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In situ study of pentacene interaction with archetypal hybrid contacts:
Fluorinated versus alkane thiols on gold
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One approach developed to improve the performance of bottom contact source/drain electrodes is to treat the
contacts with thiols before deposition of the semiconductor. There is evidence indicating that improvement is
due to both morphological effects and improved work function matching. Especially suggestive evidence
shows that thiols that increase the effective work function of the contacts (e.g., fluorinated thiols) yield better
device performance than work function decreasing thiols (e.g., alkane thiols). Here, we compare two techno-
logically relevant thiol treatments, an alkane thiol (1-hexadecanethiol), and a fluorinated thiol (pentafluoroben-
zenethiol), in pentacene organic field effect transistors. Using in situ semiconductor deposition, x-ray photo-
emission, and x-ray absorption spectroscopy, we are able to directly observe the interaction between the
semiconductor and the thiol-treated gold layers. Our spectroscopic analysis suggests that there is not a site-
specific chemical reaction between the pentacene and the thiol molecules. A homogeneous standing-up penta-
cene orientation was observed in both treated substrates, consistent with the morphological improvement
expected from thiol treatment in both samples. Our study shows that both the highest occupied molecular
orbital-Fermi level offset and C 1s binding energy are shifted in the two thiol systems, which can be explained
by varied dipole direction within the two thiols, causing a change in surface potential. The additional improve-
ment of the electrical performance in the pentafluorobenzenethiol case is originated by a reduced hole injection
barrier that is also associated with an increase in the density of states in the lowest unoccupied molecular

orbital.

DOI: 10.1103/PhysRevB.82.125457

I. INTRODUCTION

There has been an intense interest in the surface modifi-
cation of the source and drain electrodes for organic field
effect  transistors (OFETs) to improve transistor
performance.' Many printing and lithographic OFET pro-
cesses pattern the source and drain contacts before the semi-
conductor is deposited.® This bottom contact approach al-
lows processing of the contacts without exposing the
semiconductor to process chemicals, which is often detri-
mental to semiconductor performance. Bottom contact ge-
ometries typically have decreased performance when com-
pared with top contact devices, exhibiting both increased
contact resistance and reduced channel mobilities. This is
due to a morphological mismatch in the semiconductor be-
tween the contact and the channel’ and possibly a barrier to
carrier injection at the metal-semiconductor interface.>® A
number of thiol-based self-assembled monolayers (SAMs)
on the source and drain metal of OFETs have demonstrated
improvements to the contact resistance and channel transistor
performance.>* Morphological improvement at the contacts,
a change in the effective work function of contacts, and
charge transfer between the thiols and the semiconductor
have been credited with the observed performance
improvements.’
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A number of structural studies have confirmed the ability
to engineer the morphology of organic semiconductors de-
posited on metals via thiol treatment in small molecule® and
polymer semiconductors.!? Ultraviolet photoelectron spec-
troscopy measurements have been performed on a range of
SAMs to observe the effective change in the work
function!"!? and led much of the work determining the suit-
ability of these layers to improve organic semiconductor
devices.>? In particular, there has been significant work in
developing fluorinated thiol treatments for p-type organic
semiconductors,” which effectively increase the work func-
tion of the contact layer by creating a dipole layer on the
gold. It has been hypothesized that such an interface further
decreases the barrier between the semiconductor and the con-
tact, leading to improved access between the contact and
highest occupied molecular orbital (HOMO) of the semicon-
ductor. The direct consequent creation of free charge due to
the charge withdrawal reaction is also proposed as a
reason.'?

The interaction between thiols and organic semiconduc-
tors can be affected by a number of factors including prox-
imity and the final conformation of the material on the sur-
face. The direct observation of surface work function
changes caused by a range of thiols on gold has been well
studied using photoelectron spectroscopy but in situ depos-
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ited semiconductor work has primarily focused on the inter-
action between thiols and gold or organic semiconductors
and gold separately. A study of reaction between organic
semiconductors and thiol surfaces has attributed the interac-
tion to charge transfer.'?

