
Molecular Dipole Layer and Alkyl Side-Chain Induced Improvement
in the Energy Level Alignment and Wetting of
Dinaphthothienothiophene Thin Films
Subhankar Mandal, Souvik Jana, Saugata Roy, Md Saifuddin, and Satyajit Hazra*

Cite This: J. Phys. Chem. C 2023, 127, 18176−18184 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The evolution of electronic structures and morphol-
ogy of dinaphthothienothiophene (DNTT) thin films on highly
oriented pyrolytic graphite, due to the incorporation of a polar
chlorogallium phthalocyanine (ClGaPc) molecular layer at the
interface, substitution of DNTT with alkyl side-chain-incorporated
S-shaped DNTT (S-DNTT-C10), and thermal annealing, were
investigated using photoelectron spectroscopic techniques to check
the possibility of proper energy level alignment at the metal−
organic interface, which is one of the key challenges to improve the
charge transport in organic semiconductor-based devices. A
significant modulation in the vacuum level (VL) and a small
downward shift in the highest occupied molecular orbital (HOMO)
level with an intermediate charge injection level (CIL) are evident
in the DNTT thin film due to the incorporation of the ClGaPc layer at the interface. This is a clear signature of the molecular dipole
layer (of well-ordered Cl-up orientated ClGaPc molecules)-induced realignment of the molecular energy levels of the DNTT thin
films. On the other hand, a noticeable downward shift in the VL, a signature of an improvement in the bulk coverage, is evident in
the S-DNTT-C10 film, which can be attributed to the presence of aliphatic hydrocarbons in the alkyl side-chain incorporated
molecule. Furthermore, a double-peak-like HOMO level is evident in the S-DNTT-C10 film, which can be attributed to the two
distinct orientations/arrangements of the molecules, one at the interface and other in the remaining part of the film. The formation
of an intermediate CIL, through incorporation of a molecular dipole layer at the interface, is helpful to overcome the large hole
injection barrier, while the enhancement of molecular coverage at the metal−organic interface and thereafter, through molecular
engineering, is useful to increase the hole injection area, both of which are of immense importance in improving the device
performances.

1. INTRODUCTION
Semiconductor-based devices have played a major part in the
development of mankind. Silicon, germanium, and other
conventional semiconductors have brought the world to our
fingertips through revolution in modern technology. Further
efforts are still on to improve and miniaturize modern devices
based on such conventional semiconductors. At the same time,
unconventional organic semiconductors are also becoming
quite important due to their unique capabilities to form large-
scale and flexible devices through easy processing. Extensive
research is going on with these materials1−9 in the form of
organic thin-film transistors,10−13 organic photovoltaics,14,15

and organic light-emitting diodes16 for their potential
applications in electronic and optoelectronic industries as
well as in medical devices.17 Although these materials are very
promising for future electronic and optoelectronic devices,
there are some issues with these kinds of materials like low
charge carrier mobility, poor environmental stability, and so
on. Recently, some materials have been developed, which show

impressive charge carrier mobility and very good air and
thermal stability. Dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]-
thiophene (DNTT) and its derivatives are some of
them.13,17−19

DNTT is a highly π-extended semiconducting molecule,
consisting of six fused aromatic rings (two fused thiophene
rings at the center and two fused benzene rings at both ends as
shown in Figure 1),20,21 having high ionization potential (IP ≈
5.44 eV),18 which makes it environmentally more stable than
other similar class of molecules like pentacene (IP ≈ 4.85
eV),22 and thus a subject of intense research. The interfacial
molecular structure of DNTT and its evolution on noble
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metallic surfaces were conscientiously studied, which revealed
the surface texture-dependent molecular orientation.23 The
effect of gate-dielectric surface roughness on the charge
transport property of DNTT layer was recently studied,
which revealed roughness-dependent localized trap states.24 A
strong intermolecular interaction was also found to be present
in this molecule on a Au surface, which has a clear impact on
its molecular energy levels and charge transport-related
parameters.25,26

The energy level alignment (ELA) at the metal−organic
interface is a very important factor to improve the performance
of an organic semiconductor-based device.27 It is known that
the energy level realignment is possible through various
molecular energy level engineering techniques.28 Incorporation
of a molecular layer between a metal and an organic
semiconducting layer is one such interesting tool to engineer
the energy levels at the metal−semiconductor interface.29,30 An
interfacial molecular layer of polar molecule is of particular
interest as it can form a net dipole moment through
organization of the molecules in a particular orientation. The
molecular dipole layer was found to form on the metal surface
through controlled deposition and thermal annealing of the
polar molecules, such as chlorogallium phthalocyanine
(ClGaPc).31,32 The resultant dipole direction of such a layer
was, however, found to depend on the adsorption geometry of
the molecules on that specific metal surface (as shown
schematically in Figure 1).31,32 Incorporation of such a
molecular dipole layer, which can tune and/or align the
molecular energy levels at the metal-DNTT interface, has not
been studied so far. The coverage of the organic semi-
conductors, apart from the ELA, at the metal−organic
interface, also plays an important role in improving the
performance of the organic semiconductor-based device.
Engineering of the semiconducting molecule itself can be an
efficient way toward the betterment of the coverage and other
structural parameters. Recently developed DNTT derivatives,
namely, S-DNTT-C10,19 with slightly modified DNTT
structure and having alkyl side-chains on both sides of the
main S-DNTT molecule (as shown schematically in Figure 1)
can provide such opportunities, which needs to be looked into.
In this report, the evolution of electronic structures and

