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Understanding the physics of organic-organic heterojunctions is essential to optimize state of
the art organic electronic devices such as organic solar cells, organic light emitting diodes,
and ambipolar thin film transistors (TFTs). Ambipolar, as well as combined unipolar TFTs
have been assembled and used by several groups to build elemental circuit elements such as
inverters and ring oscillators, while light emitting ambipolar TFTs combine the gate
controlling features of a transistor with the light emission of a light emitting diode.**”!
Unfortunately, the energetic landscape at organic-organic interfaces is complicated due to a
wealth of electrostatic phenomena such as charge transfer, dipole generation, and doping, all
related to aspects of the molecular structure, e.g. molecular orientation, crystallinity,
interdiffusion, and domain size. In-situ spectroscopy and diffraction experiments allow for
probing the evolution of the electronic and molecular structure of ultrathin organic films
during deposition and thus have been fundamental to develop physical models. Such models
have been extended and quantified by theoretical studies, leading to a variety of structure
dependent mechanisms for heterojunction formation.***® The performance of electronic

devices, however, also depends crucially on the balance of several characteristic length scales,

i.e. Debye length, depletion width, film thickness, and in particular the spatial location of trap
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states. Therefore, it is mandatory to track the evolution of device characteristics with film
thickness. The inherent lateral geometry of TFTs allows for the in-situ acquisition of
characteristic curves before and during semiconductor deposition. So far, such experiments
have focused on hole conducting TFTs. The formation of the conducting channel upon
percolation was observed, and from the shift of the threshold voltage with thickness, it was
possible to identify surface and bulk traps.***>! Here, we expand this technique to ambipolar
devices, where the electrostatic situation at the heterojunction is crucial. The basic idea of the
experiment is to deposit an electron conducting semiconductor on top of a fully developed p-
channel to observe the changes of the device characteristics due to the evolution of an
additional n-channel. The in-situ character of this experiment traces electrostatic changes back
to the semiconductor layers, rather than external influences like air and humidity, which can
significantly alter device characteristics in ex-situ experiments.[*®!

We have chosen to study the heterojunction formation of pentacene and fullerene Cgo because
these materials exhibit high charge carrier mobilities in vapor deposited TFTs.['"® They have
been successfully implemented in various applications, e.g. in organic photovoltaics, and the
basic structural and electronic aspects of this heterojunction have already been addresses by
atomic force microscopy (AFM), x-ray reflectometry, and photoelectron spectroscopy.*®!
We complement our in-situ device measurements by grazing incidence x-ray scattering
(GIXS) and AFM measurements.

We have tested several contact geometries for the ambipolar device. The best results were
obtained employing the device structure depicted in Fig. 1 (a). The source and drain contacts
are located between the two active materials, making the TFT a hybrid structure with a
pentacene top contact and a fullerene bottom contact transistor geometry.® Hereby, both
semiconductors are in direct contact with the electrodes. Note that due to disrupted growth of

pentacene on bare Au, top contact geometry is favorable compared to bottom contact. On the

other hand, for C60, we have not detected a change of growth topology on the Au contact and
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adjacent to it. Thus, we observe that the C60 bottom contact allows for efficient electron
injection. Here, Au is used as electrode material, as its workfuction matches the HOMO
(highest occupied molecular orbital) of pentacene and the LUMO (lowest unoccupied
molecular orbital) of Cg reasonably well, offering acceptable injection conditions for holes
and electrons into pentacene and Ceo, respectively.®! A further advantage of this transistor
geometry is an improved Cg, growth on pentacene with respect to the growth on the gate
dielectric.”»®! We observed the best TFT characteristics with low hysteresis and high
mobilities using an SiO,-SizNy4 bilayer as dielectric and a thin cyclic olefin copolymer film of
5 - 6 nm thickness on top. The transconductance characteristics of the ambipolar transistor in
ultra high vacuum and at room temperature are shown in Fig. 1 (b). The two curves show the
characteristic v-shapes for ambipolar transistors and refer to negative (red curve) and positive
(blue curve) source-drain voltages. The minimum current indicates the ambipolar regime of
simultaneous electron and hole transport. Previous experiments attribute the observation of
this ambipolar regime to the existence of two separate conduction channels; the hole
conducting channel is located at the pentacene-gate dielectric interface, whereas the electron
conducting channel lies at the pentacene-Cgg interface.””! The saturation mobilities of our
device calculate to 0.28 cm2V*s™ and 0.18 cm2V's™ for holes and electrons, respectively.
These values compare to the best performances in ambipolar devices.®! Additionally, the
two channels are well balanced in performance, which is a crucial feature for the application
in circuits and light emitting TFTs.

