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the open-circuit voltage. [ 5–8 ]  So far, several 
models have been proposed to explain 
the ELA mechanism at OOH interfaces. 
For a precise understanding of the ELA, 
however, we still need to consider many 
different factors, not only the inherent 
electric structure of the involved mate-
rials, but also specifi c intermolecular 
interactions between the two materials 
and the contribution of the molecular ori-
entation and/or crystal structure near the 
interface. [ 9–21 ]  

 We investigated the effect of the density 
of structural defects at OOH interfaces 
on the ELA by using X-ray scattering and 
ultraviolet photoelectron spectroscopy 
(UPS). We chose prototypical materials 
relevant for device application: diindenop-
erylene (DIP, C 32 H 16 ) as a p-type (donor) 
material ( Figure    1  a) and perfl uoropenta-
cene (PFP, C 22 F 14 ) as a n-type (acceptor) 
material (Figure  1 b). [ 22,23 ]  The density 

of structural defects at the interface was varied by changing 
growth temperature ( T ) of the DIP layers. [ 22 ]  PFP was deposited 
step by step on the DIP layer to measure the thickness depend-
ence of the work function (WF) and HOMO positions. The dia-
grams of the PFP-on-DIP structure shown in Figure  1 c illus-
trate the effect of increased in-plane disorder in the bottom DIP 
layer on the upper PFP layer.   

 The dependence of the energy level alignment (ELA) on structural defects 
at an organic/organic heterojunction (OOH) of perfl uoropentacene (PFP)-
on-diindenoperylene (DIP) was investigated using X-ray scattering and 
ultraviolet photoelectron spectroscopy. The density of structural defects near 
the interface between the PFP and DIP layers was varied by changing the 
growth temperature of the DIP fi lm. A direct relationship was found between 
the defect density and the ELA at the OOH; the ELA together with the change 
in the electrostatic potential (quasi-interface dipole layer) at the OOH varies 
systematically with the defect density near the interface. This indicates that 
a key factor affecting the ELA is the electrostatic potential change across the 
OOH interface, which is produced by electron transfer from DIP occupied 
gap states to PFP unoccupied gap states. These gap states originate from the 
defects and are effectively controlled by adjusting the growth conditions of 
the organic fi lms. As a result, the ELA at OOH interfaces can be controlled 
by the density of structural defect, which is important for organic devices 
employing OOHs, such as organic photovoltaic cells. 

  1.     Introduction 

 The energy level alignment (ELA) at organic-organic hetero-
junction (OOH) interfaces is crucial for understanding the elec-
trical properties of organic electronic devices, such as organic 
photovoltaic (OPV) cells and organic light-emitting diodes. [ 1–4 ]  
Especially for OPV cells, the difference in the binding ener-
gies ( E  b ) of the highest occupied molecular orbital (HOMO) 
of the donor material and the lowest unoccupied molecular 
orbital (LUMO) of the acceptor material is the key factor for 
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 Figure 1.      Molecular structures of diindenoperylene (DIP, C 32 H 16 ) (a) and 
perfl uoropentacene (PFP, C 22 F 14 ) (b) and sketch of molecular packing 
structures controlled by adjusting growth temperature of underlying DIP 
layer (c).
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  2.     Results and Discussion 

 We fi rst present our structural characterization of the DIP 
underlayer [thickness ( d  DIP ) = 15 nm]. At growth tempera-
tures of 200 to 400 K, DIP thin fi lms grown on SiO 2  typi-
cally exhibit the high-temperature crystal phase (HT phase) 
and are textured with the (001) plane parallel to the substrate 
(σ-orientation). [ 21,24–26 ]   Figure    2   shows grazing incidence X-ray 
diffraction (GIXD) data for the three DIP fi lms investigated; 
the peak indexing is based on the HT phase (P21/a poly-
morph). [ 24 ]  The increase in the peak width for lower- T  fi lms 
indicates a decrease in the coherent in-plane island size, which 
can be interpreted as an increase in the structural defects in 
the fi lm, as confi rmed by the present UPS results (see discus-
sion). The coherent island sizes, which were determined from 
the Scherrer equation, were 32, 28, and 15 nm for 400, 300, 
and 200 K, respectively. These island sizes indicate that there 
are much more structure defects in the 200-K fi lm than the 
300-K fi lm. At the lowest  T , 200 K, there are traces of a low-
temperature crystal structure, indicated by ‘*’ in Figure  2 . [ 24,27 ]  

The amount of this phase was very small and can be neglected 
for discussion of the UPS spectra.  

