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  1   .  Introduction 

 Organic photovoltaic (OPV) cells have received signifi cant 
attention in recent years as a new generation of low cost 
energy sources. The power conversion effi ciencies have steadily 
improved to well over 9%. [  1  ]  However, for OPVs to contribute 
to practical energy needs, higher device effi ciencies will be 
required. While signifi cant research efforts have been focused 
on optimizing material properties and device architectures, the 
fundamental physical processes in photovoltage and photo-
current generation have not been fully understood. To be able 
to design effi cient devices, it is important to understand the 
intrinsic optoelectronic properties of organic semiconductor 

materials. From a fundamental point of 
view, organic single crystals with mini-
mized molecular disorder enable the 
observation of a broad range of intrinsic 
properties of organic semiconductors. For 
example, organic single crystal fi eld-effect 
transistors have been well studied to elu-
cidate the charge transport properties and 
their crystallographic orientation depend-
ency in rubrene. [  2–4  ]  It was also recently 
demonstrated that rubrene single crys-
tals exhibit anisotropic elastic constants 
with the stiffest constant along the pitch 
angle of the crystal structure. [  5  ]  Tseng 
et al. reported tetracene single-crystal solar 
cells that exhibited anisotropic power con-
version effi ciencies along the [001] crystal 
axis. [  6  ]  More recently, Podzorov and cow-
orkers reported that triplet excitons can 
diffuse over several microns in rubrene, 
which was comparable to the light absorp-
tion length. [  7  ]  Finally, selective patterning 
of organic single crystals enables one to 
envision utilization of the single crystal 

arrays in high performance organic electronic applications. [  8  ]  
 Although organic Schottky devices exhibit low power conver-

sion effi ciencies because of ineffi cient charge generation, [  9  ]  the 
simple structure provides a promising model system to study 
interfacial charge transfer, [  10  ]  exciton diffusion [  11–13  ]  and infl u-
ence of interfacial energy levels on cell performance. [  14,15  ]  In 
particular, considering that organic crystals have minimal struc-
tural defects and grain boundaries in which exciton quenching 
is induced, Schottky devices based on rubrene crystals are 
useful to study intrinsic photovoltaic properties of organic 
semiconductors. Moreover, the interface of organic semicon-
ductors and the metal is an integral part of electronic devices. 
In addition to the role of metals as ohmic contacts in conven-
tional fi eld-effect transistors, operation of less common device 
architectures for organic materials, such as Schottky contact 
devices that mimic operation of common metal-semiconductor 
fi eld-effect transistors (MESFET) on inorganic semiconductors, 
is entirely based on the properties of organic semiconductor/
metal interface. [  16,17  ]  Therefore, valuable information regarding 
the fundamental properties of organic semiconductors can 
be gained from the studies of organic single crystal-metal 
interfaces. 

 In this study, we demonstrate a photovoltaic effect at 
the rubrene–Al and rubrene–LiF/Al interfaces in lateral 
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the device power conversion effi ciencies are non-trivial too. In 
order to understand the mechanism of the photovoltaic effect 
formation and to quantitatively characterize it, primarily the 
magnitude of open circuit voltage, the results of UPS and C–V 
measurements will be discussed next.  

 UPS was employed to determine the intrinsic energy 
levels of rubrene as well as the energy level alignment at 

ITO–rubrene–Al and ITO–rubrene–LiF/Al device confi gura-
tions. We show that the effect arises at the heterointerface of 
rubrene with Al and the magnitude of photovoltage can be 
signifi cantly increased by the insertion of a thin LiF interlayer. 
We constructed energy band diagrams of these heterostruc-
tures based on ultraviolet photoelectron spectroscopy (UPS) 
and capacitance–voltage (C–V) measurements. This enabled us 
to explain the mechanism of the photovoltaic effect in detail, 
including quantitative characteristics, as well as to describe how 
the electronic structure of the interface between rubrene and 
the Al electrode is formed.  