morphology of DNTT thin films on highly oriented pyrolytic
graphite (HOPG), due to the incorporation of a ClGaPc
molecular layer at the interface, substitution of DNTT with S-
DNTT-C10, and thermal annealing, were investigated using X-
ray and ultraviolet photoelectron spectroscopic (XPS and
UPS) techniques.33 Indeed a realignment of the molecular
energy levels, in general and a modulation in the vacuum level
(VL), a downward shifted highest occupied molecular orbital

(HOMO) level, and an intermediate charge injection level
(CIL) for overcoming large hole injection barrier (ϕBh), in
particular, are evident in the DNTT/HOPG system due to the
incorporation of the ClGaPc molecular layer. However, no
appreciable chemical interaction is found at the interface. This
is a clear signature of the molecular dipole layer (formed by
ClGaPc molecules)-induced realignment of the molecular
energy levels of DNTT thin films. On the other hand, a
noticeable downward shift in the VL and a double-peak-like
HOMO level are evident in the S-DNTT-C10 film. First one is
a clear signature of aliphatic hydrocarbon (arising from alkyl
side-chains of S-DNTT-C10 molecule) induced enhancement
of wetting of the film, while the second one is related to the
two different arrangements of the molecules: one at the
interface and other in the remaining part of the film. The
possible implications of such interesting changes in the energy
levels and coverage of the DNTT thin films, due to the
incorporation of a molecular dipole layer and/or due to the
molecular engineering, on the DNTT-based electronic devices
have been discussed.

2. EXPERIMENTAL DETAILS
The electronic structures of the DNTT molecular thin films
were characterized using in situ XPS and UPS techniques in an
ultra-high vacuum (UHV) chamber (Omicron Nanotechnol-
ogy, of base pressure ∼1.5 × 10−9 mbar).26,32 The UHV
system was equipped with an EA125 hemispherical energy
analyzer along with a UV and an X-ray light source for
performing photoelectron spectroscopic experiments. A He gas
discharge lamp (He I of energy 21.2 eV) was used as the UV
light source for UPS measurements (corresponding energy
resolution was <0.1 eV). A sample bias voltage of amount −6
V was used to determine the higher binding energy cutoff
(HBEC) during the UPS experiment. XPS experiments have
been performed using a monochromatic X-ray source (Al Kα
of photon energy 1486.6 eV) and the corresponding
spectrometer resolution was ∼0.8 eV. All the data were
collected keeping the samples at room temperature. The take-
off angle of the photoelectrons was set at 90° for higher photo-
electron yield.
HOPG was chosen as the substrate due to its non-reactive

nature. Prior to the insertion of the HOPG substrate into the
UHV chamber, its top layer was peeled off for getting a fresh
and clean HOPG surface. Organic molecular thin films were
grown in a high-vacuum deposition chamber (of base pressure
∼1.0 × 10−8 mbar), attached to the UHV characterization
chamber, for controlled thin-film deposition, using the thermal
evaporation technique. Highly pure ClGaPc (purity ≈ 97%
from Sigma-Aldrich), DNTT (purity ≈ 99% from Sigma-
Aldrich), and S-DNTT-C10 (purity > 99.5% from TCI
Chemicals) were purchased and used as it was. Thin films of
ClGaPc, DNTT, and S-DNTT-C10 were deposited on the
substrate by the thermal evaporation technique from quartz
crucible-equipped Knudsen effusion cells. The substrate was
kept at room temperature all the time during deposition. The
deposition rate was kept at ∼1 Å min−1 which was monitored
by a quartz crystal microbalance. For the preparation of the
DNTT/ClGaPc/HOPG system, a thin layer of ClGaPc (of
nominal thickness ≈ 3 Å) was first deposited on HOPG and
then annealed at 150 °C for 4 h to get an ordered molecular
dipole layer.32 Subsequently, the DNTT layers of different
cumulative nominal thickness (DCN = 3, 6, 9, 16, and 32 Å)
were deposited on it in steps and annealed at 100 °C for 1 h

