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Low donor content solar cells containing polymeric and non-polymeric donors blended with fullerenes

have been reported to give rise to efficient devices. In this letter, we report that a dendrimeric donor can

also be used in solution-processed low donor content devices when blended with a fullerene. A third gen-

eration dendrimer containing 42 thiophene units (42T) was found to give power conversion efficiencies

of up to 3.5% when blended with PC70BM in optimized devices. The best efficiency was measured with

10 mole percent (mol. %) of 42T in PC70BM and X-ray reflectometry showed that the blends were uni-

form. Importantly, while 42T comprised 10 mol. % of the film, it made up 31% of the film by volume.

Finally, it was found that solvent annealing was required to achieve the largest open circuit voltage and

highest device efficiencies. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961935]

State-of-the-art single junction organic photovoltaic

devices contain a bulk heterojunction (BHJ) active layer

comprising a blend of donor and acceptor materials.1 In the

best devices, internal quantum efficiencies (IQE) of internal

quantum efficiencies (IQEs) of approximately 100% have

been achieved, resulting in overall power conversion effi-

ciencies (PCE) of around 10%.2 For efficient solution-

processed devices comprising narrow optical gap polymers

and fullerene acceptors, the polymer donor to acceptor ratio

often falls between 1:1 and 1:4 by weight, corresponding to

50 weight percent (wt. %) to 20 wt. % of the donor in the

film. However, there have been a number of recent reports of

moderately efficient donor:fullerene solar cells in which the

weight percent of the donor is significantly lower (a few per-

cent). A small range of non-polymeric donors including 4,40-
cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]

(TAPC),3 a spiro-bifluorene modified perylene diimide,4 a

dinaphthothienothiophene,5 tris[4-(5-phenylthien-2-yl)phenyl]-

amine,6 a tetraphenyldibenzoperiflanthene,7 a spirothioxan-

thene,8 a chlorido-indium phthalocyanine,9 and a spirofluorene

(SF8TBT),10 as well as poly(3-n-hexylthiophene) (P3HT)11

have been investigated with either C60 (for evaporated devi-

ces) or PC70BM (for solution processed cells). Such devices

can have a large and similar open-circuit voltage (�1.0 V)

independent of the choice of donor, provided that molybde-

num oxide (MoOx) is used as the hole extraction contact.12 A

key feature of these devices is that they operate by the

Channel II mechanism for charge generation,13 as the concen-

tration of the donor is low, and thus it only provides a small

contribution to the optical density of the film. However, the

use of weight percent in these studies is in someways mislead-

ing due to the significantly different molecular weights of the

donor materials. For example, while 5 wt. % TAPC in

PC70BM corresponds to 6 mole percent (mol. %), the heavily

substituted perylenediimide, reported by Chan et al.,4 of

equivalent weight percent has a six-fold lower mole percent

(i.e., in the latter case there is 1 mol. % of the donor molecules

in the active film), and yet both give devices of reasonable

efficiency (5.2% and 3.5%, respectively).3,4 That is, it is the

number of molecules and not just the weights of each material

that is important. Though there have been a number of explan-

ations of how such devices work when the donor is apparently

below the percolation threshold, there is still much uncertainty

about the exact mechanism of how they operate.11,14

There have been a number of reports on the develop-

ment of thiophene-containing dendrimers and their use in

photovoltaic devices albeit with relatively low performance

(PCE �1.0%–1.7%).15,16 A key advantage of dendrimers

over polymers in terms of their material properties is that

they can be synthesised in a reproducible way to give mono-

disperse macromolecules. Furthermore, their dimensionality

can be controlled by the core and/or generation, and the

chromophores can be located as part of the core or within the

dendrons (the branching units).17 In a systematic study on

the effect of thiophene-based dendrimer generation, it was

found that a compound comprising 42 thiophene units (42T,

Figure 1) when blended with PC60BM in 1:2 ratio by weight

gave a PCE of 1.7%.16 A 1:2 ratio by weight corresponds to

12 mol. % indicating that the efficient devices were also low

donor content in nature.

Herein, we report the effect of dendrimer donor content

on the solar cell performance. We find that low donor con-

tent cells containing the dendrimer 42T (Figure 1) blended

with PC70BM, which absorbs more strongly in the visible

region than PC60BM, can give rise to large open circuit

voltages of up to 0.92 V and a power conversion efficiency

of 3.5%.