Using in situ semiconductor deposition together with
x-ray photoelectron spectroscopy (XPS) and near-edge x-ray
absorption fine structure (NEXAFS), we are able to directly
observe the interaction in two technologically relevant or-
ganic field effect transistor device stacks. This work directly
measures the interaction between pentacene and the two thi-
ols which have been applied to contact improvement in
pentacene-based OFETs: an alkane thiol (1-hexadecanethiol)
(Ref. 8) and a fluorinated thiol [pentafluorobenzenethiol
(PFB)].14

II. EXPERIMENT

The two thiol SAMs solutions were prepared with 1%
thiol in ethanol. Glass was coated with 5 nm of Cr for adhe-
sion and 50 nm of Au using thermal evaporation. The
samples were submerged in the thiol solutions immediately
after evaporation to avoid contamination. The experimental
samples were mounted on a sample holder with a cold finger
for cooling and filaments for heating. Pentacene was evapo-
rated in situ in ultrahigh vacuum from a boron nitride Knud-
sen cell (at ~500 K) while keeping the substrate at room
temperature, at a constant rate of 1 A/min as monitored by
a calibrated quartz microbalance. The thickness of single
layer (SL) pentacene was calibrated ex sifu using AFM. In
order to prevent radiation damage, we only irradiated the
sample with the x-ray beam while the sample temperature
was below 210 K. As a check on the integrity of the sample,
we periodically monitored the sulfur 2p core level, where
thiol decomposition on gold would be witnessed by the ap-
pearance of a component at a binding energy (BE) 1 eV
lower than the characteristic gold-thiolate spectral line at
BE=162 eV.!>!6 Thanks to the sample cooling and the
spread of the beam over the surface due to the grazing inci-
dence, the thiol structure remained unaltered throughout the
measurements.

Measurements were taken at the ALOISA beamline at the
Elettra Synchrotron in Trieste, Italy. Core level XPS was
measured at photon energy of 450 eV, 650 eV, and 760 eV
(photon energy resolution estimated at 150 meV, 250 meV,
and 350 meV, respectively) while valence band spectra were
taken at 130 eV. Core level photoemission spectra have been
aligned against the binding energy of the Au 4f peaks.!” All
spectra were taken at a grazing incidence a=4° and close to
normal emission (90°—«) with an angularly resolved [full
width at half maximum (FWHM~3°)] spectrometer. The
overall energy resolution for valence band spectra was set to
0.15 eV. NEXAFS spectra were collected at the C K edge by
means of a channeltron provided with a retarding grid set to
—230 V. The x-ray absorption measurements were taken at a
constant grazing incidence a=6°, in Transverse Magnetic
and Transverse Electric polarization (p and s polarization,
respectively) by rotating the sample surface around the pho-
ton beam axis. Absolute calibration of the photon energy has
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FIG. 1. The valence band edge measured on the (a) hexade-
canethiol (Hex-thiol) and (b) pentafluorobenzenethiol (PFB) treated
samples. The HOMO edge shifts from 0.5 eV in pentacene/Hex-
thiol/Au sample to 0.1 eV in pentacene/PFB/Au sample, showing
decreased hole injection barrier from Au contact to pentacene in the
latter case which leads to an improved contact between the semi-
conductor and the source/drain.

been obtained a posteriori using the fingerprint of carbon
contamination in the drain current measured on the gold
coating of the last beamline mirror. The corresponding spec-
tral line was previously calibrated by real time acquisition of
gas phase x-ray absorption spectroscopy from CO and the
drain current.'®

III. RESULTS AND DISCUSSION

HOMO states of pentacene deposited on the thiol/Au
stack are measured using XPS at a photon energy of 130 eV.
Figure 1(a) shows the XPS spectrum for 1-hexadecanethiol
(Hex-thiol) on gold (gray line) and the XPS spectrum of a SL
of pentacene deposited in situ on the 1-hexadecanethiol/gold
surface (black line). Likewise, Fig. 1(b) shows the XPS spec-
tra for the (PFB) on gold, both with (black) and without
(gray) SL pentacene. For the pentacene deposited on hexa-
decanethiol [Fig. 1(a)], the HOMO peak is centered at BE
=1.1 eV with a FWHM of 0.7 eV. This is consistent with the
spectra of SL pentacene grown on silicon dioxide'® and bulk
pentacene (50 nm) grown on gold.”’ The spectrum of the
pentacene grown on the pentafluorobenzenethiol [Fig. 1(b)]
shows a peak centered at BE=0.6 eV with a FWHM around
0.6 eV. Accordingly, the HOMO edge (as determined by lin-
ear extrapolation of the low-binding energy onset) shifts
from a binding energy of 0.5 eV in pentacene/Hex-thiol/Au
sample to BE=0.1 eV in pentacene/PFB/Au sample. In the
latter case, the decreased hole injection barrier from Au con-
tact to pentacene leads to an improved contact between the
semiconductor and the source/drain.