Figure 1. Molecular structure of ClGaPc, DNTT, and S-DNTT-C10
molecules. ClGaPc is a polar molecule and its dipole direction
depends on its adsorption geometry on the substrate surface.
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after each step of deposition. For the preparation of the S-
DNTT-C10/HOPG system, S-DNTT-C10 layers of DCN = 3,
6, 15, 30, and 60 Å were deposited on HOPG in steps and
annealed at 110 °C for 1 h after each step of deposition. The
deposited thin films of different thicknesses, before (AG*) and
after annealing (AN), were then characterized by XPS and
UPS. C 1s core level of HOPG (of binding energy 284.4 eV)
was used as a reference level to calibrate the XPS spectra of the
films.26,32 The PeakFit, CasaXPS, and OriginPro software were
used for analyzing the spectroscopic data. The well-known
Shirley method was used for the XPS background subtraction,
whereas the Gaussian−Lorentzian sum function was used to fit
all the XPS core-level spectra.

3. RESULTS AND DISCUSSION
3.1. UPS Study of DNTT/HOPG System. The electronic

structure of the DNTT/HOPG system was reported before,26

which is discussed here briefly in order to understand the effect
of the molecular dipole layer incorporation or molecular
engineering on that system. No noticeable change in the
HBEC or the VL is observed in the UPS spectra at the HBEC
region of the DNTT/HOPG system with the increase in film
thickness and with thermal annealing (as shown in Figure S1 of
the Supporting Information). The lack of change of VL in the
DNTT/HOPG system is due to the non-interacting nature of
the interface.29,34 This actually reflects the non-active nature of
the HOPG surface and eliminates the possibility of formation
of any interfacial dipole.26,32 Such non-active nature of the
HOPG surface toward organic molecules actually reduces the
unintentional interaction at the interface, which is useful to
study the molecular dipole-induced effect and thus makes it a
perfect choice as a substrate.
On the other hand, the HOMO region of the UPS spectra

(as shown in Figure S2 of the Supporting Information) shows
a peak at around 1.5 eV in the 3 Å thick film, which shifts
slightly toward the higher binding energy side with the increase
of the film thickness and also with thermal annealing. An
appreciable increase in the peak intensity, especially for the 3 Å
thick film, was found due to the thermal annealing. It seems
that in the as-grown films the interfacial coverage was small
and the molecular ordering was less, while after thermal
annealing the interfacial coverage increases and the ordering of
the molecules improves to make the HOMO peak intense and
sharp. Atomic force microscopy (AFM) images or topography
of the DNTT film on HOPG, as reported before, however,
suggests that the coverage of the DNTT molecular layer is very
low and it gets even lower with thermal annealing.26 These
complementary results essentially suggest that the DNTT
molecules adsorbed on the HOPG substrate in flat-lying
orientation to form an interfacial layer and then form small
dewetted domains of bulk crystalline structure due to the
interfacial stress arising from the miss-match in the molecular
orientation between the interfacial layer and the bulk
crystalline domain layer. With thermal annealing, though the
coverage of the interfacial layer increases but the coverage of
the crystalline domains above it decreases.26 This kind of
molecular orientation was also observed in pentacene
molecular thin films on the HOPG surface.29,35 The ϕBh in
the 3 Å DNTT/HOPG film was found around 1.3 eV and no
significant change was observed due to the increase in the film
thickness and also after thermal annealing. The threshold
ionization potential (IPth) was observed at around 5.8 eV
although the bulk IP of DNTT on Au surface was reported at

around 5.44 eV.18 The higher IPth of the DNTT/HOPG film
can be attributed to the different molecular organization at the
interface compared to the rest of the film.26

3.2. UPS Study of the S-DNTT-C10/HOPG System. The
UPS spectra of the as-grown S-DNTT-C10 thin films of
different thicknesses on the HOPG substrate are shown in
Figure 2. No noticeable change in the HBEC or the VL was

found in the S-DNTT-C10 films for thickness upto 30 Å,
which is due to the non-interacting nature of the S-DNTT-
C10/HOPG interface, similar to that of the DNTT/HOPG
interface. However, a finite change in the HBEC was evident in
the 60 Å thick film. Another noticeable change in the HBEC
region of the S-DNTT-C10/HOPG is the peak intensity
associated with the σ* conduction band of the HOPG.29 It was
found that the intensity of this peak decreases significantly with
the increase of film thickness and almost dies out for the 60 Å
thick film. This is a clear signature of the increase in the
coverage of the film. That means the S-DNTT-C10 molecules,
unlike the DNTT molecules, cover the HOPG surface very
well. The hydrophobic alkyl side-chains of the S-DNTT-C10
molecule prefer and wet the HOPG surface (which is generally
hydrophobic in nature), resulting in a film with better
coverage. S-DNTT-C10 molecules were also found to wet
the SiO2/Si surface better than DNTT.

