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Correlating Structure with Function in Thermally Annealed 
PCDTBT:PC 70 BM Photovoltaic Blends
 A range of optical probes are used to study the nanoscale-structure and 
electronic-functionality of a photovoltaic-applicable blend of the carbazole 
co-polymer poly[ N -9 ′ -heptadecanyl-2,7-carbazole-alt-5,5-(4 ′ ,7 ′ -di-2-thienyl-
2 ′ ,1 ′ ,3 ′ -benzothiadiazole) (PCDTBT) and the electronic accepting fullerene 
derivative (6,6)-phenyl C 70 -butyric acid methyl ester (PC 70 BM). In particular, 
it is shown that the glass transition temperature of a PCDTBT:PC 70 BM blend 
thin-fi lm is not sensitive to the relative blend-ratio or fi lm thickness (at 1:4 
blending ratio), but is sensitive to casting solvent and the type of substrate 
on which it is deposited. It is found that the glass transition temperature of 
the blend reduces on annealing; an observation consistent with disruption of 
   π   –   π    stacking between PCDTBT molecules. Reduced    π   –   π    stacking is correlated 
with reduced hole-mobility in thermally annealed fi lms. It is suggested that 
this explains the failure of such annealing protocols to substantially improve 
device-effi ciency. The annealing studies demonstrate that the blend only under-
goes coarse phase-separation when annealed at or above 155  ° C, suggesting a 
promising degree of morphological stability of PCDTBT:PC 70 BM blends. 
  1. Introduction 

 Growing concerns about fuel security and global warming have 
made the development and use of devices that harvest energy 
from sunlight a priority research area. Organic photovoltaics 
(OPVs) are one class of solar-energy conversion device, offering 
the advantages of low cost, light-weight, solution-processability 
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and mechanical-fl exibility over existing 
photovoltaic technologies. [  1–3  ]  Polymer–
fullerene bulk heterojunction (BHJ) OPVs 
now demonstrate power conversion effi -
ciencies (PCE) above 8% when measured 
under laboratory conditions. [  4  ]  

 Achieving power conversion effi cien-
cies and device lifetimes in OPVs appro-
priate for commercial viability requires 
the effi ciency and stability of the photo-
current generation process to be maxi-
mized. In order to do this, it is necessary 
to control the nanoscale morphology of 
a blend thin-fi lm when fabricated into a 
solar cell device, as this impacts on the 
effi ciency of charge generation, extrac-
tion and operational-stability. A number 
of studies have addressed this issue using 
a photovoltaic-active blend of the polymer 
poly(3-hexylthiophene) (P3HT) and the 
fullerene acceptor (6,6)-phenyl C61-butyric 
acid methyl ester (PCBM.) When blended 
together and processed using appropriate protocols, these 
materials undergo both phase-separation and crystallization, 
providing a useful test-bed to explore the role of nanoscale mor-
phology on the optoelectronic characteristics of the blend. [  5–8  ]  
We have previously demonstrated that after casting a thin-fi lm 
from a P3HT:PCBM blend solution, P3HT can undergo par-
tial crystallization into ordered lamellae. [  9  ]  This limited phase 
separation between components can allow for the formation 
of a bi-continuous network within the fi lm. Such fi lms are 
typically spin-cast from relatively volatile solvents, with the fast 
drying-time of the fi lm resulting in a nanoscale morphology 
that is not well suited for photocurrent generation and charge-
extraction. To address this issue, a number of techniques have 
been used to modify fi lm structure. These include the use of 
solvent additives to control the drying process, [  10  ]  and post-dep-
osition techniques such as thermal annealing [  5  ,  11  ]  and solvent 
annealing [  12  ,  13  ]  to increase the relative crystallinity of the P3HT 
and PCBM phases as well as to control the vertical composition 
of the active layer. [  14  ]  As a result, such processes can enhance 
optical absorption, [  15  ]  charge separation [  16  ,  17  ]  charge transport [  18  ]  
which thus facilitates charge extraction. 

 The polymer poly[N-9 ′ -heptadecanyl-2,7-carbazole-alt-5,5-
(4 ′ ,7 ′ -di-2-thienyl-2 ′ ,1 ′ ,3 ′ -benzothiadiazole) (PCDTBT) is one of 
a new generation of polymers that have been designed for OPV 
applications. When blended with a suitable electron-acceptor 
such as PC 70 BM and fabricated into an OPV device, power con-
1399wileyonlinelibrary.com
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version effi ciencies of between 6 and 7% can be achieved. [  19  ,  20  ]  
Here, the improvement in PCE compared to an OPV based on 
a P3HT:PCBM blend is primarily due to a closer alignment of 
molecular orbital energy levels between donor and acceptor, 
resulting in a higher open-circuit voltage ( V  oc ). The lower optical 
band-gap of PCDTBT (1.8 eV) compared to P3HT (1.9 eV) also 
helps to improve the effi ciency by which sunlight is harvested 
as it provides increased absorption at longer wavelengths. 