  2   .  Results and Discussion 

 Charge transport in rubrene single crystals is anisotropic [  3  ]  and 
the largest charge carrier mobility is along the slip-stack direc-
tion referred to as the “b”-axis. [  2  ]  In this study, we chose to fab-
ricate planar ITO–rubrene–Al and ITO–rubrene–LiF/Al devices 
instead of a traditional sandwich-type confi guration to allow the 
photo-generated charges to migrate along the in-plane direction 
that coincides with high mobility direction in rubrene crystals. 
The optical image of a device and the schematic cross-section 
are shown in  Figure    1  (a) and (b), respectively. To localize the 
region of photocurrent and photovoltage generation in such 
a device, the current–voltage (I–V) characteristics for both 
top- and bottom-side illumination were measured (Figure  1 c). 
In general, there are three different regions where the photo-
generated excitons can dissociate: at the ITO–rubrene interface 
(A 1 ), inside the crystal bulk (A 2 ), and at the rubrene–Al inter-
face (A 3 ). When illumination is performed through the ITO 
glass, that is, from bottom, all three sites are exposed to light 
(Figure  1 b). Alternatively, for top-side illumination, the pho-
tocurrent can be generated at the interface with ITO or in the 
crystal bulk only since the 100-nm thick Al electrode is com-
pletely opaque. Although a small photocurrent is generated 
with the top-side illumination, the photocurrent generation 
through bottom illumination is much larger. This indicates that 
excitons dissociate near or at the rubrene–Al interface. There-
fore, the planar device geometry allowed distinguishing the 
region of photocurrent generation.  

 To investigate the photovoltaic effect at the Schottky inter-
face of rubrene and Al in more detail, we inserted an ultrathin 
LiF interlayer between the rubrene and Al contact and sys-
tematically changed its thickness from 0.5 nm to 3.5 nm. The 
representative I–V characteristics of such devices under AM 
1.5 (100 mW/cm 2 ) simulated solar irradiation are shown in 
 Figure    2  . Interestingly, the  V OC   is found to increase with an 
increase of LiF thickness. Initially, the device without any LiF 
interlayer exhibited a  V OC   of about 0.47 V while it increases up 
to 1.16 V and 1.28 V for 1.5 nm and 3.5 nm of LiF thickness, 
respectively. These results imply that the electronic structure of 
the interface between rubrene and the Al Schottky contact is 
mainly controlling the photovoltaic effect of the devices. Note 
that the calculation of photocurrent densities is not straight-
forward for a two-dimensional geometry of planar devices and, 
therefore, the photocurrents for different devices cannot be 
compared directly. Additionally, since the cross-section area for 
current fl ow and illumination area are different, calculations of 

      Figure 1.  Lateral ITO–rubrene–Al and ITO–rubrene–LiF/Al devices. a) 
Top view optical image and b) cross-section view of the ITO–rubrene–
LiF/Al device confi guration, and c) current–voltage characteristics of the 
ITO–rubrene–Al device in the dark (open circles) and under top- (open 
triangles) and bottom-side (solid circles) illumination. 
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 The low-binding energy parts of the UPS spectra (Figure  3 , 
right panels) for rubrene on all measured substrates appear 
similar to one another. The peaks at 2.8 eV and 4 eV are 
the lowest binding energy features of the gaseous phase of 
rubrene [  18  ]  and therefore are the features of non-interacting 
molecules. The two peaks in the range of lower binding ener-
gies, at 0.8 eV and 1.2 eV, are the signature of a condensed 
phase. They were previously assigned to the highest-occupied-
molecular-orbital (HOMO) band of rubrene. [  19,20  ]  The measure-
ments of an ionization potential of rubrene resulted in values 
of 5.2 eV on Au, 5.25 eV on Ag and 5.35 eV on ITO. Since the 
energy resolution of our UPS instrument is 0.1 eV, this varia-
tion can be considered within the instrument resolution. The 
measured  IP  of rubrene is in good agreement with previous 
studies. [  19,21,22  ]  

