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A B S T R A C T

The effect of natural electrode contamination on interfacial energetic, structure and morphology of 𝜋-
conjugated organic molecular layers were studied by depositing dinapthothienothiophene (DNTT) thin films of
varying thickness on indium-tin-oxide (ITO) substrates and by using photoelectron spectroscopy, atomic force
microscopy and X-ray reflectivity techniques. The DNTT thin film on unclean-ITO surface shows a smaller
threshold ionization potential (by ∼0.4 eV) compared to the film on clean-ITO one. A molecule–substrate
interaction, present in the DNTT/clean-ITO system, gives rise to an interfacial dipole and charge transfer,
presumably through flat-lying seed-layer at the interface. On further deposition, the interfacial coverage
increases, while the molecules on top of the seed-layer take different orientation (mostly edge-on) to form
highly-dewetted fibrous-islands of very high-thickness but very low-coverage. Overall, the growth of DNTT film
on clean-ITO surface is layer-plus-island-like or Stranski–Krastanov-type. On the other hand, the contamination
layer at the DNTT/unclean-ITO interface is found to act as a spacer layer, which reduces the intimate molecule–
substrate interaction and also the roughness to give rise an edge-on ordered island-like or Volmer–Weber-type
film-growth with reduced hole injection barrier (by ∼0.2 eV) and better (almost double) film-coverage to make
it a more efficient hole injector compared to the clean interface one.
1. Introduction

Continuous development and improvement of organic semiconduc-
tor (OSC) based devices [1], such as organic photovoltaics (OPV) [2,3],
organic light-emitting diodes [4–6], and organic thin film transistors
(OTFT) [7–10], in last few years, have intensified the need to un-
derstand the metal electrode–organic interfaces as the performances
of such devices strongly depend on the efficiency of charge injection
from an electrode into the active OSC material [11]. In OSC-based
devices, where transparent electrode is essential, indium tin oxide
(ITO) is the natural choice [12–15], as it shows very high electrical
conductivity (similar to metal) and optical transparency (> 80% in
the visible region) [16]. Several studies have been carried out on
the interface between ITO and different OSCs to get control over
the energy level alignment (ELA) at the interface [13–15]. However,
the role of the natural surface contamination, which can take place
due to the exposure of organic thin films or the patterned electrode
surfaces into the ambient or poor vacuum conditions prior to the device
fabrication [17,18], on the ELA at OSC/ITO interface has not been
studied so far. A contamination layer, consisting of N2, O2, H2O, and
hydrocarbons, generally formed on the electrode surface under such
exposer, which can not only tune the ELA at OSC/electrode interface
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but also the conformation and orientation of the molecule and the top
surface morphology of the thin film [17–21]. Hence it is important to
study the differences in the OSC/ITO interface energetics made by this
unavoidable environmental contamination.

Dinapthothienothiophene (DNTT), on the other hand, has recently
emerged as a very promising material for potential application in OSC-
based device due to its good air and thermal stability [8,22] and
very high hole mobilities (∼3.1 cm2 V−1 s−1 for thin film-based OTFT
and ∼8.3 cm2 V−1 s−1 for single crystal-based OTFT) [23,24]. Such
DNTT molecule is a highly 𝜋-extended heteroarene, which consists of
six fused aromatic rings and two sulfur atoms located at the central
heteroaromatic rings [25,26] (as shown schematically in Fig. S1 of
the Supporting Information). Single crystal of DNTT is known to form
through a packing of molecules in herringbone fashion [27,28], which
plays an important role in its charge transport properties. Strong inter-
molecular interaction and overlapping of its frontier molecular orbital
were also found in this molecule which makes it more promising for
its use as an active material in the high-performance OTFT and also
in OPV [26,29,30]. Apart from this intermolecular interaction; the
molecule–electrode interaction also plays important role in deciding
the molecular orientation, molecular conformation, and coverage of
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such molecules near the film–substrate interface, which then controls
the ELA at the interface and its device performances [30–33]. The
molecule–electrode interaction again largely depends on the cleanliness
of the electrode surface. So, understanding the effect of the electrode
contamination on the ELA at the interface and the morphology of
the film, especially at the interface, is crucial for efficient charge
injection and extraction from the electrode. Unfortunately, not much
work have been carried out to understand the effect of electrode
contamination, especially transparent electrode contamination, on the
ELA and interfacial morphology of DNTT thin film.