 The main structural difference between the three DIP 
fi lms grown at different  T s was the in-plane crystal quality. 
A detailed study of the growth of PFP on DIP has shown 
that it exhibits two important effects [ 22 ] : (i) PFP molecules 
evaporated on DIP tend to adopt the nearly standing orienta-
tion of the DIP molecules (σ-orientation) (Figure S1); (ii) the 
in-plane coherent island size of the PFP domains correlates 
with that of the DIP domains, but the sizes of those in the 
PFP are larger than those in the DIP (i.e., defects in the DIP 
template induce defects in the PFP layer (Figure S2), but the 
defect density in the PFP layer is lower than that in the DIP 
underneath). 

 We next discuss the effect of increased defect density on 
the ELA at the PFP-on-DIP interface.  Figure    3   shows the 
PFP-thickness dependence of the UPS spectra of three PFP-
on-DIP OOHs with the DIP layer grown at three substrate 
temperatures: 400, 300, and 200 K. The disappearance of the 
DIP HOMO peak after the deposition of a nominally 3.2-nm-
thick PFP layer indicates that the DIP surface was fully cov-
ered by the PFP for all the DIP fi lms (confi rmed by metastable 
atom electron spectroscopy; results not shown). Upon PFP 
deposition, no new peak was observed in the band gap region, 
indicating that no signifi cant formation of a charge-transfer 
complex and/or chemical reaction between the DIP and PFP 
occurred at the interface. The mean value of the HOMO 
ionization energy (IE) of the three DIP fi lms, determined 
from the energy difference between the peak maximum of 
the HOMO and the secondary electron cut-off (SECO), was 
5.68 ± 0.03 eV. The mean IE of the HOMO of three 3.2-nm 
PFP fi lms was 6.92 ± 0.01 eV, after deconvolution of the UPS 
bands with Gaussian functions (see  Figure    4  ). This IE cor-
responds well with previously reported values for standing 
DIP and PFP fi lms. [ 28–30 ]  The growth- T  independence of the 
HOMO IE for the DIP fi lms and for the PFP fi lms on the 
DIP fi lms confi rms that there was only a negligible amount 
of lying or tilted DIP and PFP molecules because organic 
fi lms with different molecular orientations exhibit different 
IEs. [ 17,21,28,30 ]  On the other hand, no systematic dependence of 
the DIP HOMO  E  b  on the defect density was observed, which 
possibly due to an uncontrollable variation in the WF of the 
SiO 2  substrates (see Figure S3).   
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 Figure 2.     In-plane GIXD data for three DIP layers grown at different 
substrate temperatures (400, 300, and 200 K) ( d  DIP  = 15 nm). Coherent 
in-plane island sizes were 32 nm (400 K), and 28 nm (300 K) and 
15 nm (200 K). A low-temperature bulk phase was observed in 200-K layer 
(indicated by ‘*’).