The first part of the study was to understand the physical

parameters of the neat materials. Gel permeation chromatogra-

phy (GPC) showed that 42T had an �Mw¼ 2657, an
�Mv¼ 2655, and a polydispersity of 1.0. We have calculated the

hydrodynamic radii of 42T from the Mv using the Mark-
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Houwink relationship and the Hester-Mitchell equation.18 The

hydrodynamic radius of 42T in solution was found to be 1.1 nm,

which corresponds to an average volume of 18 nm3 for each 42T

macromolecule. We next used X-ray reflectometry (XRR) to

determine the density of neat films of 42T and PC70BM.

Uniform neat films of 42T spin-coated from chloroform were

found to have a Scattering Length Density (SLD) of

11.50 6 0.04� 10�6Å�2 and a thickness of 34.1 nm. The den-

sity of the 42T film was 1.31 6 0.01 g cm�3, and this corre-

sponds to a volume of 4.37 6 0.01 nm3 per dendrimer, which

is a quarter of that measured in solution. That is, the den-

drimer is either solvated in an expanded form in solution or it

has a shape that enables it to pack efficiently in the solid state.

Equivalent measurements on the neat films of PC70BM (spin-

coated from chloroform) gave a film thickness of 20.7 nm and

a uniform SLD of 13.83 6 0.07� 10�6 Å�2 throughout the

film. The density of the film was 1.61 6 0.01 g cm�3 making

the volume taken up by each fullerene as 1.07 6 0.01 nm3. It

should be noted that the PC70BM density measured is the

same as previously reported.19

The next phase in the study was to determine the opti-

mal blend ratio of 42T and PC70BM, and the results are

summarized in Table I (entries 1, 2, 7, and 8) and the trends

based on the concentrations of the casting solution are dis-

played in Figure 2. It should be noted that increasing the 42T

mole percent in the casting solution that had the same

PC70BM concentration led to devices with thicker active

layers. The devices used for the blend optimization were

of the structure ITO/poly(3,4-ethylenedioxythiophene):po-

ly(styrenesulfonate) (PEDOT:PSS)/42T:PC70BM/Ca/Al. At

low donor concentration [2 mol. % (6 wt. %)], the devices

behaved poorly with low short circuit current density (Jsc),

open-circuit voltage (Voc), and Fill Factor (FF). A signifi-

cant improvement was observed upon increasing the 42T

concentration to 13 mol. % (Table I, entry 2) with all the

parameters increasing relative to the 2 mol. % devices.

Increasing the 42T concentration even further, to 23 mol. %

and 50 mol. % in solution, caused a decrease in Jsc but led to

a significantly higher Voc. However, despite the 23 mol. %

and 50 mol. % devices having significantly greater thick-

nesses than the 2 mol. %, the FFs were similar. The increase

in the Voc with the increasing donor concentration is in con-

trast to that previously reported for low donor content devi-

ces prepared by evaporation. In the latter case, the increase

in the Voc has been ascribed to an increase in the interfacial

area between the donor and acceptor with decreasing donor

FIG. 1. Structure of the dendrimeric

donor 42T and acceptor PC70BM.

TABLE I. Summary of device characteristics. The results are the average of two to five devices. Errors are quoted as the standard deviation.

42T:PC70BMa (wt. %) Anode interlayer Jsc (mA cm�2) Voc (V) FF Ave. PCE (%) (best)

1 2:98 (6)b PEDOT:PSS 3.5 6 0.1 0.59 6 0.01 0.30 6 0.01 0.6 6 0.0 (0.6)

2 13:87 (32)c PEDOT:PSS 6.6 6 0.7 0.67 6 0.04 0.35 6 0.01 1.5 6 0.1 (1.6)

3 13:87d (32) PEDOT:PSS 7.6 6 0.1 0.85 6 0.02 0.40 6 0.02 2.3 6 0.2 (3.1)

4 13:87e (32) PEDOT:PSS 7.8 6 0.1 0.91 6 0.01 0.44 6 0.02 3.1 6 0.2 (3.3)

