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a  b  s  t  r  a  c  t

The  electronic  properties  of  five  diketopyrrolopyrrole  (DPP)  derivatives  as  a function  of  alkyl  chains  and
conjugated  frameworks  were  investigated.  The  results  of  ultraviolet  photoelectron  spectroscopy  (UPS)
and UV–vis  absorption  measurements  show  different  ionization  potentials  (IPs),  and  optical  band  gaps.
To  investigate  the relation  between  the  IP and  the  open  circuit  voltage  (VOC) of bulk  heterojunction  (BHJ)
solar  cells,  the  VOC of organic  solar  cells  fabricated  with  DPP  derivatives  as the  donor  and  [6,6]-phenyl
eywords:
rganic solar cells
ltraviolet photoelectron spectroscopy

UPS)
V–vis absorption
lectronic structures

C71 butyric  acid  methyl  ester  (PC71BM)  as  the  acceptor  were  measured.  The  values  between  the  IP of  the
DPP  derivatives  and  VOC in  BHJ  devices  exhibit  linear  relationship.

© 2012 Elsevier B.V. All rights reserved.
pen circuit voltage

. Introduction

Organic bulk heterojunction (BHJ) solar cells have been a sub-
ect of many recent investigations because the active layer can be
eposited over large areas in a single step using low-cost fabri-
ation techniques such as roll-to-roll coating, inkjet printing, and
pin coating [1,2]. Recently, BHJ solar cells using a p-type poly-
er, thieno[3,4-b]thiophene and benzodithiophene polymers, as

n electron donor and a soluble n-type fullerene, (6,6)-phenyl C71
utyric acid methylester (PC71BM), as an electron acceptor have
chieved power conversion efficiency (PCE) up to ∼7% [3].  The PCE
f organic solar cells depends on the short circuit current den-
ity (JSC), the open circuit voltage (VOC), and the fill factor (FF),
CE = (JSCVOCFF)/P0, where P0 is the incident light intensity [4,5].
n BHJ solar cells, there has been a general acceptance that VOC
epends on the energy difference between the ionization poten-
ial (IP) of the electron donor material and the electron affinity
EA) of the electron acceptor material [6].  Recently, a series of
oly(thiophene) derivatives were synthesized and their oxidation
otentials were correlated to VOC of BHJ solar cells using a fullerene
erivative as the acceptor [7].  From materials design, the PCE of
any reported BHJ solar cells is limited by the low VOC (∼0.6 V),
 result of having a smaller highest occupied molecular orbital
HOMO) or IP, and the narrow energy gap of donor materials (∼2 eV)
8]. It is therefore critical to enhance VOC, while maintaining the

∗ Tel.: +82 51 200 7233; fax: +82 51 200 7232.
E-mail address: seojh@dau.ac.kr

379-6779/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.synthmet.2012.02.026
corresponding JSC and FF.  One method to improve VOC is to design
materials having a larger or deeper IP [9,10].  To reduce the band gap,
a common approach is to incorporate strong electron-donating and
electron-accepting moieties within a conjugated backbone [11].

In search for new donor materials with easy synthesis, purifi-
cation, and functionalization, one can find diketopyrrolopyrrole
(DPP)-based materials exhibiting bright and strongly fluorescent
with exceptional photochemical, mechanical, and thermal stability
[12–17].  These materials have been used in industrial applications
as high performance pigments in paints, plastics and inks. Combin-
ing DPP core with thiophene, phenylene and benzofuran building
blocks and appropriate functional groups leads to materials that
have tunable band gap, energy levels, and molecular packing that
can be used in BHJ solar cells and thin film transistors [13,18–22].

Cyclic voltammetry (CV) is a common method for determining
the HOMO and the lowest unoccupied molecular orbital (LUMO)
levels of organic compounds [23]. However, this information is
obtained in solution and in the presence of an electrolyte. As pre-
vious reports have shown, the situation in neat film is different
[24,25]. For this reason, ultraviolet photoelectron spectroscopy
(UPS) should be used to study energy levels of solar cell materials.
UPS is a well-established analytical technique for studying energy
levels in organic thin films. When UV photons are incident on the
sample, electrons from occupied states are ejected to the vacuum.
The kinetic energies of the escaping electrons are measured, reveal-

ing information about the interfacial electronic structures such as
the HOMO levels, work function, IP and interfacial dipole [26,27].