19 So, the molecules
with alkyl side-chains show better wettability than the
molecules without a side-chain. A finite negative VL shift (of
∼0.3 eV), as observed in the film with higher thickness, is
presumably due to its high coverage.
The UPS spectra in the HBEC region of the S-DNTT-C10

thin films of different thickness on HOPG substrate, before
and after annealing, are shown in Figure 3. The evolution of
the HBEC or the VL shift with thickness and thermal
annealing (as shown in Figures S3 and S4 of the Supporting
Information) suggests that the change is only prominent for
the 60 Å thick film. A maximum negative VL shift (of ∼0.4 eV)
is observed for the thick film after thermal annealing,
suggesting the maximum coverage of the film. The UPS
spectra in the HOMO region of the S-DNTT-C10 thin films of
different thickness on the HOPG substrate, before and after
annealing, are shown in Figure 4. A double peak-like feature of

Figure 2. Evolution of the HBEC and HOMO regions of the UPS
spectra of the as-grown (AG) S-DNTT-C10/HOPG system with S-
DNTT-C10 layer thickness (DCN). σ* band peak in the HBEC region
and two peak-like feature in the HOMO region are indicated.
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the HOMO level is observed here, though the addition of any
insulating alkyl side-chains to an organic semiconducting
molecule or a small change in the shape of the molecule is not
expected to change its electronic structure a lot.36,37 For the 3
Å thick film, the primary peak is observed at ∼1.6 eV and a
faint secondary peak at ∼1.8 eV. No major effect of thermal
annealing was observed in this case unlike the DNTT
molecule. With the increase of film thickness, the intensity of
the higher binding energy (secondary) peak increases
compared to the lower binding energy (primary) peak. This
result suggests that the molecular orientation in the top layer is
different compared to that in the bottom interfacial layer. In
the 3 Å thick film, most of the molecules adsorb on the HOPG
surface with a distinct molecular orientation, possibly in flat-
lying, similar to that observed for DNTT and pentacene
molecules,26 resulting in an intense lower binding energy peak
in the HOMO level. A few molecules on top of it, with a very

different molecular orientation compared to that of the flat-
lying molecules, probably form a bulk crystalline structure, to
contribute in the faint higher binding energy peak. The bilayer
separation along out-of-plane direction (d = 32 Å) for the thick
film of DCN = 60 Å, obtained from the X-ray diffraction (XRD)
data (shown in Figure S5 of the Supporting Information),
indicates the formation of bulk crystalline structure. With the
increase of film thickness, most of the molecules adsorbed on
top of the interfacial layer resulting in a gradual increase in the
intensity of the higher binding energy HOMO peak compared
to the lower binding energy one. The increasing randomness in
the molecular orientation with the increase in film thickness
causes a broadening of the HOMO peaks resulting in a broad
unresolved double peak feature of the HOMO level. No
significant change of the ϕBh was observed in these films
compared to the DNTT films, which is well expected as no
major change in the electronic structure takes place due to the
addition of this alkyl side-chain, apart from a small change in
its molecular conformation.

3.3. UPS Study of DNTT/ClGaPc/HOPG System. The
UPS spectra, in the HBEC and the HOMO regions, of the 3 Å
thick ClGaPc film on HOPG substrate, before and after
thermal annealing (as shown in Figure S6 in the Supporting
Information) give an idea about the formation of the molecular
dipole layer.32 As-grown 3 Å thick ClGaPc layer shows a two-
peak convoluted HOMO level, one at 1.2 eV (corresponding
to the Cl-up oriented molecules) and the other at 1.4 eV
(corresponding to the bilayer stack of Cl-up and down
oriented molecules). After thermal annealing, the higher
binding energy peak got suppressed and the lower binding
energy peak became more intense. This result suggests that
initially ClGaPc molecules adsorbed in mixed (Cl-up and Cl-
down) orientations but after annealing, most of them aligned
themselves in Cl-up orientation to give rise to the
corresponding HOMO peak only. A change in the HBEC
that corresponds to the VL of an amount of around 0.2 eV was
also observed after annealing the film. Such a transition in the
molecular orientation, from mixed orientation to Cl-up
orientation, gives rise to a net molecular dipole moment,
which is evident from the shift in the VL (of ∼0.2 eV) due to
thermal annealing, and confirms the formation of a molecular
dipole layer of Cl-up oriented ClGaPC molecules on the
HOPG surface. The formation of large islands of ClGaPc on
HOPG, with a preferential alignment of Cl pointing upward,
was also deduced before considering XPS and UPS data, large
scale AFM images, and following the analogy found in the
literature for ClGaPC and similar molecules.31,32,38