5 13:87 (32) MoOx 7.4 6 0.2 0.87 6 0.01 0.46 6 0.01 2.9 6 0.1 (3.0)

6 13:87e (32) MoOx 8.1 6 0.1 0.92 6 0.00 0.45 6 0.04 3.3 6 0.2 (3.5)

7 23:77 (50)f PEDOT:PSS 2.5 6 0.1 0.80 6 0.03 0.28 6 0.01 0.5 6 0.0 (0.6)

8 50:50 (77)g PEDOT:PSS 2.6 6 0.2 0.79 6 0.04 0.27 6 0.01 0.55 6 0.1 (0.60)

aMole ratio (equivalent to mole percent) of the casting solution.
bSolvent vapor annealed with tetrahydrofuran for 15 s.
cSolvent vapor annealed with methanol for 1 min.
dFilm thickness symbol for approx. equal to 43 nm.
eFilm thickness symbol for approx. equal to 72 nm.
fFilm thickness �104 nm.
gFilm thickness �192 nm.
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content.14 However, the maximum Vocs of the devices com-

prising the as-cast films were all below those generally

reported for the evaporated low donor content solar cells

(�0.9 eV) suggesting that the film morphology was unopti-

mized in the as-cast solution-processed devices. However, the

Vocs for the devices containing the higher 42T content films

(Table I, entries 7 and 8) were close to what would be

expected based on the energy levels of 42T20 and PC70BM,21

and the exciton binding energy.

Nevertheless, for these solution-processed devices, there

was a sweet spot in terms of performance when the BHJ was

cast from a 13 mol. % solution, which corresponds to 32 wt.

%. The increase in the performance would suggest an unen-

cumbered percolation pathway for both holes and electrons.

To determine the average distribution of the two materials in

the film cast from the 13 mol. % solution, we measured its

XRR profile (see supplementary material). The film was

found to have a uniform SLD, i.e., on average the donor and

acceptor materials are evenly distributed throughout the

depth of the film with a thickness of 50 nm. The SLD of the

blend film was found to be 13.11 6 0.03� 10�6 Å�2, which

is lower than that of the neat PC70BM. This is not unex-

pected as the SLD of 42T is less than PC70BM, and hence

the blend should have a lower SLD. Following a recently

reported strategy,19 we calculated the mole percent and vol-

ume fraction of the fullerene and 42T in the film from the

SLDs of the neat and blend films. We found that while the

casting solution contained 13 mol. % of 42T, the 42T content

of the film was slightly lower at 10 mol. %. That is, the ratio

of 42T to PC70BM in the film was less than that in the cast-

ing solution. This is an important result, as it cannot always

be assumed that the ratio of materials in the casting solution

will be the same as that in the film. Furthermore, the volume

taken up by each material in the film does not necessarily

equate to the mole percent or weight percent. In the case of

the film containing 10 mol. % of 42T, the 42T occupies 31%

of the total volume (based on the molecular volumes in the

neat films) and not 10%. The difference arises because of the

relative sizes of 42T and PC70BM. Given that 42T is the

minor component in the film, the fact that it takes up 31% by

volume is important as this percentage is near the percolation

threshold and explains the significant improvement in the

performance of devices comprised of this ratio of the two

materials. This model assumes that the volume each 42T

macromolecule takes up in the blend film is the same as that

in the neat film, and therefore that PC70BM is a poorer sol-

vent than tetrahydrofuran, which was used in the GPC mea-

surement and used to calculate the solution hydrodynamic

radii.

There are now numerous reports stating that solvent

annealing can lead to an improved device performance for

standard bulk heterojunction devices.22,23 We therefore

decided to study the effect of solvent annealing on the

solution-processed low donor content devices. The 10 mol.