In this work, five new low band gap DPP-based materials were
synthesized for use as donors in solution-processable BHJ solar

dx.doi.org/10.1016/j.synthmet.2012.02.026
http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:seojh@dau.ac.kr
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has been observed previously in highly ordered oligothiophene-
DPP systems and assigned to strong intermolecular interactions
[13,18]. For the DPPTh, the first absorption peak of DPP band occurs
at 568 nm,  87 nm blue-shifted compared to those of the DPPThEH
Fig. 1. Chemical stru

ells (Fig. 1). The materials are divided into two groups: DPPThEH,
PPThtBoc, DPPTh and DPPTh, DPPPhe, DPPPyr where the substi-

uting alkyl chains and the conjugated units attached to the DPP
ore are varied, respectively. Then influences in the optical band
ap, energy levels, thin film morphology, and VOC as altering chem-
cal structures were examined using absorption spectroscopy, UPS,
tomic force microscopy (AFM), and solar cell devices, respectively.
olution-processed BHJ solar cells using the five materials as donors
nd PC71BM as an acceptor were fabricated to correlate between
he electronic structures and the device characteristics.

. Experimental

Detailed synthetic methods for DPP derivatives are described
n the literature [13,18,20–22]. Solutions were prepared in chloro-
orm and handled in a nitrogen filled glovebox. UV–vis absorption

easurements were performed on a Beckman Coulter DU 800
pectrophotometer and films were spin-coated from 0.6% (w/v)
olutions onto quartz substrates. For UPS experiments, an 80 nm-
hick Au film was deposited on a precleaned Si substrate with a
hin native oxide (Angstrom Engineering). Subsequently, 0.1% (w/v)
olution of each DPP derivative was spin-coated at 3000 rpm for
0 s atop the Au-coated Si substrate. The thicknesses of the DPP
erivatives were determined to be 2.8 nm for DPPThEH, 2.7 nm for
PPThtBoc, 3.6 nm for DPPTh, 4.0 nm for DPPPhe, and 4.4 nm for
PPPyr by AFM measurements. All film preparation was done in a
2-atmosphere glovebox. To minimize possible influence by expo-

ure to air, the films were then transferred from the glovebox to
he UPS analysis chamber inside an air-tight sample holder. All sam-
les were kept inside a high-vacuum chamber overnight to remove
olvent residue. The UPS analysis chamber was  equipped with a
emispherical electron energy analyzer (Kratos Ultra Spectrome-
er) and a UV (He I) source, and was maintained at 1 × 10−9 Torr. A
ample bias of −9 V was  used to acquire the high binding energy
utoff. To confirm reproducibility of UPS spectra, these measure-
ents were repeated twice on two sets of samples.
The surface topographic images were obtained under ambi-

nt conditions using a Nanoscope IIIa/Multimode Scanning Probe
icroscope (Veeco). All AFM images were obtained in tapping
ode using Si probes having a resonant frequency of ∼75 kHz and
 spring constant of 1–5 N/m (Budget Sensors).
Organic solar cells were prepared according to the

ollowing procedure. Blended films of DPP and PC71BM
1:1 ratio) were spin coated at 900 rpm for 30 s from
s of DPP derivatives.

chloroform solutions (10 mg/mL) onto a 40 nm layer of
poly(3,4–ethylenedioxythiophene):polystyrene sulfonate,
PEDOT:PSS (H.C. Starck) onto indium tin oxide ITO-coated glass
substrates. The active layer thicknesses of all devices obtained by
using Ambios XP-100 profilometer were approximately 65 nm.
Aluminum (500 Å) electrodes were thermally evaporated at a
pressure of 1 × 10−7 Torr at room temperature using a shadow
mask. Solar cells were characterized under simulated 100 mW/cm2

AM1.5G irradiation from a Xe arc lamp with an AM1.5 global filter.
All device fabrication and testing were conducted inside a nitrogen
filled glovebox.

