same photocurrent for TTCN-DC:PC71BM 
and neat PC71BM devices. 

Fig. 2a also shows that dimers of TTOHex-DC and TTOHex-RH with 
PC71BM respectively have 0.22 eV and 0.72 eV shallower HOMO en
ergies than the PC71BM-PC71BM dimer’s HOMO energy. From Fig. 2b, 
we then observe HOMO localizations on the TT-based molecules. Thus, 
both TTOHex:PC71BM devices have an energy level alignment strongly 
favoring exciton dissociation. Measurements of neat TTOHex films show 
shallower IE levels than PC71BM (Table 2, Fig. S8b), agreeing with the 
DFT results. Accordingly, in Fig. 1b, we observe a 10x higher Jsc 
compared to neat PC71BM for both TTOHex:PC71BM devices at 5 wt% 
donor concentration. 

That the HOMO of TTCN-RH-PC71BM is slightly shallower (0.10 eV) 
than that of the PC71BM-PC71BM dimer and HOMO is localized on the 
TTCN-RH molecule, as Fig. 2 shows, indicating that exciton dissociation 
is possible in TTCN-RH:PC71BM devices on theoretical grounds, albeit 
less favored compared to TTOHex:PC71BM devices. Experimentally, 
however, we do not observe any Jsc increase (Fig. 1b). IE measurement 
of the TTCN-RH film exhibits a deeper IE than PC71BM (Table 2, 
Fig. S8b). Thus, no significant exciton dissociation can be realized. We 
attribute the discrepancy between theory and experiment to additional 
intermolecular interactions which we cannot account for in the simu
lations due to computational limitations. 

Our experiments and theoretical results explain that TTCN-PC71BM 
interface has unfavorable film IE values (Table 2) and HOMO localiza
tions (Fig. 2b) on donor and acceptor, thus prevents exciton dissociation. 
In contrast, TTOHex-PC71BM interface has suitable film IE values and 
HOMO localizations to facilitate exciton dissociation. While some non- 
fullerene acceptor based OSCs suggest energy offsets at the D/A heter
ojunction is not required for exciton dissociation [25], these results 
show that energy offset between donor and acceptor is critical for 
exciton dissociation, thus photocurrent generation, in these dilute-donor 
OSCs. 

2.4. Effect of donor concentration on photocurrent generation 

Next, we investigate the donor concentration dependence on the 
photocurrent generation, we fabricate and measure the J-V curves in TT- 

Table 2 
Ionization energy (IE) of PC71BM, TTCN-RH, TTOHex-DC, TTOHex-RH films 
obtained from photoelectron spectroscopy in air (PESA) (Fig. S8b) and optical 
bandgap from UV–Vis spectra (Fig. S8a).  

Samples IE (eV) Optical bandgap (eV) 

PC71BM −5.85 1.75 
TTCN-RH −5.92 1.91 
TTOHex-DC −5.36 1.77 
TTOHex-RH −5.35 1.74  

Table 3 
Device parameters of neat PC71BM and 5 wt% TT-based donor:PC71BM devices 
with TTCN-DC, TTCN-RH, TTOHex-DC, and TTOHex-RH donor molecules. The 
standard deviations are calculated from at least 10 diodes from different runs.  

Samples Voc (mV) Jsc (mA/cm2) FF PCE (%) 

PC71BM 855 ± 12 0.16 ± 0.01 0.32 ± 0.01 0.04 ± 0.00 
TTCN-DC 891 ± 8 0.13 ± 0.00 0.32 ± 0.01 0.04 ± 0.00 
TTCN-RH 909 ± 8 0.13 ± 0.00 0.31 ± 0.00 0.04 ± 0.00 
TTOHex-DC 902 ± 11 1.90 ± 0.06 0.26 ± 0.00 0.44 ± 0.02 
TTOHex-RH 844 ± 7 1.67 ± 0.06 0.25 ± 0.00 0.35 ± 0.01  
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based donor:PC71BM devices with three donors: TTOHex-DC (Fig. 3a), 
TTCN-DC (Fig. S12a), and TTOHex-RH (Fig. S12b) with concentrations 
varying from 0 to 10 wt%. To confirm the donor concentration (wt.%) in 
TTOHex-DC:PC71BM films, we quantify the sulfur (S) concentration (S/ 
(C + O + S) at.%) from energy-dispersive X-ray spectroscopy (EDX). 
Sulfur is used as a proxy for the TTOHex-DC donors because PC71BM 
does not contain S. Fig. S13 shows the average S at.% increases with the 

TTOHex-DC wt.% and is consistent with calculated S at.% in the TTO
Hex-DC:PC71BM films based on nominal donor concentrations 
(Table S2), confirming increasing donor concentrations in the blends. 