Here, this issue has been addressed by studying the electronic struc-
tures of DNTT thin film of varying thickness (from sub-monolayer to
multilayer) on unclean and clean ITO substrates using in situ ultraviolet
and X-ray photoelectron spectroscopic (UPS and XPS) techniques and
subsequently studying the surface morphology of few selected films
using atomic force microscopic (AFM) technique. Indeed, the present
study shows a noticeable effect of environmental contamination on the
electronic structure and morphology of DNTT thin film on ITO. In fact,
the adventitious contamination layer present on the ITO surface was
found to act as a spacer layer between the ITO surface and DNTT molec-
ular layer, which changes the intimate molecule–electrode interaction
to affect the interfacial dipole formation mechanism as well as the
ELA and the morphology. The unclean ITO surface, having lower work
function, shows closer highest occupied molecular orbital (HOMO)
level w.r.t. the Fermi level, lower threshold ionization potential (IPth)
nd better coverage of the DNTT film compared to those on the clean
TO surface. The possible reasons of such result and its implications on
he device performances are discussed.

. Experimental details

The electronic structures of the DNTT/ITO interfaces, with or with-
ut environmental contamination layer, were characterized systemati-
ally by using photoelectron spectroscopic techniques inside an ultra-
igh vacuum (UHV) chamber (Omicron Nanotechnology, of base pres-
ure ∼1.5×10−9 mbar). The UHV chamber was equipped with an
A125 hemispherical energy analyzer and two monochromatic photon
ources [34]. A He gas discharge lamp having photon energy, 𝐸0 =
21.2 eV (He I) was used as a UV light source to get the UPS spectra,
where the spectrometer energy resolution was ∼0.1 eV. A sample bias
of −8.0 V was applied during UPS measurements to determine the
higher binding energy cut-off (HBEC). A monochromatic Al K𝛼 (of 𝐸0 =
1486.6 eV) was used as X-ray source for XPS measurements, where the
corresponding spectrometer resolution was ∼0.8 eV. All the UPS and
XPS spectra were collected keeping the sample at room temperature.

ITO-coated glass substrates (from Sigma-Aldrich, having a sheet
resistance of ∼10 Ω cm−2) were used for this experiment. Two sets of
ubstrates (each of size about 10 × 10 mm2) were sonicated first in

acetone and then in ethanol to remove the organic contaminates and
finally dried with a flow of dry nitrogen before inserting them into
the UHV chamber. One set substrates was further treated with Ar+ ion
sputtering until a clean surface of ITO was obtained. The cleanliness of
the ITO substrate was monitored through XPS spectra (and confirmed
from the absence of the C 1s core level peak in the spectrum as shown
Fig. S2 of the Supporting Information). This sputter-clean substrates
were designated as ‘‘clean-ITO’’, while the only organic clean substrates
were designated as ‘‘unclean-ITO’’. These substrates were then placed
inside a high-vacuum deposition chamber (of base pressure ∼ 2.0×10−8

bar) that is attached with the UHV characterization chamber. Thin
ilms of different cumulative nominal thicknesses (𝐷CN = 3 , 6, 9,

16, and 32 Å) were deposited in steps on both types of substrates by
thermal evaporation technique using Knudsen effusion cell containing
DNTT (of purity ≈ 99% from Sigma-Aldrich) in a quartz crucible. Thin
films of a nominal thickness, 𝐷N = 10 nm, were also deposited on both
types of substrates. A pre-calibrated quartz crystal microbalance was
used to monitor the nominal thickness. The deposition was carried out
2

Fig. 1. HOMO region of the UPS spectra for the DNTT thin films of different thickness
(𝐷CN) on (a) unclean and (b) clean-ITO substrates. HOMO level corresponding to the
DNTT film is indicated.

at a fixed evaporation rate (∼1 Å min−1) keeping the substrates at room
temperature. Thin films of different 𝐷CN-values were characterized by
in-situ XPS and UPS techniques after each steps of deposition. Sn 3d5∕2
level (binding energy of 486.5 eV) [35] was chosen as the reference
level for the fine calibration of other core levels. For a detailed analysis
of the XPS spectra, CASAXPS software was used and the UPS spectra
were analyzed using the OriginPro software. The XPS background
correction was done using the Shirley method and all the XPS core-level
spectra were fitted with a Gaussian–Lorentzian product function.