The HBEC region of the UPS spectra of the DNTT thin
films of different thicknesses on the molecular dipole layer
containing ClGaPc/HOPG substrate, before and after thermal
annealing, are shown in Figure 5. An appreciable effect of the
molecular dipole layer on the HBEC of the DNTT thin film
was observed (also clearly evident from Figure S7 in the
Supporting Information). A gradual negative VL shift of
DNTT layer with deposition amount or thickness is evident
(from Figure S8 in the Supporting Information). However, no
noticeable change is observed after thermal annealing.
Maximum VL shift (∼0.2 eV) toward downward direction is
observed for the 32 Å thick film. This kind of downward shift
of the VL was not observed for the DNTT thin films on the
HOPG surface. So, the downward shift of the VL in this case
suggests some kind of charge reorganization at the DNTT/

Figure 3. Evolution of the HBEC region of the UPS spectra of the S-
DNTT-C10/HOPG system with S-DNTT-C10 layer thickness
(DCN), before (AG*) and after (AN) thermal annealing, after each
step of deposition. σ* band peak position is indicated by a dashed
line.

Figure 4. Evolution of the HOMO region of the UPS spectra of the S-
DNTT-C10/HOPG system with S-DNTT-C10 layer thickness
(DCN), before (AG*) and after (AN) thermal annealing, after each
step of deposition. HOMO band peak positions are indicated by
dashed lines.
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ClGaPc interface, probably to compensate the effect caused by
the molecular dipoles.
The HOMO regions of the DNTT/ClGaPc/HOPG thin

films, before and after thermal annealing, are shown in Figure
6. A finite shift in the DNTT-related HOMO peak is observed

in the DNTT/ClGaPc/HOPG system compared to the
DNTT/HOPG system, which went up to ∼0.2 eV for the
thicker films. So, the molecular dipole layer is affecting the
DNTT-related HOMO level apart from its VL, as mentioned
before. Furthermore, an increment in the DNTT-related
HOMO peak intensity is observed in the AG 3 Å thick film
of DNTT on ClGaPc/HOPG compared to that on HOPG.
This result suggests that the molecular dipole layer
incorporated substrate not only tunes the molecular energy
levels but also improves the wettability and/or the molecular
ordering of the DNTT film at the interface. After annealing,
the DNTT-related HOMO peak became more intense and the

ClGaPc-related HOMO peak got further suppressed. It is clear
that the annealing improves the wettability and hence the
coverage of the DNTT molecules, which makes the ClGaPc
layer less visible by the photoelectrons, causing a very less
intense ClGaPc-related HOMO peak. This phenomenon is
also observed in the films with higher thickness. In the case of
DNTT/HOPG films, the thermal annealing improves the
coverage of the interfacial layer but not the remaining top
part.26 On the other hand, the molecular dipole layer itself
improves the coverage of the DNTT layer, which got
stimulated further by the thermal annealing. At the same
time, it increases the ϕBh by shifting the DNTT-related
HOMO level away from the substrate Fermi level. However,
the presence of ClGaPc related HOMO level, in between, is
important, which can play the role of an intermediate CIL for
overcoming large ϕBh.

3.4. XPS Study of DNTT/HOPG System. The interfacial
interaction of the DNTT/HOPG system, which was reported
before,26 is discussed here briefly, to understand the effect of
the molecular dipole layer incorporation or molecular
engineering on to it. The S 2p3/2 peak (as shown in Figure
S9 of the Supporting Information) was found at around 163.9
± 0.1 eV, independent of the film thickness. A major increase
in the peak intensity was observed in the 3 Å thick film after
annealing at 100 °C. This result was inferred as an increment
of the overall crystallinity of the film and improved coverage
and molecular ordering at the interfacial layer due to thermal
annealing. A similar improvement was also observed in the 6 Å
thick film deposited at a stretch (not shown here) after thermal
annealing. However, for the cumulatively deposited film, this
phenomenon was not visible. This result indicates that the
maximum interfacial coverage can be achieved by simply
thermal annealing the 3 Å thick film. The coverage of the
molecular domains above this interfacial layer, that was
observed after subsequent cumulative deposition, however,
reduces due to thermal annealing (as evident from the S 2p3/2
peak intensity and AFM results26).

3.5. XPS Study of S-DNTT-C10/HOPG System. The S
2p core level spectra of the S-DNTT-C10/HOPG thin films
are presented in Figure 7 to understand any possible change in

Figure 5. Evolution of the HBEC region of the UPS spectra of the
DNTT/ClGaPc/HOPG system with DNTT layer thickness (DCN),
before (AG*) and after (AN) thermal annealing, after each step of
deposition. σ* band peak position is indicated by a dashed line.