  Scheme    1   shows the schematic illustration of energy levels 
of rubrene on a) ITO, b) Au, and c) Ag that were obtained by 
the quantitative analysis of respective UPS spectra (Figure  3 ) as 
described above. The LUMO energy at 2.3 eV above the HOMO 
was taken from the optical band gap (E G ) of rubrene single crys-
tals [  23  ]  measured by the UV-VIS absorption spectroscopy. The 
interfacial dipoles   Δ  ITO   = 0.1 eV,   Δ  Au   = 0.6 eV,   Δ  Ag   = −0.2 eV for 
rubrene on ITO, Au and Ag surfaces, respectively, were deter-
mined. We note that we performed UPS measurements on 

the interfaces of rubrene with various electrodes.  Figure    3   
shows the UPS spectra of rubrene on ITO, Au and Ag sub-
strates. The UPS spectra have two onsets. The onset energy 
in the range of high binding energies (left panels) is denoted 
as  E SEC  , the onset energy in the range of low binding ener-
gies (right panels), denoted  E F   or  E HOMO   for materials with a 
metal- or semiconductor-like structure of electronic density 
of states, respectively. The increase of UPS signal intensity 
around the  E SEC   corresponds to the excitation of electrons 
from deep electronic states up to a vacuum level ( E VAC  ). There-
fore, the  E VAC   position (zero of binding/kinetic energy on 
the absolute energy scale) with respect to the energy scale of 
the instrument can be calculated as  E VAC   =  E SEC  -21.2 eV. The 
low-binding energy onset of the UPS spectrum corresponds 
to the excitation of electrons from the highest occupied elec-
tronic states in the material, i.e.  E F   in a metal (considering 
a zero-temperature approximation which neglects the Fermi-
Dirac distribution) or  E HOMO   in a semiconductor. The energy 
difference between the  E VAC   and the  E F /E HOMO   is equal to the 
work function of a metal (  Φ  ) or the ionization potential ( IP ) 
of a semiconductor. For the heterointerface between the two 
materials, the difference between their  E SEC   energies is equal 
to the difference in  E VAC   levels which is defi ned as an inter-
face dipole (  Δ  ).  

      Figure 2.  Current-voltage characteristics of devices under AM 1.5 
(100 mW cm −2  ) simulated solar irradiation for different thicknesses of 
LiF interlayers: a) without LiF, b) 1.5 nm, and c) 3.5 nm of LiF. 
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materials (ITO, Au, or Ag). Since the optical band gap of 
rubrene is 2.3 eV, the position of the Fermi level signifi cantly 
closer to the HOMO band indicates that rubrene is a doped, 
p-type material. We would like to note that the transport gap 
which is slightly larger than the optical gap, [  24  ]  would give 
an alternative approximation of the LUMO onset. Using the 
transport gap, the Fermi level will be positioned even further 
away from the middle of the band gap, that is, from the energy 
where the Fermi level of an intrinsic semiconductor is located. 
This result is unlike the respective features in the UPS spectra 
of the ultrathin rubrene fi lms [  22  ]  that were evaporated in-situ, 
i.e., not exposed to air, and that could have different mor-
phology. The origin of doping which shifts the Fermi level has 
not been addressed in this work. Previously, electronic states at 
0.25–0.35 eV above the HOMO were identifi ed and assigned 
to oxygen doping, [  23,25,26  ]  while the structural defects were 
found to facilitate the oxidation. [  27  ]  However, the structural 
defects were discussed as the sole origin of the same features 
in the photoluminescence spectra too. [  28  ]  The origin of doping 
in general, and the role of oxidation and structural defects in 
particular, still remain a matter of debate therefore. Also, since 
most experimental techniques that were utilized for such 
studies are sensitive predominantly to the surface properties, 
an extreme caution needs to be exercised when relating their 
results to description of the bulk properties. 