Surface morphologies of DNTT thin films (of 𝐷CN = 32 Å) on
unclean and clean-ITO substrates were mapped using an atomic force
microscope (Nano-observer, CSI) [34,36,37]. AFM images were col-
lected in tapping mode using Au-coated Si tip (radius of curvature
∼10 nm and resonance frequency ∼60 kHz). The images were taken
in several regions of the film with different scan areas to check the
homogeneity of the surface morphology of the samples. The AFM
images were processed and analyzed by WSXM software [38].

X-ray reflectivity measurements of DNTT thin films (of 𝐷N = 10 nm)
on unclean and clean-ITO substrates were performed using a X-ray
diffractometer (Smartlab, Rigaku) [39,40], which was equipped with
a copper source (sealed tube) followed by a Johansson Ge crystal
and a parabolic multilayer mirror to obtain an intense parallel beam
of Cu 𝐾𝛼1 radiation (wavelength 1.5406 Å). The scattered beam was
detected using a point (NaI scintillation) detector. Data were taken in
the specular condition; that is, the incident angle (𝜃) is equal to the
reflected angle (𝜃), and both are in the scattering plane.

3. Results and discussion

3.1. Electronic structure

The effect of ITO contamination on the electronic structures of the
DNTT thin films, as investigated systematically using UPS and XPS
techniques, are presented here.

3.1.1. UPS study
The HOMO region of the UPS spectra for the DNTT thin films of

different 𝐷CN-values on unclean and clean-ITO substrates are shown in
Fig. 1. The presence of DNTT-related HOMO peak, close to the Fermi
level (𝐸F), though weak due to the higher substrate background signals,
is evident in Fig. 1. To get a clear view about the HOMO level, the
substrate background subtracted and intensity normalized spectra for
the DNTT thin films on ITO substrates are shown in Fig. 2. An increase
in the HOMO peak intensity with the increase in the film thickness (as
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Fig. 2. Substrate background-subtracted HOMO region of the UPS spectra for the DNTT
thin films of different thickness (𝐷CN) on (a) unclean and (b) clean-ITO substrates.

OMO peak positions for the DNTT films are indicated.

xpected) is clearly evident for the DNTT films on both the substrates.
he HOMO peak position remains unchanged for the films on the
nclean-ITO substrate, whereas a shifting tendency towards the lower
inding energy is observed for the films on clean-ITO substrate with
he increase of film thickness. For the latter, a small shift of around
0.1 eV is evident for the 32 Å film compared to the 3 Å film. The
ole injection barrier height (𝜙Bh), defined as the energy difference
etween the onset of the HOMO level and 𝐸𝐹 , is found higher for the

thin film on the clean-ITO substrate (∼1.7 eV) compared to that on
the unclean one (∼1.5 eV), which can be correlated with the different
structures of the molecules near the interface arising from different
interaction. 𝜙Bh remains almost unchanged for further deposition on
the unclean-ITO substrate but decreases for further deposition on clean-
ITO substrate. Around 0.1 eV shift, towards lower binding energy, was
observed for the 32 Å film compared to the 3 Å film. This change in
the 𝜙Bh value is an indication in the change of the molecular structure
along thickness. Essentially the HOMO region results indicate that the
structure of the molecules on unclean-ITO substrate remains unchanged
with film thickness, while on clean-ITO substrate, the structure near
the interface is different from the remaining top part of the film. The
structure of the molecules on top part resembles more to the structure
of the molecules on the unclean-ITO substrate.