The characteristics of interaction between pentacene and
the two thiols can be further analyzed by looking at the re-
spective carbon 1s core levels. The C 1s XPS spectra, shown
in Fig. 2, are taken at a photon energy of 450 eV. The gray
lines are from thiols on gold before depositing pentacene and
the black lines are the spectra after depositing SL pentacene
in situ. Again, the spectra are aligned against the bulk com-
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FIG. 2. XPS taken exciting the 1s carbon orbital on the (a)
hexadecanethiol and (b) pentafluorobenzenethiol samples. The
shape of peaks in both samples resembles the shape of peaks in
gas-phase and thin-film-phase pentacene formed on nondipole in-
terface. The shift of the C 1s peaks in pentacene/PFB/Au to the
lower BE is caused by the dipole in the pentacene/PFB/Au.

ponent of the Au 4f doublet at 84 eV.!” The C 1s peak for
pentacene/Hex-thiol/Au shows an asymmetric shape with
two peaks centered at 284.4 eV and 283.8 eV with a FWHM
of 0.6 eV and 0.4 eV, respectively. This shape resembles the
spectrum of gas-phase pentacene?' and a monolayer of pen-
tacene on benzenethiol/Cu,?? which is expected to have same
standing-up thin film structure as the pentacene in this ex-
periment. Except for a slight broadening (0.1 V) and a rigid
shift of 0.6 eV to the lower BE for both peaks, the C ls
spectrum of pentacene/PFB/Au is the same in shape as that
of pentacene/Hex-thiol/Au.

As we later discuss, upon the deposition of a SL penta-
cene, there may be some charge exchange between penta-
cene and thiol molecules to align the Fermi energies. How-
ever, the similar shape of C ls implies that the electrons
withdrawn from or given to pentacene are not preferentially
sitting at any of the six nonequivalent carbon atoms in pen-
tacene. We believe the charge exchange occurs only at the
shallow HOMO states, where the 7 electrons are delocalized
along the molecule of the pentacene, leaving the core carbon
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electrons unaffected. Typically, site-specific changes in the
core electrons caused by pentacene orientation or changes in
the local electronic environment (such as in chemical reac-
tion) appear as either energy or intensity shifts in these two
carbon peaks.?>?} The shape of C ls peaks for pentacene/
Hex-thiol/Au and pentacene/PFB-thiol/Au resemble those of
thin-film-phase pentacene formed on a nondipolar
interface,”® where there is negligible electronic interaction
between pentacene and the thiol surface. As we later indi-
cate, the rigid 0.6 eV shift of the C 1s peaks in pentacene/
PFB/Au is due to the molecule dipoles with different direc-
tions and moments within the two thiols.

Figure 3 showing the C K-edge NEXAFS spectra offers
verification of the pentacene structure and further evidence
of the charge interaction between pentacene and the pen-
tafluorobenzenethiol. For the spectra taken in s-pol, reso-
nance peaks in the lower-energy region (283-288 ¢V) are
assigned to the excitations from C s core level to the empty
7" orbitals corresponding to the lowest unoccupied molecu-
lar orbital (LUMO) (283-285 eV) and LUMO+1 (285-288
eV) transition. The broader features in the high-energy re-
gion (292-310 eV) are due to excitations of o¢"
orbitals.'821:2224 The resonance peak at 288.8 eV between
the above two regions, absent in the gas-phase spectrum,’! is
attributed to molecule-molecule interaction in the deposited
pentacene layers.!3?? Residual contributions from the sub-
strates can be also detected. In particular, the small peak at
287.8 eV in Fig. 3(a) stems from the main transition line of
PFB [Fig. 3(d)]. The broader spectrum taken on the HEX
substrate additionally affects the LUMO+1 group and the
valley at 285 eV between the LUMO and LUMO+1. The
intensity difference in 7" region between the s-pol and p-pol
absorption spectra indicates the formation of a well-ordered
layer of pentacene, with the pentacene molecules preferen-
tially standing up in all samples.'®?? Similar morphology of
pentacene on varied thiols is confirmed by AFM in this study
(data not shown) and other studies.? This standing-up mor-
phology is important in the operation of pentacene based
OFETs.