 While the polymer P3HT is a semi-crystalline material, 
PCDTBT is a largely amorphous polymer and is characterized 
by weak intermolecular interaction resulting from    π   –   π    stacking 
between the conjugated back-bones. [  21  ,  22  ]  The phase behavior, 
optical and electrical properties of PCDTBT and its miscibility 
with PC 70 BM have not been systemically investigated, particu-
larly in a thin fi lm geometry that is representative of a solar cell 
device. Consequently the suitability or applicability of a variety 
of post deposition techniques previously used to improve the 
effi ciency of P3HT-based OPVs are not well understood. We 
address this by using spectroscopic ellipsometry (SE) [  11  ]  to char-
acterize the thermal transitions of a series of PCDTBT:PC 70 BM 
blend fi lms, with our studies focusing on the glass transition 
temperature ( T  g ) of PCDTBT component. We complement 
this using ex-situ grazing incidence wide-angle X-ray scat-
tering (GIWAXS), together with measurements of UV-Vis 
absorption and photoluminescence emission and hole-carrier 
mobility (via space-charge limited conduction techniques). 
We show that upon mixing PC 70 BM with PCDTBT, polymer 
photoluminescence is very effi ciently quenched and that hole-
mobility is enhanced; an effect we attribute to the amorphous 
nature of PCDTBT. Furthermore we show that by annealing 
     Figure  1 .     The ellipsometric parameter   Ψ   vs. temperature recorded during the fi rst heating cycle 
of a PCDTBT:PC 70 BM thin fi lm spin-cast from a) CF, b) CB and C) DCB. The trapped CF, CB and 
DCB in the solid fi lms evaporate at a temperature around the boiling points of the respective 
casting solvent. d) The ellipsometric parameter   Ψ   vs. temperature recorded during the fi rst 
cooling cycle of a PCDTBT:PC 70 BM thin fi lm, with the intersection of the slopes of the glassy 
and rubbery states defi ning the  T  g  of the fi lm. Note the PCDTBT material used in Figure  1  has 
an  M  w  of 29.3 kDa.  
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a PCDTBT:PC 70 BM blend above its  T  g , the 
degree of average structural order within 
the fi lm is reduced; an effect that results in 
reduced charge mobility in OPVs having 
lower power conversion effi ciency. We con-
clude that thermal annealing protocols com-
monly used to improve P3HT:PCBM blend 
OPVs are unlikely to improve the effi ciency of 
PCDTBT:PC 70 BM OPV devices by improving 
the average state of order of the polymer 
component. Importantly however, we show 
that the PCDTBT:PC 70 BM blend does not 
undergo coarse phase separation when 
annealed at a temperature below 155  ° C; a 
result that suggests that its morphology is 
more stable than a comparable P3HT:PCBM 
blend. Such thermal stability is a promising 
advantage of this family of materials.   

 2. Results and Discussion 

 We have used spectroscopic ellipsometry to 
determine the glass transition temperature 
of a PCDTBT:PC 70 BM blend fi lm cast under 
a series of different initial conditions. In 
 Figures    1  a,b and c, we plot the ellipsometric 
parameter  Ψ  recorded during fi rst heating of 
a PCDTBT:PC 70 BM (1:4 wt%) thin-fi lm blend, 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
cast from chloroform (CF), chlorobenzene (CB) or 1,2-dichlo-
robenzene (DCB) respectively. Here, the PCDTBT polymer used 
has an  M  w  of 29.3 kDa. Thermal transitions are identifi ed by the 
intersection of straight-line fi ts to the linear sections of a   Ψ   vs  T  
plot. We have previously used this technique to study phase-tran-
sitions in thin-fi lm blends of P3HT and PCBM [  11  ,  23  ]  with other 
authors applying it to the study of the saturated polymer PS [  24  ]  
and the conjugated polymer F8TBT. [  25  ]  As we describe below, the 
possible thermal processes within such fi lms can be manifested 
by an increase or a decrease of d  Ψ  / dt . In Figures  1 a, b and c, 
we observe a number of different transitions. We fi rst concen-
trate on the reduction in d  Ψ  / dt  of the blend fi lms that occur 
when the fi lms are heated to 65  ° C, 135  ° C and 175  ° C respec-
tively. We found that these temperatures are close to the boiling 
points of the casting solvents CF, CB and DCB that occur at 
62  ° C, 132  ° C and 180  ° C respectively as reported by the supplier 
Sigma Aldrich. The coincidence between these temperatures and 
the apparent reduction in the thermal expansion rate of the fi lms 
suggests we are observing the evaporation of residual solvent 
from the fi lm once the annealing temperature exceeds  T  e  (with  T  e  
defi ned as the temperature at which the residual solvent begins 
to evaporate rapidly from the blend thin fi lms upon heating).  

 The presence of trapped solvent within a fi lm results from 
the fact that during solution casting, the glass transition tem-
perature ( T   g  ) of fi lm is initially reduced as the solvent acts as 
a plasticizer. When the solvent evaporates as the fi lm dries, 
its  T  g  increases and once it exceeds the (ambient) casting tem-
perature, evaporation will be opposed by the very slow volume-
 relaxation of the glassy fi lm, [  26  ]  with a small amount of solvent 
being trapped at the point at which the fi lm vitrifi es. [  11  ,  27  ]  The 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1399–1408
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presence of trapped solvent within a blend thin-fi lm can be 
evidenced by monitoring changes in fi lm thickness during 
heating. This heating process will result in an expansion in the 
volume of a solid fi lm, however the loss of solvent will result in 
an apparent contraction in fi lm thickness as it is heated above 
 T  e  as shown in Figure  1 (a), (b) and (c). [  11  ]  It is clear that the 
reduction in d  Ψ  / dt  observed in a DCB-cast fi lm annealed above 
175  ° C (see Figure  1 c) is not as large as that occurs in a CB 
cast fi lm when heated above 135  ° C (see Figure  1 b). We have 
previously shown [  11  ]  that trapped solvent can evaporate rela-
tively slowly when a fi lm is heated above its  T  g  but below the 
boiling point of the casting solvent. As we show below, the  T  g  
of PCDTBT in the blend is over 100  ° C and thus the high  T  e  of 
DCB results in a DCB-cast fi lm being held above  T  g  but below 
 T  e  for a longer period of time than occurs for an equivalent CB-
cast fi lm. Because of this, it is likely that relatively more solvent 
will have been released in a DCB-cast fi lm before  T  e  is reached; 
an explanation consistent with the relatively smaller contraction 
observed when such fi lms are heated past 175  ° C.  

Figure  1 d shows the fi rst cooling cycle of a PCDTBT:PC 70 BM 
1:4 wt% blend fi lm cast from CB. Here a single thermal transi-
tion is observed at 110  ° C, that we identify (following a well-
 accepted procedure [  24  ] ) as being the fi lm  T  g . Here, all solvent has 
been removed from the fi lm during the initial heating process 
and thus the observed contraction corresponds to a transition 
from a rubbery to a glassy state. We can use this identifi cation 
to rationalize the other transitions observed in Figures  1 a,b and 
c. Here, a thermal transition is apparent at 115, 114 and 125  ° C 
respectively, which in all cases we associate with  T  g . In the fol-
lowing sections, we will discuss the apparent deviations of  T  g  in 
fi lms cast using different solvents, blend compositions and on 
different substrates. 