The HBEC region of the UPS spectrum is another important part,
which provides information about the vacuum level (VL) or the work
function of the surface, following the relation

𝐸VL = 𝐸0 − (𝐸HBEC − 𝐸F) (1)

where 𝐸VL and 𝐸HBEC represent VL and HBEC, respectively. Such HBEC
region of the UPS spectra for the DNTT thin films of different 𝐷CN-
values on unclean and clean-ITO substrates are shown in Fig. 3. The
spectra of the bare substrates are also included in this figure to show
the effect of the cleanliness of the substrate on its surface work function.
The work function for the clean-ITO is found around 4.5 eV and that
3

of the unclean one is about 4.1 eV, which agrees well with reported
Fig. 3. HBEC region of the UPS spectra for the DNTT thin films of different thickness
(𝐷CN) on (a) unclean and (b) clean-ITO substrates.

values [41]. A noticeable reduction (of about 0.4 eV) in the work
function or VL is observed for the clean-ITO substrate w.r.t. the unclean
one. The reduction of the work function in the unclean one can be
explained by the pillow effect or in other words the suppression of the
surface component of electron wave function [20]. A change in the VL
of about −0.2 eV is observed after deposition of 3 Å thick DNTT film on
the clean-ITO substrate, which becomes about −0.3 eV for 32 Å thick
film. A very small shift in the VL (around −0.1 eV) is observed for the
deposition of 6 Å thick film on unclean-ITO substrate, which becomes
around −0.2 eV for 9 Å thick film. No VL shift is observed upon further
deposition, which indicates the absence of any band bending in the
thickness range (9–32 Å). It can be noted that a VL shift (of −0.2 eV)
occurs for the 3 Å thick film on clean-ITO substrate and for similar shift
on the unclean-ITO substrate, 9 Å thick film is needed.

The major shifting of the VL in the initial step of deposition (3 Å)
on clean-ITO substrate can be associated with the interface dipoles
arising from large molecular coverage. However, the strength of the
dipoles at DNTT/ITO interfaces is found considerably smaller than that
measured at DNTT/metal interfaces [30,32]. This is quite obvious as
the chemical nature of the ITO surface is quite different from that of
the metal surface and also the ITO has a very low density of states near
the Fermi Level as compared to the metal substrates. There are several
mechanisms, such as partial charge transfer, push-back, permanent
dipoles or chemical interaction at the interface, etc., which can give rise
to the interface dipoles. The presence of push-back effect at the organic
semiconductor/ITO interface was observed before [14]. In the present
case, interface dipoles at the DNTT/clean-ITO interface are likely to
be formed due to the combined effect of partial charge transfer and
push-back effect. The effect of charge transfer at the DNTT/clean-ITO
interface will be verified in the XPS section. The unclean-ITO surface,
on the other hand, was already affected by the push-back effect from
the contamination layer, as obvious from the reduction of the work
function value, and thus upon DNTT deposition, it shows a relatively
smaller shift in the VL compared to that on the clean one. In addition,
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the molecular orientation on unclean-ITO surface may be different
compared to those on the clean one, which may give rise smaller
interfacial coverage and hence smaller shift in the VL.

The threshold ionization potential (IPth), obtained from the HOMO
and vacuum levels, is found around 6 eV for the 3 Å thick DNTT film on
clean-ITO surface, which decreases to 5.8 eV for the 32 Å thick DNTT
film. A slightly higher value of IPth for the DNTT on clean-ITO surface
compared to the bulk DNTT on Au surface [42] is possibly related to the
different interfacial behavior and molecular orientation and packing.
Whereas the IPth value for the 6 Å thick DNTT film on unclean-ITO
surface is found around 5.5 eV, which reduces to 5.4 eV for the 32 Å
thick DNTT film, similar to that reported for the bulk DNTT. Here the
environmental contamination layer on the unclean-ITO probably acts
as a spacer layer to screen the ITO related interfacial behavior, which
was otherwise present in the clean-ITO, to have the IPth value closer to
the bulk one.