 Illumination of the lateral photovoltaic devices from the 
bottom indicates that the photovoltaic effect originates at the 
rubrene–Al interface. Unfortunately, this interface cannot be 
characterized by the UPS directly since Al quickly oxidizes 
in air and in-situ fabrication was not possible. The lamina-
tion of rubrene onto oxidized surface would result in sig-
nifi cantly different interfacial properties comparing to the 
device fabrication case when Al is thermally evaporated onto 
rubrene. Therefore, C–V measurements were carried out to 
extract characteristics of the rubrene–Al and rubrene–LiF/Al 
interfaces. 

 When a metal forms contact with a semiconductor, the ther-
modynamic equilibrium requires that the two materials share 
a common Fermi level. The associated charge redistribution 
between the semiconductor, surface/interfacial states and a metal 
leads to a formation of a depletion region in the semiconductor. 
From the C–V measurements of a metal–semiconductor junc-
tion, the ionized acceptor concentration  N A  , the built-in poten-
tial  V bi   and the depletion layer width  w  can be obtained. For an 
abrupt junction, the junction capacitance per unit area is given 
as  [  29,30  ] 

C =

√
qε0εNA

2(Vbi − V )
 
 (1)      

where  q  is electronic charge,   ε  0   is vacuum permittivity, and 
  ε   is relative permittivity of rubrene. Equation  2  describes a 
linear variation of  1/C 2   with voltage in the voltage range 
 V  <  V bi  .

1

C2
=

√
2(Vbi − V )

qε0εNA
 
 (2)

       

relatively thick fi lms (<1  μ m) of single crystal rubrene, unlike 
the previous studies of ultrathin fi lms where different values of 
an interfacial dipole and a Fermi level on the same metal sur-
faces were found. [  21,22  ]  On the other hand, our fi lms are much 
thinner than 20  μ m-thick rubrene crystals [  19  ]  which allowed us 
avoiding any charging effects. However, since the UPS tech-
nique probes just few surface monolayers, the disadvantage of 
using such crystals is that the interfacial electronic structure of 
rubrene with the substrates cannot be probed directly. If the 
space charge and depletion region exist at the interfaces with 
ITO, Au or Ag, the indicated   Δ   values would be a sum of an 
interfacial dipole and a built-in potential. Therefore, the indi-
cated energy levels refer to the crystal surface.  

 The most interesting feature of the interfaces of rubrene 
single crystals with different materials is the position of a 
Fermi level in the band gap. The  E F   is located at 0.55 eV above 
the HOMO onset and is independent of the used substrate 

       Scheme 1.  Schematic illustration of energy levels of rubrene on a) ITO, 
b) Au, and c) Ag surfaces. 
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tion width is comparable to the value for the interface with 
Indium, [  16  ]  which has a similar work function of 4.2 eV. How-
ever the depletion width is smaller than the value reported in 
the other study of rubrene-Al interface [  17  ]  where a completely 
depleted 2  μ m-thick fi lms were discussed. The ionized acceptor 
density  N A   is calculated to be around 7.9 × 10 14  cm −3  for 
rubrene-Al interface and slightly decreases to 4.02 × 10 14  cm −3  
for 3.5 nm of LiF layer thickness, consistent with a previous 
study in MESFET geometry. [  16  ]  Since the depletion region 
extends further into the bulk of rubrene for thicker LiF inter-
layers, the smaller ionized acceptor density for larger LiF thick-
nesses indicates a non-uniform  N A   profi le with larger densities 
near the surface. Approximating the density of states in the 
HOMO band (N V ) by the molecular density 1.8 × 10 21  cm −3  
in rubrene (Ref.  [  31  ] ), the  E F   = 0.375 eV can be estimated. The 
values of 0.33 eV and above 0.45 eV were previously extracted 
from the MESFET and temperature-dependent space-charge-
limited-current measurements, respectively. [  16,25  ]  Our  E F   value 
of 0.55 eV that was directly measured with UPS could be 
overestimated therefore. This overestimation can result from 
the experimental procedure how a single energy value as the 
HOMO onset ( IP  =  E HOMO   and, therefore,  E HOMO  - E F   distance) 
was assigned for a broad distribution of HOMO states. 