 In  Figures    2  a to f we plot the thermal expansivity on heating or 
cooling of a PCDTBT:PC 70 BM blend fi lm that was cast or meas-
ured under a number of different conditions. Here the PCDTBT 
polymer has an  M  w  of 32.6 kDa. Specifi cally, part (a) shows a 
PCDTBT:PC 70 BM blend fi lm (1:4 wt%) cast from DCB onto a 
silicon/native oxide (Si/SiOx) substrate as it is heated and then 
cooled. Part (b) shows fi lm contraction during 1 st  cooling when 
a blend fi lm (1:1 wt%) cast either on a PEDOT:PSS or a Si/SiOx 
substrate from a DCB solution. Part (c) shows the effect of fi lm 
thickness on contraction whilst part (d) similarly shows the effect 
of the relative composition ratio of PCDTBT and PC 70 BM in the 
thin fi lm blend (when cast from CF on a Si/SiOx substrate) with 
measurements recorded during fi lm cooling (i.e. containing no 
remaining trapped solvent). In each case we identify and state 
the measured  T g   in the fi gure. In parts (e) and (f), we plot  T  g  as 
a function of PC 70 BM concentration on different substrates (part 
(e)) and from different casting solvents (part (f)).  

 It can be seen in Figure  2 a that the  T  g  of the fi lm is appar-
ently different if it is measured during the heating or cooling 
cycle. Specifi cally, we see an apparent glass-transition at 145  ° C 
when the fi lm is fi rst heated; a value that reduces to 129  ° C as 
the fi lm is then cooled. In Figure  1 , we demonstrated the exist-
ence of residual casting solvent trapped inside of the fi lm. In 
the data presented in Figure  2 a, the fi lm was cast from DCB 
( T  e   ∼ 175  ° C), and thus the heating cycle is anticipated to have 
removed all the solvent from the fi lm. It is clear however that 
the heating cycle reduces the fi lm  T  g . This is a surprising result, 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1399–1408
as organic solvents generally act as a plasticizer, decreasing the 
 T  g  of a polymer fi lm compared to its non-solvent counterpart. 
This result appears quite general and independent of casting 
solvent, substrate or blend composition as shown in Figure  2 e 
and f. We speculate, therefore, that the heating cycle reduces the 
average degree of intermolecular interaction (   π   –   π    stacking) in 
the blend thin-fi lms; an effect that results in a reduction of  T  g . 

 We base this conclusion on the results of our GIWAXS study on 
PCDTBT. Here, we found that intermolecular interactions between 
polymer chains are reduced after the polymer fi lm is annealed at a 
temperature in excess of  ∼ 100  ° C. We quantify this in  Figure    3   by 
plotting the   π  –  π   stacking coherence-length of a PCDTBT thin fi lm 
as a function of annealing temperature. This data is extracted from 
the GIWAXS plots shown in Figure S1 (Supporting Information), 
with stacking coherence length calculated using  L co    =  2  π  / Δ  q , 
where  Δ  q  is the full width at half maximum of the scattering 
peaking at  q   =  1.57 Å  − 1 . We fi nd that side-chain order of PCDTBT 
increases upon thermal annealing at a temperature  ≥  130  ° C, as 
evidenced by the appearance of a 2 nd  order side-chain crystalline 
diffraction peak at  q   =  0.63 A  − 1  in the out of plane direction (see 
Figure S1, Supporting Information). Our results and conclusions 
are in good agreement with results of a similar study published 
elsewhere, [  22  ]  suggesting that the increased side-chain order 
during thermal treatment reduces    π   –   π    stacking. Note however 
the molecular weight ( M  w ) of the PCDTBT used in this study is 
signifi cantly smaller than that used in Ref 22 (32.6 kDa compared 
to 120 kDa) and thus the coherence length of the    π    −    π    stacking 
determined in this work is smaller. We believe that this disrup-
tion in    π   –   π    stacking on annealing cannot be simply explained by 
the changes in the local concentration of the PCBM, as the results 
presented in Figure  2 e and f suggest that the fi lm  T  g  is almost 
constant over most of the range of blend concentrations studied. 
This demonstrates that PCBM does not signifi cantly change the 
thermal properties of PCDTBT.  