Figure 6. Evolution of the HOMO region of the UPS spectra of the
DNTT/ClGaPc/HOPG system with DNTT layer thickness (DCN),
before (AG*) and after (AN) thermal annealing, after each step of
deposition. HOMO bands corresponding to the DNTT and ClGaPc
are indicated by dashed lines.

Figure 7. Evolution of the S 2p core level spectra of the S-DNTT-
C10/HOPG system with S-DNTT-C10 layer thickness (DCN), before
(AG*) and after (AN) thermal annealing, after each step of
deposition.
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the interfacial interaction due to the introduction of the alkyl
side-chain in the DNTT molecules. The S 2p3/2 peak in the S-
DNTT-C10/HOPG system was observed at around 163.9 ±
0.1 eV similar to that in the DNTT/HOPG system, suggesting
no appreciable change in the interfacial interaction even after
incorporation of the alkyl side-chains, consistent with the inert
nature of the HOPG surface. On the other hand, the evolution
of the peak with thermal annealing for the S-DNTT-C10/
HOPG system is found somehow different to that of the
DNTT/HOPG system. Namely, a negligible increase of the
peak intensity for the films with lower thickness, while a small
increase for the films with higher thickness. The negligible
increase indicates not much effect of annealing on the coverage
of the interfacial molecular layer, which is well expected for the
lower thickness films, where the interfacial coverage in the S-
DNTT-C10/HOPG system, during deposition, is already high
compared to that in the DNTT/HOPG system, as predicted
from the UPS result. The small increase in the intensity with
thermal annealing for the relatively thicker films suggests that
though the annealing does not have enough effect on the
molecules at the interfacial layer, it has an effect on the
molecules above that layer to improve the coverage of the bulk
crystalline-like domains in the S-DNTT-C10/HOPG system,
unlike the DNTT/HOPG system. The better coverage of the
S-DNTT-C10 layer compared to the DNTT layer on HOPG
substrate is also evident from the better suppression of the C
1s peak (of the HOPG) for the thicker film of former
molecules compared to the latter molecules (as shown in
Figure S10 of the Supporting Information).

3.6. XPS Study of DNTT/ClGaPc/HOPG System. Atomic
core level spectra of the DNTT thin films, of different
cumulative nominal thickness, on ClGaPc/HOPG substrate
before (AG*) and after (AN) thermal annealing, are shown in
Figure 8. S 2p3/2 core level peak is found at 163.9 ± 0.1 eV,
without any noticeable change in its position with thickness,
similar to the other two systems. The Ga 3s core level peak
associated with the ClGaPc molecular layer is also observed in
this region. The lack of change in that peak position (and also
in the Ga 2p3/2 core level spectra shown in Figure S11 of the
Supporting Information) suggests the absence of any kind of

chemical interaction at the DNTT/ClGaPc interface. A finite
change in the intensity ratio of S 2p peak to Ga 3s peak, from
∼2.3 to ∼3.2, is observed in the 3 Å thick film due to thermal
annealing. However, the change is quite low compared to the
DNTT film on HOPG. These results indicate that though
there is an increase in the interfacial coverage of the DNTT
molecule on ClGaPc/HOPG substrate after annealing, the
increase is much less compared the DNTT molecule on the
HOPG substrate, consistent with the UPS results. With the
increase of film thickness, the intensity ratio increases
suggesting an increase in the film coverage. However, lack of
change in the intensity ratio for the thicker film after annealing
indicates no further improvement in the coverage of the
thicker film due to thermal annealing. Overall it suggests that
the annealing has a finite effect on the DNTT/ClGaPc/HOPG
system, which is less than that on the DNTT/HOPG system
but greater than that on the S-DNTT-C10/HOPG system,
validating the inference of the UPS results.

4. OVERALL PICTURE AND SUMMARY
Let us now try to visualize the overall effect of the alkyl side-
chain and the interfacial molecular dipole layer on the DNTT
thin films. In order to do that, the evolution of the energy-level
diagram and the corresponding molecular structure of the
DNTT thin film on HOPG substrate due to the substitution of
DNTT with S-DNTT-C10, incorporation of molecular dipole
layer at the interface, and thermal annealing, as predicted from
the complementary UPS and XPS techniques, are shown
schematically in Figure 9.

4.1. DNTT/HOPG System. The lack of change in the VL
due to the deposition of DNTT molecules on the HOPG
surface indicates a non-interacting nature of the DNTT/
HOPG interface and a very poor coverage of the bulk film. The
HOMO level peak for the monolayer thick film is found at
∼1.5 eV, which moves slightly deeper for the multilayer thick
films. The hole injection barrier for all the DNTT/HOPG
films was found at ∼1.3 eV. A major increment in the HOMO
level and S 2p core level peak intensities for the monolayer
thick film after thermal annealing is related to the improvement
in the coverage and/or ordering of the molecules at the
interface, while relatively less increment for the multilayer thick
films is related to the improvement in the ordering but not
(rather decrement) in the coverage of the molecules in the rest
of the films.