  Scheme    2   summarizes the energy band diagrams of the 
ITO–rubrene–Al and ITO–rubrene–LiF/Al heterostructures 
that were constructed from the UPS and C–V measurements. 
The interface of rubrene with ITO was already described in 
Scheme  1 a. Scheme  2 a shows the energy band diagram of 
ITO–rubrene–Al interface where a built-in potential  eV bi_Al   = 
0.5 eV of rubrene–Al from the CV measurements is included. 
When the heterostructure is formed upon Al deposition, the 
thermodynamic equilibrium requires that the Fermi levels of 

 The low frequency (500 Hz) 1/C 2 -V plot is shown in 
 Figure    4   for devices with varying thicknesses of LiF interlayer 
and an effective device area of 2 mm 2 . The capacitance of a 
metal–semiconductor interface is dominated by the capaci-
tance of the depletion region under reverse bias (negative volt-
ages, Figure  4 ) and by the diffusion capacitance under forward 
bias (positive voltages, Figure  4 ). Since we used single crystal 
rubrene in a thin-fi lm, sandwich-type geometry to avoid the 
contribution of the bulk capacitance in series with the deple-
tion region capacitance, the constant level in the C–V curves 
under negative bias corresponds to a geometrical capacitance 
of the fully depleted fi lm. A minority carrier injection domi-
nates the diffusion capacitance under large positive bias. In the 
respective transition regions, the results showed a good linear 
variation of 1/ C  2  with applied voltage. From the slope of 1/ C  2  
versus  V  curve, the ionized acceptor density  N A   is calculated 
and from the extrapolated intercept (at 1/ C  2  = 0) the built-in 
potential  V bi   is measured.  Figure    5  (a) shows the variation of 
 V bi   and  V OC   with change in the interlayer LiF thickness. The 
 V OC   values were obtained from the respective I–V curves. Inter-
estingly, we found that  V bi   showed almost exact trend as we 
observed for  V OC  . The built-in potential  V bi_Al   is equal to 0.5 V 
for Al interface, and gradually increases as the LiF interlayer 
becomes thicker saturating at  ≈ 1.35 V as the thickness of LiF 
layer reaches 3.5 nm. An excellent agreement between  V bi   and 
 V OC   proves that the photovoltaic effect arises at the interface of 
rubrene with Al.   

 The calculated values of  N A   and  V bi   are used to obtain the 
width of the depletion layer  w  by using the following equation:

w =

√
2ε0ε(Vbi − V )

q NA  
 (3)

       

 The variation of  w  and  N A   with LiF thickness within the 
crystal is shown in Figure  6 b. An increase in the built-in poten-
tial for thicker LiF layer is accompanied by the increase of the 
depletion layer width from 0.47  μ m for rubrene-Al interface to 
1.05  μ m for rubrene/LiF (3.5 nm)/Al interface. It is important 
to note that for larger thickness of LiF interlayer nearly the full 
crystal is depleted in the sandwich confi guration. Such deple-

      Figure 4.  The  1/C 2   as a function of applied bias ( V)  for the devices with 
different thicknesses of LiF interlayer measured at a frequency of 500 Hz. 
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form a continuous layer, we show the interfacial dipole as a 
potential drop across the entire LiF layer thickness. As follows 
from Figure  5 , the insertion of ultrathin LiF interlayer between 
the rubrene and Al electrode increases the magnitude of a built-
in potential  eV bi_LiF/Al   to 1.3 eV, corresponding to a difference of 
 ∼ 0.8 eV with the case when no LiF is present. 