 In Figure  2 b we compare the thermal expansion (and thus  T  g ) 
of a blend fi lm (1:1 wt%) cast from DCB onto a Si/SiOx surface 
with an otherwise identical fi lm cast onto a fi lm of the conduc-
tive polymer PEDOT:PSS; a material frequently used to aid the 
extraction of holes from an OPV. We also summarize  T  g  for a 
range of different blend compositions and casting solvents for 
both heating and cooling cycles in Figure  2 e and f. It can be seen 
that the  T  g  of the blend cast on a PEDOT:PSS substrate is approx-
imately 5 to 10  ° C lower than when cast on Si/SiOx. This sug-
gests that    π    −    π    stacking of PCDTBT is more effi ciently stabilized 
on a Si/SiOx surface compared to PEDOT:PSS. Indeed, we have 
found that   π  –  π   stacking can be stabilized at the buried PCDTBT-
Si/SiOx substrate interface. [  28  ]  The apparently improved inter-
mixing of PCDTBT with PEDOT:PSS compared to Si/SiOx might 
account for this. We emphasize that the data presented in Figure 
 2 b has been determined during a cooling cycle, and thus any sol-
vent has been removed and should not impact on the different  T  g  
of the blend deposited on different substrates. We fi nd that the 
 T  g  of the blend cast from DCB is higher than a comparable fi lm 
cast from CF, suggesting a greater degree of    π    −    π    stacking. We 
speculate that as PCDTBT is more soluble in DCB than in CF, 
the polymer chains are more likely to adopt an extended confor-
mation in solution. As the solution is cast into a thin fi lm, the 
polymer chains are more likely to retain such an “open” confi gu-
ration, resulting in a greater degree of    π   –   π    stacking. 
1401wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  2 .     a) The ellipsometric parameter   Ψ   vs. temperature recorded during the fi rst heating cycle and cooling cycle of a PCDTBT:PC 70 BM blend thin 
fi lm spin-cast from DCB. b)   Ψ   vs. temperature recorded during a cooling cycle for a blend fi lm (1:1 wt%) on a Si/SiOx and a PEDOT:PSS substrate. 
c) Cooling cycles for a PCDTBT:PC 70 BM blend in which the thickness of the fi lm is varied. d) Cooling cycles for a PCDTBT:PC 70 BM blend fi lm in which 
the ratio between the PCDTBT and PC 70 BM has been varied. In all cases, the temperature corresponding to  T g   has been identifi ed. The curves in (a) to 
(d) have been vertically shifted for clarity. In (e) and (f) we summarise  T  g  for a series of blend fi lms having different blend ratios, when cast from DCB 
on Si/SiOx and PEDOT:PSS (e), and from DCB and CF on Si/SiOx (f). In all cases, the  M w   of the PCDTBT is 32.6 kDa.  
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 It can be seen in Figure  2 c that for the 1:4 wt% blend fi lm, 
 T  g  has a weak (or negligible) dependence of fi lm thickness, with 
 T  g  variations falling within measured uncertainty as the fi lm 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
thickness is varied between 25 and 64 nm. We note that anoma-
lous  T  g  behavior has been previously observed in polymer/nano-
particle composite systems, [  29  ]  with such composites typically 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1399–1408
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     Figure  3 .     The    π   –   π    stacking coherence length of PCDTBT in a thin fi lm as 
a function of annealing temperature as measured by GIWAXS.  

0 50 100 150 200 250
8.5

9.0

9.5

10.0

10.5

Annealing temperature (oC)

π -
π  

st
ac

ki
ng

 c
oh

er
en

ce
 le

ng
th

 (
A

)

containing a nanoparticle loading of a few percent by weight. 
In our experiments however, we explore a considerably higher 
blending ratio. It is known that PCDTBT and PC 70 BM undergo 
effi cient intermixing, [  30  ]  and thus we speculate that the confi ne-
ment resulting from molecular mixing is larger than free-sur-
face effects that often reduce  T  g . [  31  ]  If our speculation is correct, 
it would suggest therefore the absence of a mobile (liquid-like) 
surface-layer in a PCDTBT:PC 70 BM blend fi lm as has been 
observed in a number of other polymer systems. [  24  ,  29  ,  31  ]  

 Despite the difference in  T  g  observed on the different sub-
strates and when cast from different solvents, Figures  2 e and 
f indicate that  T  g  is relatively insensitive to relative fi lm com-
position, being approximately constant for PC 70 BM loadings of 
up to 75 wt%. A similar result has also been observed in thin 
fi lms of a structurally similar conjugated polymer (F8TBT) 
when blended with PCBM. [  25  ]  However, once the PC 70 BM con-
centration is increased to 80 wt%, a small (5  ° C) increase in  T  g  
is observed. For completeness, we have also explored the effect 
of the molecular weight of PCDTBT on its  T  g . Here, we have 
measured thin fi lms of the pure polymer (with all fi lms having 
a thickness of 30  ±  2 nm) cast from CF on a Si/SiOx substrate 
     Figure  4 .     a) The ellipsometric parameter   Ψ   vs. temperature recorded during the 1 st  cooling 
cycle of a series of PCDTBT thin fi lms having different molecular weights spin-cast from CF. In 
each case, the fi lm thickness was approximately 30 nm. Films were cast on a Si/SiOx substrate, 
with the  T g   transition marked in the fi gure. b) The heating cycle, cooling cycle and second 
heating cycle of a PC 70 BM fi lm (120 nm thick). The transition at 155  ° C is identifi ed. The loss 
of adsorbed moisture is observed at around 110  ° C.  
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determined during the 1 st  cooling cycle. As 
shown in  Figure    4  a, we determine a  T  g  of 100, 
110 and 121 ° C for PCDTBT having an  M  w  of 
22.5 kDa, 29.3 kDa and 32.6 kDa respectively. 
Clearly the signifi cant infl uence of  M  w  on 
 T  g  suggests that the polymers studied here 
have a  M  w  below the entanglement molecular 
weight for PCDTBT.  

 We now explore the thermal transitions of 
PC 70 BM. Figure  4 b shows the thermal expan-
sion of a 120 nm thick-fi lm of pure PC 70 BM 
cast from CF onto a Si/SiOx substrate. It can be 
seen that two transitions are detectable during 
the fi rst heating cycle occurring at 110  ° C and 
155  ° C. The lower temperature transition at 
110  ° C is non-reversible. As PCBM is known 
to be hydroscopic, this feature may originate 
from the removal of trapped moisture. [  32  ]  The 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1399–1408
higher temperature thermal transition (155  ° C) is however 
reversible, and is observed during fi rst heating, fi rst cooling and 
a second heating cycle. The melting temperature of PC 70 BM 
is known to be above 250  ° C, [  32  ]  suggesting the thermal tran-
sition at 155  ° C is a solid-solid transition. Note that a transi-
tion at around 155  ° C has also been observed in P3HT:PCBM 
blend fi lms using dynamic mechanical thermal analysis. [  32  ]  In 
Figure  2  it can be seen that we do not observe a transition at 
155  ° C in any of the annealing experiments performed on the 
blends. The apparent absence of this transition suggests that 
PCDTBT and PC 70 BM are intimately mixed in the as-cast fi lms. 
Note however, at high PC 70 BM loadings, (e.g., 80 wt%) PC 70 BM 
nanodomains are expected to form which facilitate effi cient 
electron transport in optimized PCDTBT:PC 70 BM OPVs. [  19  ]  It 
appears however that such nanodomains are suffi ciently small 
that the solid-solid transition at 155  ° C is suppressed. Neverthe-
less, in the following sections we demonstrate that when the 
annealing temperature of the blend exceeds 155  ° C during a 
(long) isothermal thermal soak, phase separation and crystal-
lization of PC 70 BM can occur.   