Device parameters of these devices are shown in Table S3. PC71BM 
devices with both TTOHex donors exhibit similar monotonic Jsc increase 
as a function of donor concentration while TTCN-DC:PC71BM devices do 
not generate additional photocurrent even at 10 wt% concentration 

Fig. 2. (a) Comparison of the HOMO-LUMO energy levels of four TT-PC71BM dimers and a PC71BM-PC71BM dimer. (b) The frontier orbital localizations of TT- 
PC71BM dimers and the PC71BM-PC71BM dimer. 

Fig. 3. (a) J-V curves of TTOHex-DC:PC71BM de
vices with different donor concentrations: 0 wt% 
(black), 1 wt% (red), 2 wt% (yellow), 5 wt% 
(green), and 10 wt% (blue) under illumination (AM 
1.5G 100 mW/cm2). (b) Jsc vs donor wt.% in TT- 
based donor:PC71BM devices for TTCN-DC (closed 
red circles), TTOHex-DC (closed yellow squares), 
and TTOHex-RH (closed green triangles) molecules. 
These results are averaged over at least 5 devices for 
each type. Fractional absorption spectra normalized 
at 380 nm of TTOHex:PC71BM for (c) TTOHex-DC 
and (d) TTOHex-RH molecules with different 
donor concentrations: 0–10 wt%. The color schemes 
used in (c) and (d) are the same as in (a). (For 
interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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(Fig. 3b). In TTOHex:PC71BM devices, 1 wt% TTOHex donors Jsc in
creases about 7-fold, from ~0.14 to ~1.1 mA/cm2. With the further 
addition of TTOHex donors from 1 to 10 wt%, Jsc increases much less 
dramatically, only by about a factor of 2. Fig. 3c,d shows the normalized 
fractional absorption spectra in the donor absorption region (500–700 
nm from Fig. S8a) increases with the donor concentration. To study the 
effect of donor absorption on Jsc, we perform Transfer Matrix Method 
(TMM) [26,27] calculations on TTOHex-RH:PC71BM devices using 
complex optical constants determined from ellipsometry for the 
different donor concentration absorber layers. Because TMM assumes 
100% internal quantum efficiency (IQE), to compare with experiments, 
the Jsc of the neat PC71BM device is subtracted from Jsc of the dilute 
donor devices (Fig. S14). The results show that Jsc from TMM and ex
periments behave similarly, indicating that the Jsc increase with the 
donor concentration results from the contribution of donor absorption. 
Note that Voc is independent of donor concentration and remains above 
0.83 V, which can be attributed to the low non-radiative voltage losses 
(ΔVNR). For 5 wt% TTOHex-RH:PC71BM devices, EQEEL of 2.67 × 10−5 

(taken at a bias with injected current equal to Jsc) translates to ΔVNR of 
270 ± 4 mV (average over 5 diodes) using ΔVNR = kT

q ln 1
EQEEL 

[28]. Low 
fill factor (FF) of ~0.2–0.3 is observed in all TT:PC71BM devices and 
independent of donor concentration, which indicates poor charge 
extraction in these devices. We measure charge carrier mobilities by 
fabricating hole-only devices of 0, 1, 2, 5 wt% TTOHex-DC:PC71BM and 
extracting hole mobility using the space charge limited current (SCLC) 
model (Table S4). All hole mobilities are in the range of 1–3 × 10−8 

cm2V−1s−1 and independent of donor concentration. The consistency of 
these SCLC hole mobilities values are confirmed by measuring active 
layers with different thicknesses (Fig. S15). These low hole mobilities 
are the main reason for the low FF in these devices. Additionally, FF can 
be reduced by enhanced recombination. To study the recombination 
characteristics, we perform EIS at open circuit condition under 
white-light illumination at 100 mW/cm2. Fig. S16 shows that 5 wt% 
TTOHex:PC71BM devices have lower recombination resistances, i.e., 
enhanced recombination, than 5 wt% TTCN:PC71BM devices (Table S5). 
These results are consistent with that TTOHex:PC71BM devices exhibit 
lower FF than TTCN:PC71BM devices. 

Previous research showed that dilute-donor OSCs with other donors 
also show similar Jsc dependence on donor concentration [4,14,29]: Jsc 
rises significantly with 1–2 wt% donor addition, followed by a gradual 
increase at higher donor concentrations. The saturation of Jsc with 
increasing donor content results from competing photocurrent loss 
mechanisms between exciton dissociation and nongeminate recombi
nation [4]. Therefore, it is important to understand the mechanism by 
which photocurrent is generated in 1 wt% TTOHex:PC71BM devices, 
where donor molecules are mostly isolated in the PC71BM matrix and are 
unlikely to form a percolation path for hole transport. 