4.2. S-DNTT-C10/HOPG System. A two-peak-like
HOMO level along with a small downward shift of the VL is
evident in the S-DNTT-C10/HOPG system, especially for the
multilayer thick film, though the hole injection barrier remains
almost similar to that of the DNTT/HOPG system. The two-
peak-like nature is the signature of two distinct molecular
orientations of the molecules, one at the interfacial layer and
other on top of it. The molecules at the interface seem to
adsorb in a flat-lying orientation (to minimize the interfacial
energy) to give rise the HOMO level closer to the Fermi level
(prominent in the monolayer thick film) and the molecules on
top of it are likely to be titled significantly (as the flat-lying
orientation is not preferred) to form a bulk crystalline phase
(prominent in the multilayer thick film). The multilayer thick
S-DNTT-C10 film shows a significant negative shift in the VL
(of ∼0.3−0.4 eV), unlike DNTT film, which is related to its
higher coverage. This is also evident from the suppression of
the σ* conduction band peak (of the HOPG substrate) with
film thickness. In the DNTT molecule, only aromatic

Figure 8. Evolution of the atomic core level spectra of the DNTT/
ClGaPc/HOPG system with DNTT layer thickness (DCN), before
(AG*) and after (AN) thermal annealing, after each step of
deposition.
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hydrocarbons are present, while in the S-DNTT-C10 molecule,
aliphatic hydrocarbons are also present. Such aliphatic
hydrocarbons help in the wetting of the latter molecules.
The absence of any chemical interaction at the interface is
evident from the XPS results. The multilayer thick film also
shows a further negative shift in the VL (and an increase in the
S 2p peak intensity) with thermal annealing, which is related to
the improvement in the bulk coverage of the film.

4.3. DNTT/ClGaPc/HOPG System. A ClGaPc molecular
dipole layer shows a strong effect on the VL and also on the
HOMO level of the DNTT molecular thin films. A modulation
in the VL is due to the molecular dipole layer related positive
shift (of ∼0.2 eV) and subsequent compensation related
negative shift (of ∼0.2 eV). The interfacial molecular dipole
layer shifts the DNTT related HOMO level further away from
the Fermi level. This makes the ϕBh (∼1.4 eV) in this system
higher than the DNTT/HOPG system. However, the ClGaPc
related HOMO level, is placed in between (Fermi level and
DNTT HOMO level), which can act as an intermediate CIL to
facilitate the charge transfer across the large hole injection
barrier. The ClGaPc molecular dipole layer also increases the
coverage of the interfacial DNTT layer that can be evident
from the HOMO peak intensity of the monolayer thick film of
DNTT on the ClGaPc/HOPG substrate compared to that on
the HOPG substrate. After thermal annealing, the coverage of
the interfacial DNTT layer on ClGaPc/HOPG improves a
little bit, while that on HOPG improves appreciably as evident
from the change in the intensity ratio of the HOMO peaks of
DNTT and ClGaPc after thermal annealing and also from the
XPS result. So, the molecular dipole layer shifts the whole
energy level structure of DNTT further away from the Fermi
level, and the thermal annealing has an intermediate effect on
the DNTT/ClGaPc/HOPG system in the sense of improving
the interfacial DNTT layer coverage.
In summary, the effects of alkyl side-chain and interfacial

molecular dipole layer on the electronic structure of a model
DNTT/HOPG system were obtained from the complemen-
tary UPS and XPS measurements. Such an electronic structure
provides information not only on the energy levels and their
alignments but also on the coverage and orientation/
arrangement of the molecules in the film. A noticeable
downward shift, observed in the VL of the S-DNTT-C10/
HOPG system, indicates an improvement in the bulk coverage
of the film, which is due to the presence of aliphatic

hydrocarbons in the alkyl side-chain incorporated molecule,
while the double-peak-like HOMO level, observed in the same
system, indicates two distinct orientations/arrangements of the
molecules in the film; one at the interface (probably flat-lying)
and the other in the remaining part (probably stand-up). A
modulation in the VL and a small shift (away from the Fermi
level) in the DNTT HOMO level, observed due to the
incorporation of a molecular dipole layer at the DNTT/HOPG
interface, indicate some kind of charge reorganization in the
film to compensate the effect caused by the molecular dipole
layer. This is a clear signature of a tunability of the DNTT-
related HOMO level through the molecular dipole layer.
However, in the present case, the effect is not positive in the
sense it increases the hole injection barrier. This is related to
the direction of the molecular dipole. By changing the
direction of this molecular dipole (through changing the
orientation of the ClGaPc molecules to Cl-down) and/or by
selecting a proper combination of the molecular dipole layer
(up- or down-dipole direction) and the organic semiconduct-
ing material (p- or n-type), it is possible to have a positive
effect, which needs to be verified. In any way, the presence of a
molecular dipole layer related HOMO level in the DNTT/
ClGaPc/HOPG system is interesting as it can act as an
intermediate CIL to overcome the large hole injection barrier,
which will be useful to improve the change transport properties
of the DNTT-based devices.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04114.