To explore the electrostatic changes during the heterojunction formation, we performed Ceg
film thickness dependent measurements, i.e. we recorded gate sweeps for positive source-
drain voltages (cf. blue curve in Fig. 1) during fullerene deposition. The resulting transfer
curves and their thickness dependence are shown in Fig. 2 (a). Initially, the transistor shows
the expected unipolar hole conducting characteristics of a pentacene based device. During the

first 50 A of deposition, i.e. about 6 ML (monolayers) Cg, the characteristic curves hardly



ADVANCED
Submitted to MATE RlAI.S

change. Then, at around 55 A Cg film thickness the device suddenly begins to show electron
conducting characteristics as well. The thickness resolved values for the respective threshold
voltages for hole and electron conduction channel and the electron mobility are plotted in Fig.
2 (b) and (c). Beyond 55 A, the electron mobility starts to rise quickly with increasing film
thickness, until it saturates for thicknesses higher than about 150 A, i.e. well beyond the
Debye length. From unipolar devices it is known that the onset of conduction goes along with
percolation of the semiconductor layer.** Fast saturation after several pentacene MLs in
TFTs has also been described before.!**?8] The threshold voltages here show similar behavior
in a sense that no change is measured for the first 50 A fullerene film thickness. Beyond that
thickness, both, the hole and the electron threshold voltages shift oppositely to more positive
and more negative values, respectively, i.e. both channels open earlier with respect to their
onset voltage. The n-channel threshold voltage experiences a large shift of roughly AV, = 7.7
V within 15 A, i.e. between a nominal fullerene thickness from 55 A to 70 A. Thus, the
threshold shift occurs within a much narrower thickness range compared to the evolution of
mobility.' Interestingly, the p-channel threshold mirrors this effect, i.e. it also experiences a
shift of about AVy, = 2.1 V to more positive voltages within fullerene deposition of around 10
A. This behavior is in agreement with previous observations, where a transistor was measured
before and after the deposition of the second semiconductor.”® In order to verify, whether
structural or morphological changes can account for this behavior, we performed
complemental structural analysis of the system using AFM and GIXS. The AFM images show
that the fullerene film clearly retraces the pyramid like morphology of the underlying
pentacene film [Fig. 3 (a)]. However, it exhibits a drop-like topology with a grain size much
smaller than the pentacene grains. This suggests that the delayed conduction onset of the n-
channel after around 55 A (more than 6 ML) is due to percolation of the Cgo droplets. In
addition to morphological studies via AFM we also investigated the crystalline structure of

the bilayer. The resulting diffraction pattern [Fig. 3 (b)] shows well known Bragg peaks
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stemming from ordered thin film growth of pentacene in [00L] direction.®%*? This pentacene
phase is typical for the employed growth conditions. In addition, this pattern is superimposed
by a second set of Bragg features which we have identified to originate from Cg face centered
cubic (fcc) growth in [111] direction with a lattice constant of a = 14.14 A. The Cg growth
corresponds to the well known fcc structure of single crystals at room temperature.¥ The
resulting structures are depicted in Fig. 3 (c). Note that reflectometry measurements of Cg 0N
pentacene were interpreted as hexagonally closed packed (hcp) Cgo, One of the known bulk
phases of Cgo. (2125341 Hare, however, the inplane information of the GIXS measurements
allows us to discard hcp stacking and identify fcc as the correct phase for our sample (cf.
supporting information). In reflectometry measurements, the fcc [111] direction and the hcp
[00L] direction, with L even, are indistinguishable. We are able to index all observed features
by considering the identified pentacene and fullerene phase. The absence of additional, not
indexed features allows us to exclude a lying down phase of pentacene at the interface or a
crystalline interdiffusion layer. Additional off-specular reflectometry x-ray measurements
confirm the pentacene thin film growth in [OOL] direction and the Cgo fcc growth in [111]
direction and point out high crystallinity of the organic thin films (supporting information).
Altogether, the structural information suggests that the Cg film follows the underlying
pentacene film in a well defined manner without changing its structure.

Consequently, the strong shift of the p-channel threshold voltage has to originate from the
electrostatics introduced by the pentacene-Cg, heterojunction, rather than from structural
changes. Highly ordered organic semiconductors exhibit band-like properties such as band
dispersion.!*®! Additional control of doping levels also allows to tailor the depletion width
with respect to the Debye length.*>*®! We assume that pentacene and C60 used here are
unintentionally doped semiconductors, as confirmed for pentacene before in double gate
experiments.®3% In turn, the Fermi levels of pentacene and C60 are expected to align via