 Figure 3.     UPS spectra of PFP-on-DIP on SiO 2  (DIP growth  T  = 400, 300, and 200 K): from bottom to top, SiO 2  (black), 15 nm DIP (red), and PFP 
thickness dependence (blue). Binding energies of each HOMO peak and onset positions of SECO (work function/WF) are given in eV.
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 Figure  4  shows the UPS spectra of DIP and PFP (3.2 nm)-
on-DIP fi lms ( T  = 400, 300, and 200 K). All the spectra were 
aligned relative to the DIP HOMO peak after Gaussian decon-
volution of the DIP (red pattern) and PFP (blue pattern) HOMO 
peaks to discuss phenomena at the PFP-DIP interface. The full-
width at half maximum (FWHM) of the DIP HOMO was 0.41, 
0.42, and 0.48 eV for 400-, 300-, and 200-K DIP fi lms, respec-
tively, and that of the PFP HOMO is 0.50, 0.50, and 0.51 eV 
on the 400-, 300-, and 200-K DIP fi lms, respectively. Note that 
the FWHM of the DIP HOMO increased with a decreasing DIP 
growth temperature, which suggested an increase in the den-
sity of gap states (DOGS). The DOGS increase was confi rmed 
by the spectra on log intensity scale for 300-K [Figure  4  inset (a)] 

and 200-K [Figure  4  inset (b)] DIP fi lms for the HOMO tailing 
region with comparison with that for 400-K DIP fi lm, where 
contribution of photoelectrons excited by HeI β  (hν = 23.08 eV) 
is subtracted. The results clearly demonstrate an increase in the 
DOGS in particular for the 200-K fi lm due to the increase in 
structural defects, being in good agreement with the difference 
among coherent island sizes of the three DIP fi lms (32 nm 
@400 K, 28 nm @300 K, 15 nm @200 K). We therefore con-
clude that the increase in the FWHM of the DIP HOMO and 
the DOGS is ascribed to the increase in the density of struc-
tural defects. [ 12 ]  However, the FWHM of the PFP HOMO did 
not increase as much as that of the DIP although the structural 
defects of the PFP also increase (see also Figure S2). [ 22 ]  This 
can be reasonably understood from the following results and 
consideration: (i) PFP molecules in an overlayer tend to adopt 
the orientation of the DIP molecules in the bottom layer, and 
the crystalline quality of the PFP layer correlates with that of 
the DIP layer in terms of the in-plane coherent crystal size; [ 22 ]  
(ii) however, PFP domains are larger than DIP domains and 
thus have a smaller number of domain boundaries, which gen-
erally cause many gap states; [ 32,33 ]  and therefore (iii) there is 
less HOMO-band broadening and fewer gap states in the PFP 
than in the DIP, which can not be measured with conventional 
UPS. [ 31,32,34 ]  

 It is clear from Figure  4  that the energy difference ( E  H - H ) 
between the PFP HOMO and DIP HOMO decreased with an 
increase in the defects as it is understood from the lowering of 
PFP-HOMO energy for the 300-K system (Δ E  1H-H ) and the 200-K 
system (Δ E  2H-H ).As shown in  Figure    5  , a systematic relationship 
between the increase in the defects and the WF shift at the OOH 
was observed. The increase in WF may be caused by electron 
transfer from the DIP to the PFP to establish thermal equilib-
rium, which is related to the change in the electrostatic potential 
across the interface due to the electron transfer. Moreover, the 
values of Δ E  1H-H  (0.11 ± 0.02 eV) and Δ E  2H-H  (0.21 ± 0.02 eV) 
correspond reasonably well with the additional electrostatic 
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 Figure 4.     Comparison of UPS spectra of DIP fi lms deposited on SiO 2  
substrate at different temperatures (400, 300, and 200 K) with those of 
PFP (3.2 nm) on those three DIP fi lms. All spectra were aligned relative 
to the DIP HOMO peak.  E  H-H  is energy difference between DIP and PFP 
HOMOs for PFP on 400-K DIP fi lm. Δ E  1H-H  (Δ E  2H-H ) is change in PFP 
HOMO position from that on the 400-K DIP fi lm for PFP fi lm on the 300-K 
(200-K) DIP fi lm. Spectra were fi tted using Gaussian functions. FWHM 
of DIP HOMO was 0.41 eV (400 K), 0.42 eV (300 K) and 0.48 eV (200 K), 
and FWHM of the PFP HOMO was 0.50 eV, 0.50 eV and 0.51 eV for PFP 
fi lms on 400-, 300-, and 200-K DIP fi lms, respectively. Insets (a) and (b) 
show 300-K and 200-K spectra on log scale for the intensity of DIP HOMO 
including the tailing region, respectively. The black dots correspond to the 
spectrum (density of states) of 400-K DIP HOMO and the red dots to that 
at the lower temperature, indicating increase in the intensity (density of 
states) caused by the structural defects. The dashed line in each inset is 
the detection limit (DL) of the present UPS.