2.5. Hole transport mechanisms 

Even after excitons are successfully dissociated at the donor-acceptor 
interface, the question remains on how holes transport to the anode with 
discontinuous donor domains. Here, we consider three proposed hole 
transport mechanisms—tunneling [12], percolating pathways [5,6,13], 
and hole back transfer [7]— for our molecular systems. 

2.5.1. Tunneling between isolated donor molecules 
To estimate the tunneling distance, we use the mass density of 

PC71BM and calculate the molecule volume of TTOHex-DC and TTOHex- 
RH molecules using DFT. Since TTOHex densities are not experimentally 
available, we relax the DFT unit cells in a periodic structure without 
vacuum. The final volume of the unit cell after relaxation is used as the 
volume of TTOHex. We find that the average distance between two 
TTOHex molecules is ≥ 4.6 nm at 1 wt% (Table S6). Tunneling proba
bility for holes over such a distance is completely negligible. Melenias 

et al. experimentally observe photocurrent in 1.5 mol% donor devices 
that have an average donor-donor distance of 5.35 nm which is larger 
than our TTOHex-TTOHex distances [12]. Melianas et al. attribute their 
current to tunneling using m* = 0.032me and kinetic energy of 0.75 eV 
when fitting with a Fowler-Nordheim model. If such kinetic energy and 
effective mass were realized in our devices, tunneling would have also 
been possible. However, such a small effective mass has never been 
observed in organic systems and it is unclear what the source of a 0.75 
eV kinetic energy would be. Hence tunneling between isolated donor 
molecules probably does not contribute much to hole transport in these 
devices. 

2.5.2. Percolation arising from donor aggregation 
The hole transport in the dilute donor devices can also occur by 

percolating pathways that are formed by donor molecules aggregating 
together instead of dispersing through the fullerene matrix. The UV–vis 
absorption spectra of TTOHex:PC71BM films (Fig. 3c,d) show absorption 
increases in the donor absorption region (500–700 nm from Fig. S8a) 
with increasing donor concentration. These results indicate that both 
TTOHex molecules contribute to the dilute donor film absorption. But it 
does not indicate the presence of donor aggregation in these films. 

To directly probe whether the aggregation of donor molecules exists 
in the active layer, we perform AFM and GIXRD measurements on 10 wt 
% TTOHex-RH:PC71BM films. AFM topographic images (Fig. 4a) shows a 
uniform surface texture without obvious crystalline regions and the root 
mean square (RMS) roughness is small ~ 1 nm, which is consistent with 
the amorphous nature indicated in the GIXRD results. Fig. 4b shows the 
GIXRD patterns of neat TTOHex-RH and 10 wt% TTOHex-RH:PC71BM 
films [30]. We observe a strong peak at ~6◦ for the neat TTOHex-RH 
film, whereas the 10 wt% TTOHex-RH film does not show any peak. 
These results provide evidence that there is little or no donor aggrega
tion in the active layer. 

In a modeling study, Hussian et al. showed that Jsc increases only 
when the aggregation pathways reach the hole-collecting electrodes 
[31]. Experimentally the Jsc increase from 2 to 5 wt% donor (Fig. 3b) is 
not substantial, indicating that even if aggregation exists, it contributes 
little to photocurrent generation. We further vary the device architec
ture to confirm this conclusion. Since forming percolating paths to 
anode depends on donor interaction with the hole transport layer ma
terial. The J-V curves in the inverted 5 wt% TTOHex:PC71BM devices 
(Fig. S17, Table S7) also generate photocurrent, albeit less. Since the 
anode is MoO3 on top of the active layer in the inverted structure versus 
poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT: 
PSS) below the active layer in the conventional architecture, it is un
likely that the percolation paths reach the anode in both device archi
tectures. Hence, percolating pathways cannot be considered as a hole 
transport mechanism. 