As a reference, the NEXAFS spectrum of thick
(>10 nm) pentacene on a parylene/Au substrate is shown in
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FIG. 3. NEXAFS taken on the (a) pentafluo-
robenzenethiol with a monolayer of pentacene,
(b) hexadecanethiol with a monolayer of penta-
cene, (c) thick pentacene (>10 nm) on parylene,
(d) pentafluorobenzenethiol only on Au, and (e)
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FIG. 4. (Color online) Detailed comparison of the Pn/PFB and
PN/HEX LUMO states (open markers in the top and bottom panels,
respectively) with the pentacene bulk states from the thick film
(filled markers in the middle panel). Multiple component fitting
lines are superimposed on the experimental data points. We first
fitted the thick film to Voigt functions (full lines) with free-fitting
parameters. Then, the NEXAFS spectrum of the Pn/PFB SL was
fitted by constraining the LUMO and LUMO+1 states to have the
same energy position and shape parameters of the corresponding
peaks in the thick film (i.e., only the peak intensity was left as
fitting parameter). In the Pn/PFB spectrum, an additional peak
(shadowed) accounts for the increase in the density of states at the
NEXAFS edge. The fitting constraints were relaxed for the Pn/HEX
spectrum in the 285-288 eV range because of the substrate contri-
bution to the NEXAFS spectrum.

Fig. 3(c). The intensity weight of the 7" components for
pentacene SL on hexadecanethiol [Fig. 3(b)] and the thick
pentacene film [Fig. 3(c)] are comparable to each other. This
confirms that there is a negligible charge exchange between
the pentacene SL and the hexadecanethiol. However, when
pentacene is deposited on the pentafluorobenzenethiol, elec-
tron density is transferred from the pentacene band edge (pri-
marily the HOMO shallow states) to the thiol molecules to
align the Fermi energies. Electrons then redistribute among
the LUMO and HOMO states making available new empty
states at the LUMO edge.? In Fig. 4, it is clearly seen that
the NEXAFS intensity of the first fine structure in the
LUMO is enhanced for pentacene grown on pentafluoroben-
zenethiol. The intensity weight of the first LUMO state also
appears larger than in the bulk and than in the gas phase.
Because of the atomic-like origin of these fine structures,?!
their relative weight should remain unaltered in the absence
of a major rehybridization or of a direct interaction with the
substrate of the corresponding atoms. A direct interaction is
also excluded since the first LUMO state stems from the six
carbon rim-atoms close to the center of the standing-up
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FIG. 5. A schematic of dipole configuration within pentafluo-
robenzenethiol [(a) dipoles are facing downward to the substrate
and hexadecanethiol and (c) dipoles are facing upward from the
substrate]. (b) and (d) are the charge, electrical field and potential
within the pentafluorobenzenethiol and hexadecanethiol, respec-
tively. The difference of potential on the top of the two thiols
(|¢p1 = ¢5|) with respect to Au is estimated to be 0.4—1.1 eV.

pentacene.?! The charge retraction from pentacene is effec-
tively pushing a new state above the Fermi level that over-
laps the existing LUMO, as evidenced by the LUMO fitting
analysis of Fig. 4. For comparison, the reverse mechanism is
also observed when injecting electrons into thin organic films
by alkali doping; as the LUMO gradually disappears due to
charge filling a new state (HOMO) appears below the Fermi
level that gradually shifts to lower binding energy as the
charge injection increases.’%?’