UPS and XPS spectra for the DNTT/HOPG system;
UPS spectra of the ClGaPc thin layer on the HOPG
substrate; estimated VL for the S-DNTT-C10/HOPG
and DNTT/ClGaPc/HOPG systems; Ga 2p3/2 core
level spectra of the DNTT/ClGaPC/HOPG system;
XPS survey spectra; and XRD pattern of a S-DNTT-C10
thin film on the HOPG substrate (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Satyajit Hazra − Saha Institute of Nuclear Physics, A CI of
Homi Bhabha National Institute, Kolkata 700064, India;

Figure 9. Evolution of energy-level diagram and possible orientation and/or organization of molecules at the DNTT/HOPG interface and
thereafter, due to the incorporation of a molecular dipole layer of ClGaPc at the interface, substitution of DNTT with S-DNTT-C10, and thermal
annealing, as predicted from complimentary measurements.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c04114
J. Phys. Chem. C 2023, 127, 18176−18184

18182

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04114?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c04114/suppl_file/jp3c04114_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satyajit+Hazra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5592-2078
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04114?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04114?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04114?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c04114?fig=fig9&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c04114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


orcid.org/0000-0001-5592-2078; Email: satyajit.hazra@
saha.ac.in

Authors
Subhankar Mandal − Saha Institute of Nuclear Physics, A CI

of Homi Bhabha National Institute, Kolkata 700064, India;
orcid.org/0000-0001-8730-5920

Souvik Jana − Saha Institute of Nuclear Physics, A CI of Homi
Bhabha National Institute, Kolkata 700064, India

Saugata Roy − Saha Institute of Nuclear Physics, A CI of
Homi Bhabha National Institute, Kolkata 700064, India

Md Saifuddin − Saha Institute of Nuclear Physics, A CI of
Homi Bhabha National Institute, Kolkata 700064, India;
orcid.org/0000-0003-1416-3081

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.3c04114

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Goutam Sarkar of SINP, Kolkata, India for
his technical support. S.M. acknowledges the Council of
Scientific & Industrial Research (CSIR), India and M.S.
acknowledges the University Grant Commission (UGC),
India, for providing research fellowships.

■ REFERENCES
(1) Wang, C.; Dong, H.; Hu, W.; Liu, Y.; Zhu, D. Semiconducting π-
Conjugated Systems in Field-Effect Transistors: A Material Odyssey
of Organic Electronics. Chem. Rev. 2012, 112, 2208−2267.
(2) Kim, Y.-H.; Yoo, B.; Anthony, J. E.; Park, S. K. Controlled
Deposition of a High-Performance Small-Molecule Organic Single-
Crystal Transistor Array by Direct Ink-jet Printing. Adv. Mater. 2012,
24, 497−502.
(3) Ostroverkhova, O. Organic Optoelectronic Materials: Mecha-
nisms and Applications. Chem. Rev. 2016, 116, 13279−13412.
(4) Saifuddin, M.; Mukhopadhyay, M.; Biswas, A.; Gigli, L.; Plaisier,
J. R.; Hazra, S. Tuning the Edge-on Oriented Ordering of Solution-
Aged Poly(3-hexylthiophene) Thin Films. J. Mater. Chem. C 2020, 8,
8804−8813.
(5) McCuskey, S. R.; Chatsirisupachai, J.; Zeglio, E.; Parlak, O.;
Panoy, P.; Herland, A.; Bazan, G. C.; Nguyen, T.-Q. Current Progress
of Interfacing Organic Semiconducting Materials with Bacteria. Chem.
Rev. 2021, 122, 4791−4825.
(6) Roy, S.; Saifuddin, M.; Mandal, S.; Hazra, S. Stearic Acid
Mediated Growth of Edge-on Oriented Bilayer Poly(3-hexylthio-
phene) Langmuir Films. J. Colloid Interface Sci. 2022, 606, 1153−
1162.
(7) Saifuddin, M.; Roy, S.; Mandal, S.; Hazra, S. Vibronic States and
Edge-On Oriented π-Stacking in Poly(3-alkylthiophene) Thin Films.
ACS Appl. Polym. Mater. 2022, 4, 1377−1386.
(8) Zhang, Q.; Hu, W.; Sirringhaus, H.; Müllen, K. Recent Progress
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