 The mechanisms of exciton dissociation, free carrier and 
polaron generation in rubrene single crystals have been pre-
viously studied. [  36,37  ]  Under illumination with photons of suf-
fi ciently large energy  hv ≥ E G  , the polarons can be formed 
directly from free charges as well as generated through the sub-
sequent exciton dissociation. It should be noted, however, that 
the quantum yields of exciton dissociation and free carrier gen-
eration are typically very low in organic semiconductors. After 
photogeneration, the free charges of opposite signs will be spa-
tially separated in the built-in electric fi eld of interfacial space 
charge region – electrons will be collected by the Al electrode 
and holes will move towards the ITO electrode (Scheme  2 c). 
Since rubrene was found to be a p-type material, holes are the 
majority carriers and, therefore, they can diffuse over large dis-
tance in the bulk without recombination. Moreover, in the lat-
eral device geometry the holes move along the most effi cient 
 b  direction. [  2  ]  The separation of photo-generated electron and 
holes in space will lead to the fl attening of bands and formation 
of a photovoltage. Therefore, at large illumination intensities, 
the photovoltage can be as large as the magnitude of a built-in 
potential. Once the bands are fl at, the photogenerated charges 
recombine without spatial separation. The equal  V bi   and  V OC   
for rubrene-Al and rubrene-LiF/Al interfaces completely sup-
port this model.  

  3   .  Conclusions 

 In this study, we demonstrated a photovoltaic effect at the ITO–
rubrene–Al and ITO–rubrene–LiF/Al devices with lateral device 
geometry. A combination of UPS and C–V analysis allowed 
constructing the energy band diagrams of the heterointerfaces. 
The band diagrams have been used to describe the mechanism 
of the photovoltaic effect formation. In all cases, the magnitude 
of photovoltage was found to be equal to the built-in potential at 
the rubrene and Al or LiF/Al interfaces. Single crystal rubrene 
grown by physical vapor transport process and briefl y exposed 
to air was found to be an unintentionally doped, p-type material 
with the Fermi level at 0.55 eV above the HOMO band. The 
built-in potential at the rubrene interface with Al equals the 
work-function difference between the ITO and Al electrodes, 
following the Schottky–Mott model. Insertion of LiF interlayer 
signifi cantly increases the built-in potential and is consistent 
with the mechanism that deposition of LiF reduces the work 
function of Al. We gave a comprehensive description of the 
interface formation between rubrene and Al as well as dis-
cussed the role of LiF interlayers.  

  4. Experimental Section 
  Samples for I–V and C–V Measurements : Rubrene single crystals were 

grown by precise control of physical vapour transport process. [  38  ]  Thin 

all materials align. A potential drop of 0.65 eV, equal to the dif-
ference in the Fermi levels of two electrodes, 4.9 eV for ITO and 
4.25 eV for Al, should be redistributed over the bulk of rubrene. 
Since there is a drop of 0.1 eV across the rubrene–ITO interface 
due to the interfacial dipole and/or the built-in potential, the 
fact that the remaining 0.55 eV is nearly equal to the built-in 
potential of 0.5 eV indicates that rubrene–Al interface forma-
tion follows a Schottky–Mott model, that is, an ideal case for the 
semiconductor–metal energy-level alignment. [  29  ]  Neither the 
interfacial dipole nor the surface states that can pin the Fermi 
level are found to play any role at the rubrene–Al interface.  

 An improved performance of organic light-emitting diodes 
and photovoltaic cells when an ultrathin LiF layer is inserted 
in-between the cathode and organic active layer has been pre-
viously reported. [  32,33  ]  The LiF interlayer reduces the electron 
injection barrier which leads to higher injection currents 
in OLEDs. [  32  ]  Similar to the reported results here, there are 
numerous demonstrations that LiF leads to a larger open cir-
cuit voltage in OPVs. [  33  ]  This has been attributed to the reduced 
work function of Al upon deposition of ultrathin LiF layers, [  34  ]  
though several other mechanisms have been proposed as 
well. [  35  ]  In Scheme  2 b, the reduced work function of Al elec-
trode is shown as an interfacial dipole   Δ  LiF  . Though the interfa-
cial dipoles are usually assigned to the sharp interface between 
the two materials, since it takes a certain thickness of LiF to 