 Figure 5.     Work function (WF) shift versus PFP fi lm thickness for three 
DIP fi lms until PFP covers the DIP fi lm surface. “A” denotes the elec-
tronic potential change at the lowest defect density interface. “B” and “C” 
denote additional electronic potential changes induced by an increase of 
the defect density at the interface.
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potential change (further WF increase), for the 300-K system 
(B) (0.15 ± 0.02 eV) and the 200-K system (C) (0.21 ± 0.02 eV), 
respectively. These results indicate that the defect density at 
the PFP-on-DIP OOH thus the density of gap states increased 
in both PFP and DIP fi lms near the interface. Therefore, 
the change in the electrostatic potential across the interface 
increased due to electron transfer from the occupied gap states 
in the DIP layer to the unoccupied gap states in the PFP over-
layer. As we did not observe any experimental evidence of the 
charge transfer complex formation, it is more plausible that the 
excess electrons in the PFP and the excess holes in the DIP are 
not distributed only among the interface molecules. Accord-
ingly, there are various dipole-like electron-hole pairs near the 
interface, and, on average they acted phenomenologically as an 
interface dipole layer (quasi-interface dipole layer), which should 
be separated in scientifi c discussion on the interface-related phe-
nomena from the interface dipole by direct electronic interaction 
only at the interface, as discussed in previous reports. [ 9,11 ]   

 Since the IE was independent of the defect density for both 
the DIP and PFP fi lms, the decrease in  E  H - H  (Δ E  1H - H  and 
Δ E  2H - H ) together with the increase in the electrostatic potential 
change (B and C) can be ascribed to moving of the Fermi-level 
in each band gap. [ 10,18,31,32 ]  Energy level diagrams of the PFP-
on-DIP OOHs are shown in  Figure    6   with the changes in these 
gap states. The band gap and exciton  E  b  values are taken from 
previous reports. [ 35–37 ]  The ELA of the PFP-on-DIP system is 
presumably governed by the change in the electrostatic poten-
tial across the interface produced by partial electron transfer 
from DIP HOMO-derived gap states to PFP LUMO-derived 
gap states, as suggested for other organic donor-accepter inter-
faces. [ 10,11 ]  The change in the electrostatic potential depends on 
the number of transferred electrons and their spatial distribu-
tion, which are dominated by the density of gap states in the 
donor layer (occupied gap states) and acceptor layer (unoccu-
pied gap states) as well as the WF difference before the con-
tact. [ 10 ]  The electron transfer is not due to electronic interaction 
but to the achievement of thermal equilibrium, in which the 
density and energy distribution of defect mediated gap states 

are important factors for the ELA at the OOH as at a weakly 
interacting organic-conductor interface. [ 31,32 ]    

  3.     Conclusion 

 We investigated the dependence of the energy level alignment 
(ELA) on structural defects at a weakly interacting organic het-
erojunction (OOH) system by using X-ray scattering and UPS. 
From studying PFP-on-DIP as the model system, we experi-
mentally demonstrated that (i) the ELA depends on the den-
sity of structural defects near the interface, (ii) the effect of the 
defect density on the IE is very small (less than 50 meV), and 
(iii) the change in the electrostatic potential across the PFP-on-
DIP OOH interface greatly depends on the defect density with 
a variation of more than 200 meV. 