 Figure 5  a shows the change in thickness of a 
PCDTBT:PC 70 BM 1:4 wt% blend fi lm (cast from CF) deter-
mined using spectroscopic ellipsometry as a function of time 
during a thermal ramp and an isothermal soak. Here, we 
calculated the normalized change in fi lm thickness ( h ) using 
( h   −   h  0 )/ h  0 , where  h 0   is the thickness of the fi lm before heating. 
Data is plotted for three different isothermal soak temperatures 
(130, 150 and 155  ° C), with part (a) focusing on the fi rst 300 s 
of the experiment, whilst part (b) plotting data recorded over 
the duration of the entire experiment (3750 s). Here, the return 
to room temperature can be seen at the end of the experiment. 
It can be seen in part (a) that the fi lm undergoes a contrac-
tion in thickness when it is heated to around 65  ° C; a tem-
perature coincident with the boiling point of CF. During the 
isothermal soak, we evidence a slow reduction in the overall 
thickness of the fi lm. It is known that during a spin-casting (or 
quenching) process, a large free volume will be “frozen in” to a 
vitrifi ed polymer thin fi lm. [  33–35  ]  Upon heating, the amorphous 
PCDTBT molecules rearrange to reduce the relative non-equi-
librium conformations within the fi lm and results in an overall 
reduction in free volume of the fi lm. This process usually 
1403wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     a) The thermal expansion of PCDTBT:PC 70 BM (1:4) fi lm during heating and iso-
thermal annealing. Here, fi lms were annealed at 130, 150 or 155  ° C. Data is plotted for the fi rst 
300 s of the experiment. b) The same thermal expansion data as presented in (a), however the 
data is plotted over the entire course of the experiment lasting over 3,750 s. Here, the cooling 
and contraction of the fi lms can be seen at the end of the experiment.  
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takes a long time for the system to fi nally reach an equilib-
rium state. [  33–35  ]  We fi nd that the reduction of fi lm thickness 
is initially rapid, but then slows with a pseudo-plateau being 
reached. We fi nd that the time required to reach this pseudo-
plateau is dependent on the annealing temperature and occurs 
more rapidly as the temperature is raised. We have previously 
observed this process in P3HT-PCBM blends, [  11  ]  and found 
the volume relaxation process proceeds by P3HT undergoing 
both amorphous-to-crystalline and amorphous-to-amorphous 
transitions. Note that whilst the annealing process will reduce 
the relative fraction of molecules whose conformation is in a 
non-equilibrium state, the molecular morphology of the pho-
tovoltaic blend fi lm does not necessarily reach an equilibrium 
conformation by the end of the thermal annealing “soak” that 
4

     Figure  6 .     Optical microscopy images of a PCDTBT:PC 70 BM (1:4) fi lm on a Si/SiOx substrate 
that are a) as-cast, or annealed for one hour at b) 130  ° C, c) 155  ° C and d) 200  ° C. The scale 
bar in all images represents 20  μ m.  
we explore here.  
 Turning to Figure  5 b, it can be seen that 

when the PCDTBT:PC 70 BM blend fi lm is 
annealed at 130 or 150  ° C, the pseudo-pla-
teau that is established exists for the entire 
duration of the annealing process. In con-
trast, however, when a fi lm is annealed at a 
temperature  > 155  ° C, there is an additional 
reduction in fi lm thickness that occurs at 
a time t  >  2,100s. Our measurements on 
P3HT:PCBM blends demonstrated that this 
reduction in thickness was correlated with 
the coarse phase-separation of P3HT and 
PCBM. [  11  ]  In particular, we argued that the 
depletion of material from the bulk com-
bined with the formation of micron-sized 
crystallites reduces the average fi lm thickness 
and increases fi lm roughness. We evidence a 
very similar process here.  Figure    6  a presents 
an optical microscopy image of an as-cast 
PCDTBT:PC 70 BM blend fi lm, whilst parts (b), 
(c) and (d) show a similar fi lm annealed at 
130, 155 and 200  ° C for one hour respectively. 
It can be seen in Figure  6 b that when fi lms 
have been annealed at 130  ° C and cooled to 
room-temperature, no apparent structure 
is observed (although structure may well be 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, We
present at a length-scale below the resolution 
of the optical microscope). When the fi lm is 
annealed at 155  ° C (Figure  6 c), structures 
(which we assume to be PC 70 BM crystal-
lites) are visible. Such structures become sig-
nifi cantly coarser when fi lms are annealed at 
200  ° C (see Figure  6 d). Interestingly, when we 
anneal a blend fi lm at 155  ° C for 30 minutes 
(image not shown) no PC 70 BM crystallites 
can be seen; an observation also supported 
by our GIWAXS measurements (vide infra). 
The correlation of the appearance of crys-
tallization in a fi lm annealed at 155  ° C for 
35 minutes with the reduction in thickness 
shown in Figure  5 b that occurs simultane-
ously suggests that at this point the PC 70 BM 
undergoes micrometer-scale phase-separa-
tion. We note that the onset temperature for 
this process is coincident with a solid-solid transition at 155  ° C 
in PC 70 BM determined via ellipsometry as shown in Figure  4 b. 
This solid-solid transition is likely to be the cold-crystallization 
of PC 70 BM in the blends, indicating that cold-crystallization of 
PC 70 BM apparently drives phase separation in the blend fi lm.  

 We have previously shown [  11  ]  that when a P3HT:PCBM blend 
(60:40 wt%) is annealed at 150  ° C, coarse phase-separation and 
crystallization of PCBM was observed after  t   =  1000 s. Here, 
our fi lms contain a much higher fraction of fullerene (80 wt%), 
however coarse phase separation only occurs after a much 
longer annealing (2100 s) at a similar temperature. A compar-
ison plot is presented in the supporting information, Figure S2,  
Supporting Information. We believe that this delay in phase-
separation and crystallization is a further manifestation of the 
improved molecular mixing of PC 70 BM with PCDTBT. 
inheim Adv. Funct. Mater. 2012, 22, 1399–1408



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  7 .     2D GI-WAXS images of PCDTBT:PC 70 BM (1:4) fi lms on Si/SiOx substrate recorded 
from a) an as-cast fi lm, or after annealing at b) 70  ° C for 1h, c) 130  ° C for 1h, d) 155  ° C for 
30 minutes, e) 155  ° C for 1h and f) 200  ° C for 1 h.  