       Scheme 2.  Energy band diagrams of a) ITO–rubrene–Al heterostructure 
in the dark, b) ITO–rubrene–LiF/Al heterostructure in the dark, and c) 
ITO–rubrene–LiF/Al heterostructure under illumination with a photon 
energy  hv  >  E G  . 
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single crystals with thicknesses up to 1  μ m were selected. Selected 
crystals were then laminated on the patterned ITO substrates (Thin 
Film Devices, surface resistivity 20  Ω  cm) pre-cleaned with detergent, 
de-ionized water, acetone, and isopropyl alcohol by an ultrasonic cleaner 
followed by 5 min oxygen-plasma treatment. Lithium fl uoride (LiF) and 
aluminium (Al) are sequentially deposited as a cathode to fabricate 
different device structures such as lateral and conventional sandwich-
type architectures. For lateral geometry, LiF and Al were deposited 
using a shadow mask with a  ≈ 200  μ m gap from ITO. Rubrene crystals 
were positioned with a long axis (that corresponds to crystallographic 
b-axis) across the anode and cathode as shown in Figure  1 a. For 
sandwich structure, the cathode materials were directly deposited on the 
crystals. The lateral geometry samples were used for conventional I–V 
measurements, whereas the sandwich-type samples were used for CV 
measurements. 

  Samples for UPS Measurements : ITO substrates were cleaned 
similarly as described above right before the measurements. Au, Ag 
and Al fi lms were thermally evaporated onto a highly-doped n ++ -Si 
substrate (Phosphorous doped, 0.005  Ω cm resistivity) using a thermal 
evaporator inside of a glove box (N 2 , <1 ppm of O 2 , <1ppm of H 2 O), 
and transferred between the glove box and UPS instrument inside of 
a nitrogen container with a <30 s exposure to air. Comparing to the 
workfunctions of Ar + -sputtered surfaces, more prolonged exposure 
to air would lead to a slightly decreased work function of Au (5.3 eV 
for sputtered surface) and increased work function of Ag (4.45 eV for 
sputtered surface). Exposure of Al drastically changed its workfunction, 
therefore rubrene crystals were not laminated onto Al and only thermally 
evaporated Al on rubrene is discussed. Rubrene single crystals were 
laminated onto ITO or Au directly, or using the isopropanol vapors on 
Ag surface immediately after moving the substrates out of the glove box. 
The fi lm thickness was measured by the surface profi ler (KLA Tencor, 
model Alpha-Step IQ). 

  Electrical Measurements : The current–voltage (I–V) characteristics 
of the devices were measured under AM 1.5 (100 mW/cm 2 ) simulated 
solar irradiation conditions using a Keithley 4200-SCS measurement unit 
together with a Newport 67005 solar simulator. The capacitance–voltage 
measurements for different samples were carried out using a Solartron 
SI-1260 impedance/gain phase analyzer at the frequency of 500 Hz. 
All the device characterizations have been carried out under ambient 
conditions at room temperature. 

  Ultraviolet Photoelectron Spectroscopy : The UPS measurements 
were performed with the electron spectroscopy for chemical analysis 
instrument (Omicron Nanotechnology, model ESCA+S) at a base 
pressure of 4 × 10 −10  mbar. The instrument confi guration consisted of a 
Helium discharge lamp (He I line, 21.2 eV) as the UV excitation source 
and a hemispherical SPHERA energy analyzer. The illumination source 
and energy analyzer were at angles of 35° and 90°, respectively, with 
respect to the sample surface plane. All the measurements were carried 
out at a −3 V sample bias to collect the low kinetic energy electrons. The 
resolution of the UPS instrument was 0.1 eV as determined from the 
width of the Fermi level of silver cleaned by Ar +  sputtering.  
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