3. Results and discussions

Fig. 2 shows UV–vis absorption spectra of five DPP derivative
films and all the relevant data are summarized in Table 1. All DPP
derivatives exhibit remarkably different absorption characteristics
depending on the nature of the side chains and substituted core
structures. The absorption spectra show intense bands in both the
ultraviolet and visible parts of the spectrum from 300 nm to 500 nm
and from 500 nm up to 900 nm,  respectively, with latter absorption
feature being assigned to the DPP chromophore unit. The absorp-
tion band ∼725 nm in the DPPThEH, DPPThtBoc, and DPPTh film
Fig. 2. UV–vis absorption spectra of DPPThEH, DPPThtBoc, DPPTh, DPPPhe, and
DPPPyr thin films.
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Table 1
Summary of electronic properties of all compounds studied here and their device parameters.

�max
1 (nm) �max

2 (nm) �onset (nm) Eg (eV) IP (eV) EA (eV) Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

DPPThEH 655 724 844 1.47 4.92 3.45 9.2 0.75 44 3.0a

DPPThtBoc 656 729 868 1.43 4.86 3.43 5.4 0.65 34 1.2b

DPPTh 568 724 809 1.53 4.61 3.08 4.2 0.47 40 0.79
DPPPhe 574 615 680 1.82 5.11 3.29 4.5 0.87 37 1.45
DPPPyr 602 654 724 1.71 5.30 3.59 2.7 0.50 41 0.55

a
v
T
e
i
o
a
s

s
t
r
a
T
s
∼
a
t
s
f
t

P
T
a
w
T
e
i
b
l
l

F
r

The EHOMO of DPPThEH, DPPThtBoc, DPPTh, DPPPhe, and DPPPyr
are (in eV) 0.56, 0.38, 0.26, 0.72, and 0.85, respectively. The IP is
determined by using the incident photon energy (21.2 eV), the ESE,
a Ref. [22].
b Ref. [20].

nd DPPThtBoc films. The side chains of DPPEH and DPPtBoc are sol-
ated more favorably by the solvent molecules than that of DPPTh.
his can make the DPP derivatives with EH and tBoc side chains
xhibit more expanded structures in the films resulted in a red-shift
n the absorption spectrum. [28,29]. In addition, higher structural
rganization in DPPThEH and DPPThtBoc becomes more favorable
s they have more expanded structures due to the different alkyl
ide chains [13,30].

Interestingly, change of the DPP core results in remarkably dis-
imilar absorption features. Replacing the thiophene units attached
o the DPP core with phenyl rings (DPPPhe) and pyridines (DPPPyr)
esults in an intense absorption in the 300–500 nm regions and

 much narrower and blue-shifted absorption band at ∼600 nm.
he corresponding optical energy gaps (Eg) estimated from the
pectrum low-absorption band edge are ∼1.47 eV for DPPThEH,
1.43 eV for DPPThtBoc, 1.53 eV for DPPTh, 1.82 eV for DPPPhe,
nd 1.71 eV for DPPPyr, respectively. As expected, the Eg values for
he DPPThEH, DPPThtBoc and DPPTh with different alkyl chains are
imilar since they have the same conjugated backbone. However,
or DPPPhe and DPPPyr, modification of conjugated aryl groups next
o the DPP core results in a slight increase in the Eg.