3.1.2. XPS study
To understand the effect of the substrate cleanliness on the inter-

action between DNTT and ITO substrate, C 1s and S 2p core level
spectra collected after each steps of deposition on unclean and clean
ITO substrates are presented in Fig. 4 and Fig. 5, respectively. The
primary contamination at the unclean-ITO surface are mostly carbon,
which came from the ambient exposure of the substrates. Additionally,
the presence of a small amount of organic residue (arising from the
organic solvent used for primary cleaning) and a small amount of
moisture are obvious (from Fig. S3 of the Supporting information). An
intense C 1s peak, known as adventitious carbon, is evident on unclean-
ITO substrate. This C 1s region of the XPS spectra for the unclean-ITO
substrate can be deconvoluted into two main peaks, namely arising
from C–C (284.9 eV) and C–O (286 eV), which are generally present on
any surface [18,43]. After deposition of DNTT molecules on unclean-
ITO surface, a noticeable asymmetry is observed in the C 1s peak. Such
asymmetry comes due to the convolution of the DNTT carbons with the
adventitious carbons. Accordingly, the C 1s peak was fitted with those
two peaks. As expected, the relative intensity of DNTT-related peak
increases with the increase of DNTT deposition (see Fig. 4(a)). No shift
in the position of the DNTT-related C 1s and S 2p peaks is observed with
increasing film-thickness for the films on the unclean-ITO substrate.
However, a gradual shift towards the lower binding energy is observed
for the films on the clean-ITO substrate. A small shift of around 0.2 eV
in the C 1s peak is observed for the 32 Å thick film w.r.t. the 3 Å one.
In case of S 2p peak, the shift is around 0.4 eV. This small gradual shift
towards lower binding energy with the increasing deposition amount is
a signature of a partial charge transfer at the DNTT/clean-ITO interface.
The contamination layer at the DNTT/unclean-ITO interface, however,
restricts the interaction and hence the charge transfer at this interface.
The direction of core level shift with deposition on clean-ITO indicates
that the charge transfer takes place from organic molecules to the ITO
surface. So, according to the induced density of interface states (IDIS)
model, the Fermi level of this ITO surface was initially below the charge
neutrality level (CNL) of the organic film [17], as a result the interface
vacuum level shifted to the downward direction (as observed in Fig. 3).
The decreasing tendency of the FWHM of both (C 1s and S 2p) core
level peaks of DNTT with increasing film thickness on the clean-ITO
surface also suggests that there is an increase in the crystallinity or
ordering of DNTT molecules in each domain with further deposition.
In the intensity normalized S 2p core level spectra it is observed that,
the peak intensity in the case of DNTT/unclean-ITO system is greater
than that of the DNTT/clean-ITO system, which suggests that the film
coverage on the unclean surface is higher than that on the clean surface.

3.2. Molecular structure

The role of ITO contamination in the molecular structures and
morphology of the DNTT thin films, investigated using AFM and XR
4

techniques, are presented here. t
Fig. 4. C 1s core level spectra for the DNTT thin films of different thickness (𝐷CN) on
(a) unclean and (b) clean-ITO substrates showing the growth of DNTT carbon peak,
suppressing the adventitious carbon peak, with film thickness on unclean-ITO substrate
and shift of carbon peak position with film thickness on clean ITO substrate.

Fig. 5. S 2p core level spectra for the DNTT thin films of different thickness (𝐷𝐶𝑁 )
n (a) unclean and (b) clean-ITO substrates. Peak positions and their shift with film
hickness on clean-ITO substrate are indicated.

.2.1. AFM study
To understand the impact of the cleanliness of ITO surface on the

tructure and morphology of the DNTT films, AFM images collected
or the thick (𝐷CN = 32 Å) DNTT films on clean and unclean ITO
ubstrates are shown in Fig. 6. A fiber-like structure is observed on
he clean-ITO surface with very low coverage (around 10%), where
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Fig. 6. AFM images (of size 5 × 5 μm2) of relatively thick (𝐷CN = 32 Å) DNTT films
on (a) unclean and (b) clean-ITO substrates. (c) and (d) Height variations along the
lines drawn through the respectively images.