 From the present study, we conclude that a key factor affecting 
the ELA at OOH interfaces is the change in the electrostatic 
potential across the OOH interface, which is produced by partial 
electron transfer from the donor layer to the acceptor layer, where 
the structural defects, which result in gap states, play a crucial 
role. The energy and spatial distribution of the gap states depend 
strongly on the defects and, more generally, on crystal dis-
order. [ 31,32,38 ]  An increased density of gap states due to an increase 
in the structural defects enables a larger number of electrons to 
transfer from occupied gap states of donor layer to unoccupied 
gap states of accepter layer below the Fermi level, which are 
hardly detectable with conventional UPS instruments. In sum-
mary, the ELA at OOH interfaces can be controlled by adjusting 
the density of structural defects (by e.g. the growth temperature), 
which is a key technology to control the effi ciency and function-
ality of organic devices employing OOHs, such as OPV cells.  

  4.     Experimental Section 
 Si(111) wafers with native SiO 2  (surface roughness σ rms  = 0.3 nm) were 
cleaned ultrasonically with acetone, isopropyl alcohol, and ultrapure 
water, followed by heating to 870 K in the UHV growth chamber, 
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 Figure 6.     Energy level diagrams of PFP (3.2 nm)-on-DIP (20 nm) heterostructures with different defect densities. Thickness of colored boxes represent 
width of HOMO and LUMO level with FWHM (w) measured for HOMO (LUMO width assumed to be similar to that for HOMO). Distribution of gap 
states is shown by shading. Onset-to-onset band gap of 2.55 eV for DIP is taken from a previous report. [ 35 ]  Band gap for PFP is assumed to be ∼2.8 eV 
by adding 1.0 eV (exciton binding energy of pentacene) [ 36 ]  to the optical band gap. [ 37 ]  Different DIP HOMO  E  b  is presumably due to variation in WF of 
SiO 2  substrates. Density of states (DOS) scheme is shown on right side. All numbers are given in eV.
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and used as substrates. DIP thin fi lms were deposited on these SiO 2  
substrates under ultrahigh vacuum (UHV) conditions (base pressure 
< 8 × 10 −8  Pa) by thermal evaporation at different substrate temperatures 
( T  = 400, 300, and 200 K), while the PFP fi lms were deposited only at 
300 K on those DIP fi lms. The PFP deposition was interrupted a few 
times for ∼1 hour for each time to measure the thickness dependence 
of the UPS. For both the DIP and PFP, the growth rate was between 
0.1 and 1.0 nm/min as determined using a quartz crystal microbalance. 
After each growth of the PFP fi lms in the UHV preparation chamber, 
the samples were transferred to the measurement chamber without 
breaking the vacuum for UPS at 300 K. The DIP fi lms for X-ray scattering 
measurements were prepared in the same way as for UPS. 

 He I UPS experiments were performed in situ with a custom-built 
UHV system equipped with a PHOIBOS-HSA100 analyzer with an energy 
resolution of 60 meV, a light incident angle of 45°, an electron emission 
angle of 0° (normal emission), and a photoelectron acceptance angle 
of ± 9°. [ 39 ]  The vacuum levels (VLs) were obtained from the SECO of 
the UPS spectra, for which a sample bias of −5 V was applied. The IE, 
HOMO  E  b , and VL values were obtained by repeated measurements. 
The error in these values was estimated to be ± 0.01 eV. 

 GIXD measurements were performed in situ at the X04SA beamline 
of the Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland 
(X-ray wavelength λ = 0.10 nm) to investigate the in-plane structure of 
the fi lms. The lower limits of the in-plane coherent crystal size  l  s  were 
determined using the Scherrer equation ( l  s  = 2π*FWHM −1 *0.9394* K  s , 
where  K  s  = 1.0747 is the Scherrer constant for spherical grains and 
FWHM is the full width at half maximum of the peak in Å −1  determined 
with a Gaussian fi t-function). [ 40 ]  As the instrumental broadening due to 
the diffractometer resolution was not included in the calculation, only 
the lower limits of  l  s  are given.  
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