     Figure  8 .     The photoluminescence (PL) intensity determined at the thin-
fi lm peak emission wavelength recorded from a blend of PCDTBT:PC 70 BM 
(cast from CF) and from RR-P3HT:PC 70 BM as a function of PC 70 BM con-
centration. For both data sets, the emission intensity is normalised to the 
intensity of a representative pure polymer fi lm.  
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 To complement our ellipsometry studies, we have used 
GIWAXS to probe changes in molecular and nanoscale struc-
ture in a PCDTBT:PC 70 BM (1:4) wt% blend thin-fi lm after it has 
been annealed.  Figure    7  a shows a typical scattering pattern for 
an as-cast fi lm. [  21  ]  It can be seen, that three distinct scattering 
rings are visible having  q -values of 0.67, 1.36, and 2.0 A  − 1 . 
These broad, diffuse rings correspond to the presence of amor-
phous (nanoscale) PC 70 BM domains. Figure  7 b, c and d show 
scattering patterns for similar fi lms that have been annealed at 
70  ° C and 130  ° C for 1 hour and 155  ° C for 30 minutes respec-
tively. In all cases we observe a relatively unchanged degree 
of scattering in the annealed fi lms, indicating the distribution 
of amorphous PC 70 BM domains has not been changed sig-
nifi cantly by the thermal treatments. To quantify this, we use 
Scherrer’s equation [  36  ]  (using a pre-factor of 0.9) to estimate 
the relative change of the size of PC 70 BM nanodomains in the 
blend thin-fi lm, using the full-width-at-half-maximum (FWHM) 
of the ring at  q   =  1.36 A  − 1 . This analysis permits us to deter-
mine a characteristic length scale for PC 70 BM nano-domains of 
4.2 nm in the as-cast fi lm and 4.6 nm in the fi lms annealed 
at 130  ° C for 1 hour or 155  ° C for 30 minutes, suggesting an 
approximate 10% increase of the PC 70 BM domain size after the 
thermal treatment.   

Figure  7 e shows a scattering pattern of a blend fi lm annealed 
at 155  ° C for 1 hour. Here, a number of sharp rings are apparent 
that we identify as originating from polycrystalline PC 70 BM. 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 1399–1408
The number and relative intensity of the 
rings increases in a blend fi lm annealed 
at 200  ° C for 1 hour as shown in Figure  7 f. 
These observations are again consistent with 
our SE and optical microscopy data, and fully 
support the notion that partial crystalliza-
tion of PC 70 BM only occurs when the fi lm is 
annealed under these particular conditions. 

 We can use linear spectroscopy to further 
probe the conformation and structure of 
PCDTBT and PC 70 BM in a PCDTBT:PC 70 BM 
blend. Our absorption measurements (data 
presented in the supporting information, 
Figure S3, Supporting Information), indicate 
that the relative absorption of PCDTBT is little 
changed on blending with PC 70 BM, indicating 
that no signifi cant modifi cation in conjugation 
length or conformation occur in the blend, 
and that ground-state charge transfer does not 
occur. We observe, however, that the relative 
photo luminescence intensity of PCDTBT is 
very effi ciently quenched by the presence of 
the PC 70 BM. We can quantify this by plotting 
the relative PL intensity emitted by PCDTBT 
at its peak emission wavelength as a func-
tion of PC 70 BM concentration as shown in 
 Figure    8  . To demonstrate the effi ciency of the 
PL quenching, we plot the PL intensity emitted 
at 650 nm from a blend of regio-regular (RR) 
P3HT and PC 70 BM blend on the same-scale 
also as a function of PC 70 BM concentration. 
It can be seen that the relative PL intensity 
from PCDTBT is quenched by two orders of 
magnitude upon addition of only 9wt% PC 70 BM. Interestingly, 
at a similar PC 70 BM concentration, the PL emission intensity 
1405wileyonlinelibrary.comeim
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emitted from the RR-P3HT:PC 70 BM blend is only quenched 
by one order of magnitude, indicating the exciton dissociation 
process in PCDTBT:PC 70 BM is signifi cantly more effi cient than 
in RR-P3HT:PC 70 BM blends. We can in fact estimate the typical 
polymer exciton diffusion length  L  using the equation  L   =   L  D (1 
 −   PLQ ) 1/2 , [  37  ]  where PLQ is a relative fraction by which PL emis-
sion is quenched with  L D   being the exciton diffusion length. For 
 L  D  we use a value of 8.5 nm; a value representative of excitons 
in a typical conjugated poly mer. [  38  ]  Applying this analysis to the 
data presented in fi gure  8 , we estimate that  L  is less than 1 nm 
in a PCDTBT:PC 70 BM (e.g. 1:1 wt%) blend thin fi lm. This fi ne 
degree of mixing is further evidence for molecular scale misci-
bility in the PCDTBT:PC 70 BM blend. We note however that the 
exciton diffusion length  L  is anticipated to be much larger in a 
P3HT:PCBM (e.g. 1:1 wt%) blend thin fi lm, resulting from the 
existence of relatively larger, phase separated donor and acceptor 
domains. [  39  ]   

 In Figure S4 (Supporting Information), we plot PL spectra 
recorded from PCDTBT:PC 70 BM blend thin-fi lms containing 
different amount of PC 70 BM. Here, we observe PL emission 
at 710 nm when the PC 70 BM fraction is  > 50wt%; a wavelength 
corresponding to singlet emission from PC 70 BM. [  40  ]  This sug-
gests that at such high concentrations, a fraction of photogen-
erated excitons residing on PC 70 BM cannot undergo diffusion 
to a PCDTBT molecule within their lifetime to undergo dis-
sociation. This suggests that at this relative PC 70 BM fraction, 
PC 70 BM domains are formed whose size must be commen-
surate with the exciton diffusion length in PC 70 BM (which in 
PCBM has been estimated to be of the order of 5 nm [  41  ] ). This 
observation is consistent with empirical device studies that 
demonstrate that in this blend system, a PC 70 BM wt% of at 
least 50% is needed to allow the formation of pure, intercon-
nected, fullerene domains that permit the effi cient extraction of 
photogenerated charge. 