the average height and width of the fibers are around 115 nm and
275 nm, respectively. A island-like structure is found on the unclean-
ITO surface with low coverage (around 20%), where the average height
of the island is around 55 nm. The increased coverage of DNTT film on
the unclean-ITO surface supports well the XPS and XR results. Such
highly dewetted structures (fiber and island) on both the substrates
is a signature of island-type growth of DNTT thin films. The highly
dewetted DNTT structure observed before on different surface was
attributed to the interfacial stress formed between the first layer and
the layer on top of it having different molecular orientations [26,30,
32]. Similar phenomenon is expected on clean-ITO surface, where the
molecules at the first layer may adsorb in flat-like orientation to cover
the surface and maximize the interfacial interaction. In the subsequent
layers different molecular orientation enhances the strain and reduces
the wettibility of the film. That is the growth of DNTT on clean-ITO
may be more like layer-plus-island type. On the other hand, in case of
unclean-ITO, the contamination layer reduces the interfacial interaction
between DNTT molecules and the ITO surface, which possibly makes
the orientation of the molecules (stand-up) more suitable for bulk-like
structure. Such island-like structure of DNTT likely to decrease the
interfacial coverage but increase the film coverage, as evident from the
topography. The contamination layer also reduces the undulation of
the ITO surface that might also have an effect on the betterment of the
coverage of the DNTT film.

3.2.2. XR study
To get the structural information of the DNTT film along 𝑧-direction

and also to understand the effect of the contamination layer on the
molecular structure, XR profiles collected for thick (𝐷N = 10 nm) DNTT
films on unclean and clean-ITO substrates are shown in Fig. 7. A peak
near 2𝜃 = 5.4◦, though weak, is observed in the films deposited on both
the substrates, which corresponds to the 𝑑-spacing of 16.3 Å similar
to the molecular length. This represents (001) Bragg peak, which
essentially substantiates the stand-up or edge-on oriented ordering of
the molecules as observed before on the ITO surface [44], Si/SiO2 sur-
face [45] and also on some other surfaces [26,32]. The lower intensity
of the Bragg peak on the clean-ITO surface, compared to the unclean
one (as evident from Fig. S4 of the Supporting Information), is probably
associated with the fact that it has a seed-layer having molecules in
other (flat-lying) orientation and/or a lower film-coverage, as observed
from the AFM images and also from the HOMO peak intensity.
5

Fig. 7. XR profiles of thick (𝐷N = 10 nm) DNTT films on unclean and clean-ITO
substrates. Curves are shifted vertically for clarity. The presence of (001) Bragg peak
corresponding to the DNTT film is indicated.

4. Overall picture and conclusions

The energy-level diagrams of the DNTT thin films of different thick-
ness on unclean and clean-ITO surfaces and the possible configuration,
organization and coverage of the DNTT molecules at the interface and
above, as modeled using the information obtained from the comple-
mentary UPS, XPS, AFM, and XR techniques and some analogy found in
the literature, are shown schematically in Fig. 8 to visualize the overall
picture.

Formation of interfacial dipoles at the DNTT/clean-ITO interface is
obvious (from the shift of VL), which is due to the combined effect
of the well known push-back effect arising from the Pauli repulsion
of electronic wave-function and a partial charge transfer. The latter is
evident from a small shift of the core level (C 1s and S 2p) spectra.
Whereas, the formation of weak interface dipoles at the DNTT/unclean-
ITO interface (evident from small shift of VL) is related to the push-back
effect only as there is no charge transfer at the interface (confirmed
from the XPS core level spectra). This is expected as there is a spacer
layer, which decouple the electron wave function between ITO surface
and DNTT molecules and thus restricts the interaction and the charge
transfer.

The interfacial dipoles are very influential for the ELA. A large inter-
facial dipole generally increases the distance between the Fermi level
and the onset of HOMO band, i.e. the 𝜙Bh-value [20]. This is observed
in case of DNTT/clean-ITO interface (Fig. 8(b)), where the value of
𝜙Bh is found around 1.7 eV. The weaker interfacial dipole decreases
the 𝜙Bh-value, which is (∼1.5 eV) observed for the DNTT/unclean-ITO
interface (see Fig. 8(a)). Another important parameter, relevant to the
ELA at the interface, is the IPth. This also got affected by the substrate
contamination layer. Accordingly, the IPth-value of the unclean-ITO
substrate is found less (∼0.4 eV) compared to the clean-ITO one and
such difference is almost maintained even after DNTT deposition (see
Fig. 8).