UPS spectra for DPPThEH, DPPThtBoc, DPPTh, DPPPhe, and DPP-
yr thin films on Au-coated silicon substrates are shown in Fig. 3.
he Fermi energy (EF) was  determined from the Au surface and
ll other spectra are plotted with respect to this value. In other
ords, the abscissa is the binding energy relative to the EF of Au.

he vacuum levels (VLs) of the samples were determined by linear
xtrapolation of secondary electron cutoffs (ESE) on the high bind-
ng energy side of the UPS spectra (14–19 eV). Here the spectra have

een shifted in the intensity direction to identify the lowest energy

evel. Deposition of the DPPThEH, DPPThtBoc, DPPTh, and DPPPhe
eads to a shift of VLs toward higher energies, while for the DPPPyr

ig. 3. UPS spectra of (a) the high binding energy cutoff region and (b) the HOMO
egion of (i) DPPThEH, (ii) DPPThtBoc, (iii) DPPTh, (iv) DPPPhe, and (iv) DPPPyr.
the change is less pronounced. Fig. 3(b) shows the HOMO onsets
for the five DPP derivatives. The HOMO energy levels of the DPP
derivatives were calculated using the low binding energy region
(0–3 eV). Comparing the shift in the HOMO onset (EHOMO) in each
film to the EF of Au provides the relative position of the HOMO level.
Fig. 4. (a) A schematic energy level diagram of a donor/PC71BM system, (b) J–V
characteristics of the DPP derivatives:PC71BM bulk heterojunction (BHJ) solar cells.
(c)  The open-circuit voltage (VOC) of BHJ cells plotted versus the ionization potential
of  the DPP derivatives as donor materials used in each individual device.
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Table  2
Determination of the IP of small molecule-diketopyrrolopyrrole derivatives as a function of film thickness.

DPPThEH DPPThtBoc DPPTh DPPPhe DPPPyr

Thin Thick Thin Thick Thin Thick Thin Thick Thin Thick

Thickness (nm) 2.6 17.4 2.2 16.2 2.9 25.1 3.1 19.6 3.6 14.1

4

a
[
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t
t
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IP,  HOMO (eV) 4.92 4.95 4.82 4.89 

4.93  4.87 4.83 4.88 

Average IP (eV) 4.92 ± 0.03 4.86 ± 0.03

nd the EHOMO according to the equation, IP = 21.2 − (ESE − EHOMO)
24]. The IPs for DPPTh, DPPThtBoc, DPPThEH, DPPPhe, and DPPPyr
re 4.6, 4.8, 4.9, 5.1, and 5.3 eV, and the results are summarized in
able 2 (the UPS spectra of thick films were not shown here).

One possible explanation about why the IP of the DPPThEH is
ower than that of DPPTh (having the linear chain) are caused by dif-
erent packing motifs. With the straight alkyl chain, the molecules
an pack close to each other, while the branch alkyl chain, this pack-
ng is disrupted, resulting in electron decoupling and lowering the
inding energy. This packing effect leads to fundamentally different
lectronic properties in solid states [31–33].  The detail information
f the steric effect in all compounds is still under investigation.

A schematic energy diagram of a donor PC71BM system with

he frontier energy levels and the VOC is shown in Fig. 4(a). For
hese estimates an EA energy, −4.1 eV was used, which is on the
igh end of the values provided in the literature (−3.7 to −4.3 eV)
nd anticipated to yield a smaller VOC [34]. Previous studies on

Fig. 5. AFM images (2 �m × 2 �m)  of (a) DPPThEH, (b) DPPThtBoc, (c) DPPTh, (d) D
4.59 4.64 5.10 5.18 5.35 5.27
4.58 4.62 5.10 5.05 5.33 5.23
.61 ± 0.02 5.11 ± 0.05 5.30 ± 0.05

conjugated polymer BHJ cells have shown that the difference
between the donor IP and the acceptor EA limits the VOC. The
EAs of the DPP derivatives must be positioned above that of the
PC71BM acceptor by at least about 0.3 eV to provide a driving
force for efficient electron transfer from the donor to the acceptor
(charge separation) [10,11]. Therefore, the ideal EA of DPP deriva-
tives should be between 3.5 eV and 3.8 eV. For the donor material,
the ideal Eg should range between 1.2 and 1.9 eV as more photons
are present in the near IR region [6,8]. Therefore, the ideal IP should
range between 5.0 and 5.4 eV which assures a high VOC in BHJ solar
cells. From the UPS results, the three DPP derivatives having the
same backbone but different alkyl chains (DPPThEH, DPPThtBoc
and DPPTh) show IP values at 4.6–4.9 eV. In contrast, DPPPhe and