 Finally we investigate the role of the blend morphology on 
hole mobility. Here, we estimate the relative hole mobility from a 
measurement of the space-charge limited current (SCLC) of thin 
fi lms using the device architecture ITO/PEDOT:PSS/active layer/
Au at room temperature. In  Figure    9  a, we plot hole mobility in a 
PCDTBT:PC 70 BM blend as a function of PC 70 BM concentration. 
This data was obtained by fi tting the  J – V  curves shown in Figure S5
 (Supporting Information) over the range 5  <  V  <  9. It can be seen 
that hole mobility increases with increasing wt% of PC 70 BM. 
     Figure  9 .     a) A plot of the space-charge limited conduction (SCLC) hole mobility determined 
from a device based on ITO/PEDOT:PSS/PCDTBT:PC 70 BM/Au as a function of PC 70 BM con-
centration. b) The SCLC hole-carrier mobility of PCDTBT:PC 70 BM blend thin-fi lm device as a 
function of annealing temperature (annealing time of 30 minutes).  
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Indeed, we fi nd an 8 times increase in the 
hole mobility in a 1:4 wt% PCDTBT:PC 70 BM 
blend compared to the pure polymer PCDTBT, 
with mobility increasing from 4  ×  10  − 6  cm 2 /Vs 
to 3.5  ×  10  − 5  cm 2 /Vs. This trend is in qualita-
tive agreement with the fi ndings of Cates et al. 
who measured the SCLC hole mobility for a 
number of amorphous polymer:functionalized 
fullerene blends, [  42  ]  with improvements in hole 
mobility by up to 10 3  times measured for a 
number of amorphous polymer:fullerene sys-
tems. The mechanism for this improvement 
in hole mobility was suggested to result from 
a general intercalation between the fullerene 
and the polymer side chains, which inhibits 
the coiling of the polymer chains and therefore 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
increases the conjugation length and hole mobility. Clearly a sig-
nifi cantly smaller increase in hole mobility is observed here on 
blending PCDTBT with PC 70 BM; the origin of which is not pres-
ently clear.  

 Upon annealing, we fi nd that the hole mobility in devices 
based on a number of blend compositions is reduced relative 
to the untreated devices. This can be seen in Figure  9 b, where 
we plot the hole-mobility of a blend of PCDTBT: PC 70 BM at 
blend ratios of 1:1, 1:2 and 1:4. We fi nd that in all blend ratios, 
hole-mobility reduces after the fi lm has been annealed above 
a temperature of around 70  ° C for 30 minutes. We speculate 
that this reduction in mobility correlates with an increase in 
disorder within the blend that occurs before the onset of coarse 
phase separation and crystallization of PC 70 BM. Our GIWAXS 
measurements confi rm (see Figure  3 ) that   π  –  π   stacking in 
a PCDTBT fi lm is reduced when annealed at a temperature 
of around 100  ° C. The reduced  T  g  of the blends after thermal 
annealing (see Figure  2 ) also indicates that the degree of inter-
molecular interaction, which is also dependent on   π  –  π   stacking 
between PCDTBT molecules, also undergoes a reduction 
on annealing. Other work has also suggested that the ener-
getic width of transport states in a PCDTBT fi lm increases on 
annealing; [  22  ]  an effect that results in additional recombination 
and thus reduced power conversion effi ciency for PCDTBT 
based bulk hetero-junction solar cells. We note that thermal 
annealing at a relatively low temperature [  14  ,  19  ]  may be benefi cial 
to device performance, as this results in the removal of trapped 
casting solvent which is known to reduce device effi ciency. A 
review of recent literature of PCDTBT based OPVs suggests 
that this step is not universally adopted, indicating that low 
temperature “annealing” may be of relatively limited benefi t 
(see Supporting Information Figure S6 & Table S1). We con-
clude, therefore, that under the annealing protocols explored 
here, thermal annealing a PCDTBT: PC 70 BM OPV device at a 
temperature above  ∼ 100  ° C results in reduced    π   –  π   stacking, 
reduced hole-carrier mobility and concomitantly reduced 
device effi ciency. When devices are annealed at a tempera-
ture in excess of 155  ° C, our measurements demonstrate that 
coarse phase separation occurs between the PCDTBT and the 
PC 70 BM; an effect that results in a further reduction in device 
effi ciency as the volume density of interfaces at which exciton 
dissociation occurs is reduced. We believe that other effects will 
also be important in determining the effectiveness of thermal 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1399–1408
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annealing on PCDTBT:PCBM OPV devices. For example, pre-
vious work on P3HT:PCBM blends has evidenced diffusion 
of PCBM into amorphous P3HT. [  43  ]  Our previous work [  21  ]  has 
demonstrated that a spin-cast PCDTBT:PCBM blend is charac-
terised by a PCBM-rich surface layer. It is likely therefore that 
thermal annealing will cause the PCBM to undergo diffusion 
into the underlying layer that is (compared to the surface), 
richer in PCDTBT. This would reduce the concentration of 
PCBM at the fi lm surface and may well reduce the effi ciency 
of charge extraction at the cathode interface. Further work is 
needed to unravel the importance of such effects.   