When a thiol layer is deposited on Au surface, the surface
dipole has two components: the Au-S dipole layer and the
dipole layer within the thiol molecules. These dipoles change
the surface potential and thus the effective work function of

metal.?’> The surface potential shift has the form?3-33
Mometal*s= mo.
A¢=N(—”S 4 Bomol.d “), (1)
€ €y€

where A¢ is the surface potential shift due to a dipole layer,
N is the areal density of molecules, u,,..+s- 1S the dipole
moment of the metal-S bond, w,,,  is the thiol molecule
dipole moment projected to the surface normal direction, €,
is the vacuum permittivity and € is the relative dielectric
constant of the thiol molecules. Studies suggest a covalent
metal-S bond with a small intrinsic dipole in the self-
assembled thiol monolayers on Au and thus the surface po-
tential shift due to the metal-S interaction is small, between
+0.02 and —0.05 eV.3? It is also expected that the metal*S~
dipole, if any, has the same value for different thiol SAMs.?
The dipole configuration/direction is shown in Figs. 5(a) and
5(c) for pentafluorobenzenethiol and hexadecanethiol, re-
spectively. The pentafluorobenzenethiol has dipoles facing
downward due to the more electronegative F atoms on the
top, with normal-axial dipole moment of 1.33D.3*=37 The
hexadecanethiol has dipoles facing upward from the
surface,?®3 with the normal-axial dipole moment of 1.5D.33
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FIG. 6. The energy level model proposed for Au/thiol/pentacene
system. In (a), various samples are independently aligned with the
vacuum level. Pentafluorobenzenethiol increases the work function
of the Au surface while hexadecanethiol slightly decreases the work
function of the Au surface. (b) and (c) are bands alignments esti-
mated based on the discussion for pentacene/PFB/Au and
pentacene/Hex-thiol/Au samples, respectively, in the text. PFB/Au
has improved hole injection barrier as indicated.

Figs. 5(b) and 5(d) are the charge, electrical field and poten-
tial with respect to Au underneath within the two thiols, re-
spectively. We assume N is about 1-2 X 10" cm™ and € is
around 2-3. According to the Eq. (1), the surface potential
difference ¢;-¢, in the two thiols is about 0.4—1.1 V, con-
sistent with the overall shift of both the C 1s core level and
valence band for the pentacene deposited on top. The shift of
peaks is not present in NEXAFS because the NEXAFS spec-
tra measure the energy difference from C 1s states to LU-
MOs, both of which are equivalently affected by surface po-
tential change.

The band structure of the thiol/pentacene system is shown
in Fig. 6. Studies have shown that fluorinated thiols increase
the surface work function by 0.5-1 eV while alkane thiols
slightly reduce the surface work function by 0.3-0.5
eV.2311-13 [schematically shown in Fig. 6(a)] The pentacene
band structure on the right is from Ref. 32. When pentacene
is deposited on the pentafluorobenzenethiol treated Au sur-
face, the Fermi energies align by an electron transfer from
pentacene to PFB/Au. This electron transfer is from the
weakly bound HOMO state, and does not represent a chemi-
cal bond, which would produce inequivalent C atoms. The
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change in work function of thiol treated Au leads to a differ-
ent energy alignment with pentacene. The hole injection bar-
rier is =0.1 eV for pentacene/PFB/Au and ~0.5 eV for
pentacene/Hex-thiol/Au, which are derived from HOMO
XPS data (Fig. 1). The study of the vacuum level of thiol/Au
upon the deposition of pentacene will be valuable to further
understand the alignment of vacuum level and such study is
underway.

IV. CONCLUSIONS

Electrical measurements of pentacene-based OFETs pre-
pared with thiol treated contacts in the literature have shown
improved device performance. By comparing an Alkane thiol
(1-hexadecanethiol, Hex-thiol) and a fluorinated (thiol pen-
tafluorobenzenethiol, PFB) layer using in situ deposition,
XPS, and NEXAFS measurement, we were able to directly
observe interactions between the semiconductor and thiol-
treated gold layers. HOMO XPS measurement demonstrated
a smaller hole injection barrier into pentacene under PFB
treatment when compared with Hex-thiol. NEXAFS mea-
surements showed extra available states in the LUMO of the
PFB treated device than the Hex-thiol device, indicating that
electron density is donated by pentacene to PFB thiol to
align their Fermi energies. Core-level XPS measurements
and NEXAFS measurements indicated that no site-specific
chemical reactions occurs between the thiols and the semi-
conductor. The NEXAFS measurements also demonstrate a
standing-up morphology for both thiol treated samples,
which has been demonstrated to lead to superior device
performance.8 We can, on the basis of these measurements,
conclude that only morphological improvements lead to im-
proved performance in the case of hexadecanethiol treat-
ments, and both morphological improvements and a reduced
charge injection barrier leads to improved performance in the
case of pentafluorobenzenethiol treated contacts.
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