interface charging, i.e. by formation of depletion zones or accumulation of charges, depending
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on the detailed values of the respective Fermi levels. From literature values for the HOMO
and LUMO of the two semiconductors we expect the Fermi-level of pentacene to lie above
the Fermi-level of Cg, i.e. the pentacene side of the interface is to be charged positively,
while the Cgo side is charged negatively.®! For the pentacene film, this situation resembles a
double gate TFT, where a second top channel is accumulated by an additional top gate.**4”!
For simultaneous hole accumulation by the bottom gate, the two hole channels in the
pentacene layer do not influence each other due to Debye screening, since the Debye length in
pentacene has been found to be a few ML at most.™* Sweeping the bottom gate voltage to
more positive values will at one point switch the pentacene bottom interface from
accumulation to depletion, which would lead to a vanishing hole current flow in single gate
unipolar TFTs. Here however, the pentacene layer has to be depleted entirely by the bottom
gate in order to compensate for the extra top charge at the pentacene-Cgo interface. Thus, the
effective threshold voltage is expected to shift to more positive values, which matches the
observed direction of the threshold shift in our device (cf. Fig 2). This confirms the positive
precharging of the pentacene top surface and thus the assumption that in pentacene the Fermi-
level is closer to the vacuum level than in Cgo. Furthermore, this experiment is in line with the
observation that pentacene double gate transistors are able to form a top channel.®® The
existence of a second conduction channel has also been demonstrated for other ambipolar
transistors employing CuPc and F1sCuPc./

While the expected n-channel threshold shift is in agreement with the observation, the
increasing film thickness, and thus additional volume trap states, also contributes to the shift,
as has been found for pentacene based devices before.[***!

Remarkably, the shifts of both threshold voltages set in with Cgo percolation. Obviously, not
only the Cgo n-channel requires percolation, but also the pentacene top channel. The droplet-

like growth behavior of Cg 0n pentacene suggests that the heterojunction is confined to the

pentacene-Cgo contact area. At the beginning of fullerene deposition, the Debye length is
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much smaller than the lateral distance between Cgo islands. Thus, before percolation, the
inhomogeneous heterojunction landscape resembles a plane of disconnected patches of
electrons and holes confined to the interface of the fullerene droplets with the pentacene
surface (see Fig. 4)."Y The electrostatics and morphology for bottom hole channel
accumulation are summarized in the scheme in Fig. 4 (a). The AFM micrograph in Fig. 4 (b)
shows early stage Cg growth on pentacene and illustrates the disjunct nature of the
heterojunction for low fullerene thickness.

As soon as the Cgo film develops a percolation path between source and drain contact, the
heterojunction extends throughout the whole transistor channel length, and the accumulated
holes at the pentacene surface can form a percolated top conduction channel. We observe that
the threshold shift occurs within only a few A after percolation, confirming that the
heterojunction charging is confined to the interface within the Debye-length.

In summary, we have presented a well balanced ambipolar organic field effect transistor with
high hole and electron saturation mobilities of 0.28 cm2V*s™ and 0.18 cm?V's™, respectively.
The structure and morphology of the respective films have been analyzed using AFM and
GIXS methods. Furthermore, we tracked the formation of a pentacene-Cgo heterojunction by
in-situ measurements during deposition of Cg. Upon percolation of the n-channel, the
heterojunction is charged, acting as an additional top gate for the hole conducting channel.
The fact that the p-channel threshold does not shift before the n-channel develops highlights
two interesting findings for bilayer ambipolar TFTs. Apparently, before the Cg film
percolates, the fullerene islands are electronically floating and the charging of the interface is
confined to the pentacene-Cgo contact area. Secondly, the threshold voltage shift of the p-
channel upon fullerene percolation implicates the generation of a second hole conducting
channel at the pentacene top surface. The introduced method demonstrates a way to evaluate

the electrostatic situation in operating organic heterojunction devices. It can be applied to a
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variety of vapor depositable organic and inorganic materials and give information about the

nature of heterojunctions within other devices such as light emitting diodes and solar cells.

Experimental

Device fabrication and characterization: Highly doped silicon with a bilayer of 100 nm SiO,
and 100 nm Si3gN4 was used as the gate contact and dielectric. The surface of the dielectric
was cleaned in three steps. First the samples were sonicated in acetone and isopropanol,
respectively. After thorough rinsing in DI (deionized) water, the samples were put in Piranha
solvent (concentrated sulfuric acid and 30 % hydrogen peroxide solvent at a ratio of 3:1) for
30 minutes. Finally, the samples were plasma cleaned using oxygen plasma (50 W for 30 s,
LabAsh). Before depositing the organic materials, a 6 nm thin layer of Topas COC was spin
coated onto the silicon nitride surface. We used a 0.25 % COC - toluene solvent at 6000 rpm
for 30 seconds. Passivating the surface enhances the growth of pentacene and decrease
hysteresis effects in organic thin film transistors. 20 nm of pentacene (triple sublimed, Sigma-
Aldrich) were deposited onto the dielectric via molecular beam deposition at a rate of 0.1 As™
at room temperature and a chamber pressure of ~ 9-10® mbar (as monitored by ion pump
current). The 50 nm thick gold source and drain contacts were deposited via electron beam
evaporation on top of the pentacene layer. The channel length of 50 um and the channel width
of 2 mm were defined using shadow masks. The hole conducting device was then electrically
contacted for the in-situ measurement. 25 nm of the electron conducting Cgo (sublimed,
Sigma-Aldrich) were deposited onto the transistor at a sample temperature of 70 °C and at a
rate of 0.1 As? and a chamber pressure of ~1-10° mbar. The sample temperature was
measured using a type K thermocouple. While growing the Cg layer, transconductance curves
were measured with a Keithley Instruments Source Meter 2612 at a frequency of around 1.25