2.5.3. Hole back transfer from donor molecules to PC71BM matrix 
In the hole back transfer mechanism, exciton dissociation results in 

holes on the donor molecules and electrons on the PC71BM matrix. For 
holes to be able to transport to the anode, they must overcome the 
barrier at the donor-acceptor interface and transfer back to the PC71BM 
matrix, the only continuous component in the active layer. Albes et al. 
calculated that the barrier height must be ≤ 0.4 eV; since this barrier 
comes from an energy offset (ΔE), it can be determined by ΔE = Eg 
(acceptor) - ECT, where ECT is the charge transfer (CT) state energy and 
Eg (acceptor) is the optical band gap of the acceptor [7]. To measure this 
barrier height, we perform low-energy EQEPV spectroscopy. Fig. 5 shows 
that the EQEPV signal decreases exponentially at the PC71BM band gap 
(1.75 eV) for the neat PC71BM device, while all TTOHex:PC71BM devices 
exhibit EQEPV signals below this energy. By fitting this low-energy 
EQEPV tail with a Gaussian curve, the charge transfer state energy 
(ECT) and reorganizational energy (λ) are extracted [32]. We find that 
ECT is independent of donor concentration: 1.73 eV for TTOHex-DC: 
PC71BM and 1.72 eV for TTOHex-RH:PC71BM, while λ increases with 
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donor concentration but is less than 0.1 eV for all devices (Table 4). The 
area under the Gaussian curve, which reflects the donor-acceptor 
interfacial area [3], increases linearly with donor concentration for 
both TTOHex:PC71BM devices (Fig. S18), further confirming that ag
gregation is minor in these blends. Since Fig. 5 does not show prominent 
CT state shoulders in EQEPV spectra, to confirm the determination of 
ECT, we perform EL measurements on the 5 wt% TTOHex:PC71BM de
vices (Fig. S19). Similar to EQEPV, fitting the EL spectra tail with a 
Gaussian curve yields the ECT and λ [32]. From the intersection of the 
Gaussian fit from the EQEPV and EL spectra [33], we obtain ECT of 1.74 
(1.76) eV for the 5 wt% TTOHex-DC (TTOHex-RH):PC71BM devices 
(Fig. S19), which are within experimental uncertainty with the value 
obtained from the EQEPV spectrum alone. Therefore, TTOHex donors 
exhibit negligible ΔE, hence no barriers for holes to transfer from the 
donor back to the acceptor and transport through the PC71BM matrix to 
generate photocurrent. This co-existence of negligible ΔE offset and low 
ΔVNR in our devices is consistent with the published literature [34]. 
Thus, hole back transfer is the primary hole transport mechanism in 
TT-based donor:PC71BM devices. 

3. Conclusions 

In conclusion, we design and synthesize four TT-based small-mole
cule donors with different HOMO levels to probe photocurrent genera
tion in dilute-donor OSCs. We show that photocurrent in TT-based 
donor:PC71BM devices predominantly depends on the center substitu
tion groups (-CN vs -OHex), rather than the end groups (-DC vs –RH). A 
drastic increase (~7 times) of photocurrent is observed in TTOHex: 
PC71BM devices with the addition of a small amount (1 wt%) of donor 

molecules. In contrast, TTCN:PC71BM devices do not generate additional 
photocurrent even when introducing 10 wt% of donor molecules. 
Analyzing the HOMO energy levels, we show that the difference be
tween photocurrent in TTOHex:PC71BM and TTCN:PC71BM is deter
mined by whether excitons can dissociate at the donor-acceptor 
interface. The experimental results are supported by DFT calculations. 
We find that following exciton dissociation, hole back transfer is the 
mechanism responsible for photocurrent generation in these dilute- 
donor OSCs. 
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Fig. 4. (a) AFM height images of 10 wt% TTOHex-RH:PC71BM film. The RMS roughness values were calculated from 5 μm × 5 μm height images. (b) GIXRD patterns 
of neat TTOHex-RH (green) and 10 wt% TTOHex-RH:PC71BM (blue) films. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 5. EQEPV (log) vs energy (solid lines) of (a) TTOHex-DC:PC71BM and (b) TTOHex-RH:PC71BM devices with different donor concentrations: 0 wt% (black), 1 wt% 
(red), 2 wt% (yellow), and 5 wt% (green). The dashed lines show the Gaussian fits for CT state absorption. The black dashed arrow in (a) marks the PC71BM band gap 
(Eg = 1.75 eV). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
CT state energy (ECT) and reorganizational energy (λ) of 1, 2, 5 wt% TTOHex: 
PC71BM devices obtained from the Gaussian fit in the low energy EQEPV (Fig. 5). 
ΔE was calculated using ΔE = Eg (acceptor) - ECT [7].  

Donor wt.% TTOHex-DC:PC71BM TTOHex-RH:PC71BM 

ECT (eV) λ (eV) ECT (eV) λ (eV) 

1 1.73 ± 0.01 0.03 ± 0.01 1.72 ± 0.01 0.03 ± 0.01 
2 1.73 ± 0.01 0.04 ± 0.01 1.72 ± 0.01 0.04 ± 0.01 
5 1.73 ± 0.02 0.07 ± 0.01 1.72 ± 0.02 0.09 ± 0.03  
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