It can be noted that depending on the type of the substrate surface,
the adsorption geometry of the DNTT molecules at the interface can
be very much different. It was observed before that, for a clean and
flat Au(111) surface, DNTT molecules at first show a closely-packed
(herringbone-like) flat-laying adsorption geometry, where the molecu-
lar backbone are oriented almost parallel to the substrate surface. In
the subsequent layer, molecules are little tilted as compared to the
molecules in the seed-layer to form a possible bulk crystalline structure
(121̄) [46]. Whereas on a clean polycrystalline (pc)-Au surface, DNTT
molecules at first adsorb in a flat-like face-on orientation following the
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Fig. 8. Energy-level diagrams of DNTT thin films of different nominal thicknesses and their possible molecular configuration, organization, and coverage at the interface and above
on (a) unclean and (b) clean-ITO substrates, as predicted from UPS, XPS, AFM, and XRD measurements.
surface undulation. In the subsequent deposition, where it is impossible
to form bulk crystalline structure with (121̄) planes because of the
undulation of the pc-Au surface, molecules follow up-right orientation
to form other preferred bulk crystalline phase with (001) plane [30,32].

Here also the orientation and the organization of the DNTT molecules
on two different ITO surfaces seem to be different. For the nearly mono-
layer deposition, the molecules on the clean-ITO surface mostly adsorb
in flat-like orientation to form a seed-layer similar to that observed
on various metallic surfaces [30,32]. This increases the interfacial
coverage to have an appreciable change in the VL (around −0.2 eV)
and also helps in the charge transfer (as evident from the major change
in the VL). On further deposition, the interfacial coverage increases (as
evident from the further change in the VL), while the molecules on top
of the seed-layer take different orientation (mostly edge-on, as evident
from XR data) to form very high-thickness but very low-coverage
layer (evident from AFM images) as shown schematically in Fig. 8(b).
Overall the growth of DNTT film on clean-ITO surface is layer-plus-
island or Stranski–Krastanov (SK) type [47–50]. On the other hand, the
molecules on the unclean-ITO surface, without having any interaction
and having relatively smaller roughness due to the contaminated spacer
layer, seem to adsorb in edge-on orientation (evident from XR data)
to follow the bulk-like structure from the beginning. This gives rise
to small interfacial coverage at the early stages of deposition (evident
from small VL shift), but relatively better film-coverage at the later
stages of deposition (evident from AFM images) as shown schematically
in Fig. 8(a). Overall the growth of DNTT film on unclean-ITO surface
is more like island or Volmer–Weber (VW) type [47–50].

In conclusion, the effect of substrate contamination on the ELA
at the DNTT/ITO interface and also on the thin film growth mech-
anism were studied systematically. The contamination layer on the
ITO surface partially suppresses the surface component of electron
wave function, which normally tails into the vacuum at the ITO sur-
face, to reduce the work function of the ITO surface, resulting in a
less reactive interface. This layer also found to prevent the intimate
organic–electrode interaction, which dominates at the clean interface
causing a higher hole injection barrier that is a very important pa-
rameter in the context of charge transport in the device structure of
organic semiconductors. According to the IDIS model, the less intimate
contact between organic molecule and electrode substantially reduces
6

the density of states around CNL of the organic molecules, resulting
in a weaker pinning of the Fermi level around CNL and, consequently,
the interface energetics is much closer to the vacuum-level alignment
(Fig. 8) [17]. In the present case, the contaminated ITO substrate with
lower work function gives a weaker interfacial dipoles, resulting in a
smaller 𝜙Bh as compared to the clean interface and also an IPth which is
close to the value of bulk DNTT and comparably lower (around 0.4 eV)
than the DNTT on clean surface. The crystallinity of the DNTT film is
found higher for the unclean surface where the film coverage is better
than that on the clean surface. Overall, the electronic structure and thin
film structure of DNTT molecules on ITO substrate are found to influ-
ence by the interface cleanliness, which are of immense importance
for controlling the performances of the organic semiconductor-based
devices.
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