% 42T film concentration (prepared from the 13 mol. % solu-

tion) was chosen as the film to test as it had given the most

efficient as-cast devices. Tetrahydrofuran or methanol were

used for the solvent annealing as they both have a high vapor

pressure and are examples of good and poor solvents, respec-

tively, for the organic materials. The optimal time for

annealing with tetrahydrofuran was determined to be 15 s,

with longer exposure times leading to shorted devices. With

15 s of annealing of the active film before device completion

(Table I, entry 3), the short circuit current marginally

improved from 6.6 mA cm�2 to 7.6 mA cm�2, and there was

a modest increase in FF (0.35 to 0.40). However, there was a

large increase in the Voc, from 0.67 V to 0.85 V, with the lat-

ter value approaching that seen for other low donor content

devices. The efficiency of the solar cells was increased by

over 50% to reach 2.3%, with the best device achieving

3.1%. This trend is in contrast to that previously reported

(for dithienopyrrole-oligothiophene non-polymeric materials

with PC60BM) where the Jsc and FF were significantly

enhanced while the Voc remained relatively unchanged.23

Given that tetrahydrofuran is a good solvent for the organic

semiconductors, we used XRR to see whether solvent

annealing induced a significant change in the film structure,

leading to the improved Voc. The results show that no

change in thickness or out of plane material distribution had

taken place. That is, the films still had the 42T and PC70BM

evenly distributed, and the mole percent and occupied vol-

umes were identical. Switching the solvent vapor to metha-

nol required a longer annealing time (1 min) to achieve the

maximum PCE. Annealing the film in this fashion led to an

increase in the Jsc to 7.8 mA cm�2 (Table I entry 4) (com-

pared with 6.6 mA cm�2 for the as-cast device), the Voc

increased by 0.67 V to 0.91 V, and the fill factor increased to

0.44. The average device efficiency was 3.1% with the best

device reaching 3.3%. This represents a 110% improvement

in efficiency when compared with the as-cast device. As

methanol is a poor solvent for 42T and PC70BM, it was

expected that there would be little change in the film struc-

ture upon annealing, and this was confirmed with XRR. The

films were again found to have identical thickness, and dis-

tribution and volume fraction of the donor and acceptor

materials. The fact the XRR measurements showed that

annealing with either solvent did not cause a significant

change in the out of plane film structure would suggest that

the solvent annealing was affecting the interface between the

BHJ and PEDOT:PSS. For example, it has been reported that

methanol treatment of PEDOT:PSS increases its conductivity

FIG. 2. Photovoltaic characteristics of 42T:PC70BM cells under AM1.5G at

100 mW cm�2 illumination. FF (red squares), Voc (blue circles), and Jsc

(black diamonds) versus 42T mole percent of the casting solution.
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and changes the morphology of the aggregated film. However,

elucidation of the exact mechanism is complex and will

require further study.24

The use of MoOx instead of PEDOT:PSS, as an anode

interlayer, has been shown to yield an increase in efficiency

for low donor content devices,3,6,7,11,25 and hence in the

final aspect of this study, we prepared devices of the fol-

lowing structure: ITO/MoOx/42T:PCBM/Ca/Al (with the

BHJ formed from a 13 mol. % casting solution), with and

without methanol vapor annealing. The vapor annealing

was completed in an analogous fashion to the PEDOT:PSS

devices (1 min) before the device was completed. For the

as-cast device (Table I, entry 5) with a MoOx layer, the Jsc

was 7.4 mA cm�2, which is a 0.8 mA cm�2 improvement

over the as-cast PEDOT:PSS device. There was a signifi-

cant improvement in the Voc (0.87 V compared with 0.67 V

for the PEDOT:PSS device) and a large improvement in the

FF (0.46 compared with 0.35). Overall, there was a dou-

bling in efficiency when moving from PEDOT:PSS (1.5%)

to MoOx (2.9%). For the solvent-annealed device (Table I,

entry 6), there was a further improvement compared to the

as-cast device. The Jsc increased to 8.1 mA cm�2 and the

Voc to 0.92 V. In summary, the employment of a MoOx

anode interlayer in combination with methanol vapor

annealing afforded the best device with a PCE of 3.5%

(average PCE 3.3%). The J–V curves and External

Quantum Efficiency (EQE) spectra for an optimized device

are shown in Figure 3. The XRR results showed that the

methanol treatment did not alter the BHJ structure, and

hence the improvement in device performance is attributed

to the solvent annealing affecting the MoOx/BHJ interface

as well as the electronic properties of the MoOx (as was the

case for PEDOT:PSS). In support of this conclusion, it has

been reported that the MoOx films become hydrated when

exposed to water vapor,26 and hence it is not unreasonable

to expect that the methanol treatment leads to a degree of

MoOx functionalization.

