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The Morphology of Polymer Solar Cells 
Revealed Using X-ray Scattering and 
Reflection

The solution-processing thin film provides easy and low-cost structures and low energy consumption during 
the fabrication of large-area devise for use in bulk heterojunction polymer solar cells, featuring conjugated 
polymers as donors and semiconductor nanocrystals as acceptors.  The processing parameters and subsequent 
thermal or solvent treatments strongly affect on the morphology of the thin films.  In particular, the photovol-
taic performances critically depend on the optimal nanoscale morphology, offering interfaces for the charge 
separation of photogenerated excitons and percolation pathways for carrier transport to the respective elec-
trodes, in the active layers.   
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Phase-separated domains in the active layers of 
bulk hetrojunction (BHJ) solar cells provide interfaces 
for charge separation of photogenerated excitons and 
pathways for separated charge carrier transport to 
the respective electrodes, thus critically affecting the 
device's power conversion efficiency (PCE).1  Other-
wise, conjugated polymer blending CdSe nanocrys-
tals formed the solar cell devices are typically worse 
than that of polymer/fullerene photovoltaic devices 
because of the complicated surface structure of the 
nanocrystals; they typically present long-chain, elec-
trically insulating organic ligands, which must be re-
moved for optoelectronic device applications.   

The inset in Fig. 1 lists their open-circuit voltages 
(Voc), short-current densities (Jsc), and fill factors (FF).  
The open-circuit voltages of the devices featuring 
conducting polymer/fullerence derivative (PBTTPD/
PC71BM) active layers2 were all approximately 0.9 V, 
regardless of whether they were processed with or 
without solvent additives.  The Jsc of the active layers 
with the three solvent additives (12 mA cm–2) were 
significantly high than that without any solvent addi-
tive (9 mA cm–2). 

Specifically, the photovoltaic device based on 
PBTTPD/PC71BM processed with diiodohexane (DIH) 
as the solvent additive exhibited the highest Jsc; it was 
40% greater than that obtained without solvent addi-
tives.  Moreover, the FF for the device containing the 
active layer that had been processed with DIH was the 
highest.  As a result, the PCE of the device incorporat-
ing the active layer that has been processed with DIH 
as the solvent additive increased to 7.3% from 5.0% 
for the corresponding device prepared without any 
solvent additive. 

Figure 2 presents grazing-incidence small-angle 
X-ray scattering (GISAXS) profiles recorded along the 
in-plane direction, qx, of the 2D images for ca. 90-nm-
thick PBTTPD/PC71BM (1:1.5, w/w) films.3  The scat-
tering intensity in the in-plane direction, I(qx), for the 
films processed with or without additives exhibited the 
same power-law scattering behavior with respect to 
the in-plane wavevector qx [i.e., I(qx) ∝ qx

–D], with the 
fractal dimension D of approximately 3 (in the region 
of qx greater than ca. 0.01 Å–1) indicating a fractal-
like (porous) PC71BM aggregate.  Notably, the values 
of I(qx) similarly measured for the P3HT/PC61BM (1:1, 
w/w) film after thermal annealing (150 oC, 15 min) 
revealed characteristically different scattering behav-
ior in the qx region > 0.01 Å–1, due to denser packing 
of the PC61BM aggregates.  Additionally, the inset in 

Fig. 1: Current density–voltage curves of PBTTPD/PC71BM devices 
processed from CF (square) and from CF containing 0.5 
vol% DIB (circle), DIH (triangle), and DIO (inverted tri-
angle). 
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the lower-left-hand corner of Fig. 2  displays a cor-
responding GISAXS pattern, with strong interference 
peaks at a value of qx of 0.00183 Å–1, revealing a large 
mean spacing of 343 nm formed by a monolayer of 
aggregated clusters in the in-plane direction of the 
film.  In contrast, the inset in the upper-right-hand cor-
ner of Fig. 2 reveals no such interference peaks for the 
PBTTPD/PC71BM film prepared with DIH as the addi-
tive.  Moreover, the power law scattering behavior for 
the scattering intensity in the in-plane direction of the 
PBTTPD/PC71BM films processed with the additives 
fades out in this low-qx region (< 0.007 Å–1), implying 
a cluster size of a few tens of nanometers.  The active 
layers processed with the additives featured smaller 
and better-dispersed PC71BM domains, and then 
formed better network morphologies than without any 
solvent additives, presumably because DIH provided 
the finest dispersion of PC71BM and also optimized 
the balance between the solubility of PC71BM and the 
interactions between the additive and the polymer 
molecules.

Figure 3 presents synchrotron X-ray reflectivity 
(XRR) data of the as-prepared and annealed PDTTTPD/
CdSe blend films that had been processed through 
spin-coating of the solutions onto ITO/PEDOT:PSS 
substrates.4  Our simulation of the specular reflectivity, 
allowing us to acquire the physical parameters of the 
multilayer, was based on the recursive formalism of 
Parratt; we fitted the reflectivity data with the BedeREFS 
Mercury code to determine the physical parameters 
of the multilayer, including its thickness and density.  
The critical angle of total reflection, as indicated by 
the dashed line, increased substantially-implying in-
creases in the average film density-after the film had 
been thermally annealed at 130 oC for 20 min.  The 

fitted densities for the as-prepared and annealed films 
were 2.9 and 3.2 g cm-3, respectively.  Annealing of 
the PDTTTPD/CdSe tetrapod film caused the thickness 
of the film to decrease from 150 nm to 135 nm, with 
an associated increase in the film density.  Therefore, 
removal of pyridine ligands from the CdSe tetrapods 
decreased the inter-particle distance and, in turn, in-
creased the CdSe tetrapods' packing densities, thereby 
improving the conductivity in the active layer. 

In conclusion, we have performed that the BHJ 
solar cell device incorporating the PBTTPD/PC71BM 
thin film with the active layer processing exhibited a 
PCE of 7.3%.  We have also prepared BHJ photovol-
taic devices based on PDTTTPD and CdSe tetrapods 
and optimized their PCE through annealing treatment 
which played an important role in improving the de-
vice morphology.
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Fig. 2: In-plane GISAXS profiles of the PBTTPD/PC71BM films 
spin-cast in the absence (square) and presence of DIB, DIH 
or DIO, as indicated.  Insets showed GIWAXS patterns of 
the films processed in the absence and presence of DIH. 

Fig. 3: Synchrotron X-ray reflectance data (log-normal scale) for 
structures incorporating PDTTTPD/CdSe tetrapod blend 
layers (on ITO/PEDOT:PSS substrates) prepared with and 
without thermal annealing (130 oC, 20 min).
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