DPPPyr show different values of the IPs at 5.1–5.3 eV. For DPPTh,
one can see a remarkable decrease of the IP when compared to
the other DPP derivatives. Thus, substituting the thiophene units
attached to the DPP core with phenyl or pyridine units induces a

PPPhe, and (e) DPPPyr with PC71BM blended on PEDOT:PSS/ITO substrates.
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lear increase of IP and should result in a higher VOC. This is mainly
ue to relatively lower electron donating ability of both phenyl and
yridyl ring than a thienyl ring.

To support our predictions and demonstrate the potential of
PP derivatives as an electron donor in organic solar cells, these
ew DPP derivatives were tested in BHJ solar cells with PC71BM
s an acceptor. The current density versus voltage (J–V) char-
cteristics of solar cells with the five DPP derivatives:PC71BM
omposites are shown in Fig. 4(b) and device parameters were
ummarized in Table 1. The highest VOC (0.87 eV) is obtained from
PPPhe:PC71BM device, while the lowest VOC (0.47 eV) is obtained

rom the DPPTh:PC71BM cell.
In Fig. 4(c), the VOC values of DPP derivatives:PC71BM solar cells

re plotted against the IPs of the five DPP derivatives used as a
onor in these devices. A good linear fit through the data indi-
ates a good correlation of the IP determined from UPS and the VOC
f DPP derivatives:PC71BM BHJ solar cells. Among the five com-
ounds, the DPPPyr:PC71BM device has much lower VOC than the
xpected trend. Perhaps, factors other than the difference between
he energy levels of the donor IP and the acceptor EA may  influence
he device VOC. The dependence of VOC on the illumination intensity
nd temperature as well as the strength of the donor intermolec-
lar interactions has been shown for small molecule-based solar
ells [35–37].

Since it is known that the morphology of the active mate-
ial in BHJ solar cells significantly affects the device performance
38–40], DPP derivatives:PC71BM surface morphology was inves-
igated by tapping mode AFM as shown in Fig. 5. The root mean
quare (rms) roughness of DPPThEH, DPPThtBoc, DPPTh, DPPPhe,
nd DPPPyr are (in nm)  2.21, 0.62, 1.62, 0.88, and 5.23, respec-
ively. The DPPThtBoc:PC71BM film surface is very smooth, while
he DPPPyr:PC71BM film surface is a significantly rough. Perhaps,
he mismatch of between the IP and the VOC of DPPPyr shown in
ig. 4(c) can be explained that the VOC is also affected in certain
egree by the morphology of the blend. Nevertheless, the energy

evels of DPP derivatives provide a good estimation of the VOC con-
idering a similar tendency with variations of the IP. Based on
hese data, modification of chemical structures can thus be used
o control the IP and the EA of materials as well as VOC in BHJ solar
ells.

. Conclusions

The five DPP derivatives as a function of alkyl chains and
onjugated aryl groups around the DPP core were studied. The
esults of UPS and UV–vis absorption measurements show dif-
erent molecular orbital levels, the IP, and optical band gaps.
o understand the relation between the IP and the VOC of BHJ
olar cells, DPP derivative:PC71BM blend cells were fabricated.
he IP and the VOC exhibit linear relation and the values of VOC
btained from BHJ solar cells, consistent with the energy dif-
erence between the IP of the DPP derivatives and the EA of
C71BM layer. Taking all these data into account, one can con-
lude that DPPPhe has the best potential for photovoltaic devices.
t is anticipated that these values obtained from BHJ solar cells
ould be improved through modification in the device fabrica-
ion (solvent, different ration of blend solutions, film thickness,
nnealing, etc.). Based on the findings presented in this work,

ontrol of VOC can be realized together with the enhancement
n device performance of BHJ solar cells. These studies are thus
mportant for understanding how these materials function in
rganic solar cells, contributing to the improvement of device

[
[
[
[
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performance and the design of new materials for use in organic
solar cells.
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