In conclusion, we have shown that dendrimeric donors

can be used to form efficient solution-processed low donor

content solar cells when blended with PC70BM. We report

that the use of mole percent for blend ratios is a more mean-

ingful measure than weight percent for materials with

defined molecular weight, as it is the ratio of molecules

present in the BHJ and the volume they occupy in the film

that governs the presence (or absence) of percolation path-

ways, and hence efficient charge transport and extraction. We

further show that the ratio of components in the casting solu-

tion does not necessarily correlate to that in the film. In addi-

tion, we demonstrate that the volume occupied by each

component in the film is important, and is not necessarily rep-

resented accurately by the use of weight percent. Finally,

we have shown that solvent vapor annealing allows for modi-

fication of the anode such that 10 mol. % blends of 42T and

PC70BM can provide solar cells with efficiencies up to 3.5%.

For preparation of the 42T:PC70BM solutions, the cho-

sen amount of 42T was weighed into a vial, and was dis-

solved in the requisite amount of chloroform at ambient

temperature. A volume of PC70BM (15 mg mL�1,

30 mg mL�1, or 50 mg mL�1) in chloroform was then added

such that the final concentration of PC70BM was

7.5 mg mL�1. Patterned 2.5 cm� 2.5 cm ITO-coated glass

substrates were purchased from Xinyan, China. The ITO-

coated glass substrates were first cleaned with detergent

(Alconox), ultrasonicated in de-ionised water, acetone, and

2-propanol, and subsequently dried under a nitrogen flow.

PEDOT:PSS solution (CLEVIOSTM P VP Al 4083) was fil-

tered through a 0.45 lm polyvinylidene difluoride (PVDF)

filter and then spin-coated (5000 rpm) to achieve the thick-

nesses of �30 nm. The substrates were dried at 150 �C for

10 min in air prior to spin-coating of the photoactive layer.

The spin-coated photoactive film thicknesses were between

40 and 190 nm. Solvent vapor annealing was achieved by

attaching the substrate to a Petri dish and then placing it

upside down on another Petri dish containing 1 mL of sol-

vent. Finally, the devices were completed by evaporation of

Ca (15 nm) and Al (80 nm), which were deposited through a

shadow mask to define the active area of the devices as

20 mm2. All device fabrication was performed under inert

conditions (<0.1 ppm O2; H2O) in a 3-box MBraun nitrogen

filled glove box system. All film thicknesses were measured

with a Veeco Dektak 150 surface profilometer or with a J. A.

Woollam VUV-VASE, VB-400 variable angle spectroscopic

ellipsometer. The solar simulator (Abet Triple-A from Abet

Technologies) was calibrated by carefully minimizing the

solar mismatch of the Xenon lamp (550 W Oriel) spectrum

using an AM1.5G filter. The light intensity at 100 mW cm�2

FIG. 3. (a) Dark (blue) and light (red)

J–V curves and (b) EQE spectrum for

the hero device [ITO/MoOx (5 nm)/

42T:PC70BM (10 mol. % in film)

(40 nm)/Ca (15 nm)/Al (80 nm)],

annealed for 1 min with methanol vapor

and with a device active area of 20 mm2.
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AM1.5G was calibrated using a National Renewable Energy

Laboratory (NREL)-certified standard 2 cm� 2 cm silicon

photodiode with a KG5 filter. Within the illumination area of

5 cm� 5 cm, the variation of the light intensity was below

3% as measured by mapping with a calibrated photodiode.

All measurements were made in an MBraun nitrogen filled

glove box (O2< 0.1 ppm; H2O< 0.1 ppm). Current density-

voltage curves were measured using a 2-wire connect with a

Keithley 2400 source measurement unit. External Quantum

Efficiency (EQE) spectra were recorded with a PV

Measurement QEX7 setup, which was calibrated by an

NREL-certified photodiode and operated without white light

bias and chopped and locked in the small perturbation limit.

The current density calculated from the integrated external

quantum efficiency was within 10% of that measured under

AM1.5G short circuit illumination conditions. 42T was syn-

thesized according to a literature procedure.20

See supplementary material for the XRR profiles and

data analysis.
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