 3. Conclusions 

 We have investigated the thermal, structural, optical and 
hole transport properties of the polymer PCDTBT and 
PCDTBT:PC 70 BM blend thin-fi lms in order to develop an under-
standing of this photovoltaic-applicable system. We fi nd that 
the casting solvent and substrate on which a thin-fi lm blend is 
deposited modify its glass transition temperature by directing 
the intermolecular arrangement (  π  –   π    stacking) of PCDTBT. Our 
measurements indicate that coarse phase-separation occurs in a 
PCDTBT and PC 70 BM fi lm when it is annealed at a temperature 
above 155  ° C, a point at which the PC 70 BM undergoes cold-crys-
tallization. Notably however we observe that there is a relatively 
slow onset of coarse phase separation in the blend, suggesting 
that these materials are highly miscible. Our device measure-
ments demonstrate that the transport of holes is improved 
upon addition of PC 70 BM to a blend, however hole-mobility and 
device effi ciency are found to reduce upon thermal annealing 
at moderate temperatures ( ≥ 100  ° C). We associate this reduced 
device effi ciency with an increase in nanoscale structural dis-
order (a reduction in    π   –  π   stacking) that occurs before the onset 
of coarse PC 70 BM phase separation. We believe therefore that a 
PCDTBT:PC 70 BM blend is an example of a photovoltaic-material 
system in which efforts to maximize the power conversion effi -
ciency of OPVs should focus on optimizing the composition of 
the casting solution, fi lm deposition conditions, optical-proper-
ties and electrode-composition, as the thermal treatment meth-
odology explored here indicates that this process (apart from the 
removal of trapped casting solvent) is of limited benefi t.   

 4. Experimental Section 
 PCDTBT was synthesized according to a previous report [  44  ]  and had an 
 M  w  of 22.5 kDa, 29.3 kDa and 32.6 kDa and a polydispersity of 1.45, 
1.57 and 1.45 respectively as measured by GPC. Unless specifi cally 
stated, all measurements were performed on PCDTBT materials having 
a molecular weight of 32.6 kDa. To prepare thin fi lms, PCDTBT was 
dissolved in chloroform (CF) or dichlorobenzene (DCB) at 4 mg/mL, 
and then passed through a 0.45 μ m fi lter and then blended with PC 70 BM 
in CF or DCB (at 25 mg/mL) to create a PCDTBT:PC 70 BM blend solution. 
The solutions were spin-cast on a Si/SiOx substrate (a Si wafer having 
a 1.8 nm surface a layer of SiOx) or Si/SiOx covered with a 30 nm thick 
layer of PEDOT:PSS. 

 Spectroscopic ellipsometry (using a M2000v, J.A. Woollam Co. 
ellipsometer) was used to determine fi lm thickness at room temperature, 
employing a Cauchy model [  45  ]  to fi t   Ψ   (the ratio of the amplitude of the 
incident and refl ected light beams) and  Δ  (the ratio of the phase lag of 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1399–1408
the incident and refl ected light beams) over the wavelength range in 
which the fi lm is optically transparent (750 to 1000 nm). 

 Spectroscopic ellipsometry was also used to characterise  T  g  of the 
PCDTBT:PC 70 BM blends as they were annealed. For measurement, 
thin fi lms deposited on a substrate were put on a Linkam heating/
cooling stage within a cell containing a N 2  atmosphere. The cell has two 
transparent windows to allow transmission of the polarized incident and 
refl ected ellipsometry beams. The fi lms were heated from 25 to 200  ° C 
under a N 2  atmosphere and then cooled to 25  ° C at a rate of 5  ° C min  − 1 . 
During the heating and cooling cycles,   Ψ   and  Δ  were recorded, with a 
change in slope of   Ψ   vs temperature being used to identify  T  g . 

 Phase separation in PCDTBT:PC 70 BM blends (cast from CF) during 
thermal annealing was characterized using spectroscopic ellipsometry. 
During the annealing cycle, fi lms were heated toward the desired 
annealing temperature at 90  ° C min  − 1  (the fastest heating rate that 
can be delivered by the Linkam stage). This process approximates the 
procedure that is used when a device is placed onto a hot plate for 
thermal annealing. The temperature fl uctuation of the Linkam stage 
during the isothermal annealing process is estimated to be  ± 0.1  ° C. 
Samples were held at constant temperature (130, 150, 155 and 200  ° C) 
for 1 hour and then cooled to room temperature (approximately 25  ° C) 
at 90  ° C min  − 1 . 

 Grazing incidence wide angle scattering was conducted at the I16 
beamline, at the Diamond Light Source, UK. A custom sample cell with 
a Kapton exit window was constructed to surround the sample with 
helium in order to minimise air scatter. The vertical blade above the 
sample remove scatter not associated with the sample, and an internal 
beamstop interceted the direct and refl ected beams before the Kapton 
window. GI-WAXS scattering patterns were recorded using 12 keV energy 
X-rays and a Pilatus 2M detector to record images with a 30 second 
exposure time. 

 Photoluminescence (PL) spectra from blend fi lms were recorded 
using a Horiba Fluoromax spectrometer under a fi xed excitation and 
detection geometry. PL spectra were acquired following excitation at 
400 nm and were corrected for thin-fi lm absorption effects. 

 To fabricate OPV devices, ITO/glass substrates were cleaned by 
sonication in dilute NaOH and then in IPA. A 30 nm PEDOT:PSS 
(Baytron 4083 Special Grade) anode layer was then spin cast in air on 
the ITO/glass substrate. The substrates were transferred to a nitrogen 
fi lled glove box. The PEDOT:PSS fi lms were annealed for one minute at 
110  ° C to fully dry the PEDOT:PSS layer after which a PCDTBT:PC 70 BM 
layer was cast onto the anode forming a 70 nm thick fi lm. Following this, 
a 100 nm thick aluminum cathode was deposited onto the fi lm surface 
using a thermal evaporator. The devices were then thermally annealed at 
various temperatures for 30 minutes. Devices were fi nally encapsulated 
using a glass slide and epoxy glue before testing. PCEs were determined 
using a Lot Oriel 91159 AM 1.5G solar simulator controlled using a 
Keithley 237 source measure unit. An NREL calibrated silicon cell was 
used to calibrate the power output to 100mW cm  − 2  at 25 ° C. Space 
charge limited conduction mobility values were calculated from dark 
J-V measurements on ITO/PEDOT:PSS/active layer/Au devices after 
correction for the device built-in voltage.   
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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