forth- and back-sweeps per minute. In order to obtain the thickness resolved transistor
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characteristics the Cgo layer thickness was measured simultaneously using quartz crystal
micro balances.

The GIXS measurements were taken at the W1 beamline at the HASYLAB at DESY in
Hamburg. The synchrotron x-ray beam had a wavelength of 1.181 A. The fabrication of the
corresponding samples is equivalent to the samples for the electronic measurements except
that the electrodes were omitted.

The AFM micrograph was taken with a Veeco/Digital Instruments NanoScope AFM of the
Kotthaus nanophysics group clean room and analyzed with the Nanotec WSxM software [42].

Sketches were made with Adobe Illustrator, the graphs were plotted with OriginLab Origin.
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Figure 1. a) Schematic of the ambipolar device structure. b) Transconductance curves of an
ambipolar FET for two different source-drain voltages Vsp.
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Figure 2. Thickness resolved measurements of the characteristics of an ambipolar FET during
Cso growth. a) Transconductance curves of an ambipolar TFT as a function of fullerene

thickness. b) Thickness resolved threshold voltages of the hole and electron conducting

Thickness resolved electron saturation mobility.

channels, respectively. Percolation of the electron channel is indicated by the vertical line. c)
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Figure 3. a) AFM height image (2um x 2um) of a 25 nm thick Cgg layer grown on top of a 20
nm thick pentacene thin film layer. b) GIXS measurement of a pentacene-Cg bilayer. All
diffraction features can be accounted for by a standing up pentacene thin film phase and [111]
fcc growth of fullerene Cgo on top of the pentacene. ¢) Sketch of fcc [111] direction of
crystalline Cgo and the [0OL] thin film phase of pentacene.
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Figure 4. Electronic structure and morphology of the pentacene-Cgo heterojunction before
percolation. a) Scheme of electrostatics in bottom channel hole accumulation (see text). b)

Disconnected Cg islands (nominal sub-monolayer coverage) on pentacene measured by
AFM.
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Thickness resolved measurements of ambipolar thin-film transistor characteristics track
the charging of an organic-organic heterojunction. Combined with structural investigation
methods such as AFM and GIXS, this leads to a better understanding of the physics in state of
the art devices such as organic solar cells, organic light emitting diodes and light emitting
TFTs.

Keywords: structure, fullerene, AFM, grazing incidence, heterojunction
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GIXS measurement of pentacene-Cgp heterojunction:
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GIXS measurement of the pentacene-Cgo bilayer with full indexing of all diffraction features.

The measurement confirms the standing up pentacene thin film phase and [111] fcc growth of

fullerene Cgo. A sketch of the measurements geometry is depicted below.
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Calculated hcp features of Ceo:
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Bragg condition not fulfilled

GIXS measurement of the pentacene-Cgo bilayer. The indices show the calculated positions

for hep stacking of fullerene Cgo. Clearly the measured features cannot account for such a

crystal structure.
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Off-specular x-ray measurement:
The off-specular diffraction pattern of a pentacene-Cgg bilayer emphasizes the good
crystallinity of both semiconductors (notice the scales of the in-plane and the out-of-plane

components of the momentum vector q).
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Schematic of the electrostatics of the final device (after fullerene deposition):

At highly negative gate voltages the ambipolar device is in the unipolar hole conducting
regime with an accumulation channel at the pentacene-dielectric interface [a)]. The case for
unipolar electron conductance is shown in b) where the pentacene contributes to the dielectric
and the active channel is located at the pentacene-Cg interface. The pentacene-Cg interface
bias is indicated by a symbolic dipole.

c) shows the direction of the band alignment at the pentacene-fullerene interface. No claim for
quantitative accuracy is made for this scheme. It shows however that the expected sign of the
interface bias is in agreement with the measured threshold shift. The energy barriers

introduced by the discontinuities prevent the charge carriers to recombine.

a)

Pentacene

Dielectric
+++++++++++++

c)
Pentacene C60

LUMO

---------------- LUMO

HOMO

i HOMO

/— LUMO

o HOMO
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When the device is illuminated directly by a red laser-pointer, strong photo-response is
observed. In future experiments, it would be very interesting to investigate also the thickness

dependent optoelectronic properties of such heterojunctions in TFT geometry.
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