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Abstract: Organic semiconductor materials featuring lightweight, and flexibility may play a signifi-
cant role in various future applications, such as foldable displays, wearable devices, and artificial
skin. For developing high-performance organic devices, organic crystals are highly desired, while a
remaining fundamental issue is their contact problem. Here, we have grown a high-quality rubrene
single crystal by utilizing a simple in-air sublimation technique. The contact characteristics (bar-
rier height and contact resistance) are detail-studied by resist-free transfer electrodes (Au metal or
graphene/Au). The Schottky barrier of the rubrene/graphene interface is lower and can be also mod-
ulated by gate bias, which is confirmed by spatial photocurrent mapping. Finally, we demonstrated
the zero-bias photocurrent imaging application by constructing the asymmetrical device employing
different electrode contacts. Our work would be of significance for studying the contact issue of
organic crystals and wireless imaging.

Keywords: rubrene; graphene; transistor; imaging

1. Introduction

Organic materials have attracted extensive attention due to their intrinsic advantages
including light weight, excellent flexibility, and improved carrier transport [1,2]. They have
been used in various fields such as photovoltaic cells, light-emitting diodes, memories, and
photon sensors [3-6]. By virtue of their incomparable light absorption (>10°> cm~!) and
long photoexcited carrier lifetime, organic thin-film photon sensors have been intensively
investigated in the last few years, showing their promising applications in sensitive and
polarized photodetectors [7-9]. However, the inferior carrier mobility and limited exciton
diffusion length of the thin film state hamper the photoelectrical conversion properties [10].

As an ideal candidate, organic crystals with a large domain size brought a leap in
electrical mobility and exciton diffusion [10]. However, one of the remaining fundamental
issues in organic devices has been the electrode contact issue. Numerous experiments
have demonstrated that the contacts between organic materials and metal materials (such
as Au, Ag, and Pt) are generally the Schottky contact regardless of the energy level (or
work function) of metal materials [11,12]. Especially regarding channel length scaling,
the metal-semiconductor (M-S) contact issue featured by the Schottky barrier becomes
a crucial factor limiting the device scaling and performance. Therefore, the main charge
transport tends to obey the Schottky—Mott law in organic transistors. A number of exper-
imental results indicate that the barrier height is mainly influenced by this Fermi-level
pinning and other external environmental factors such as dipole layers. In addition, the
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traditional metal deposition technique involves some chemical and structural disorders,
and metal-induced gap states, resulting in Fermi-level pinning [13,14]. Compared with
the typical metal deposition process, the nondestructive van der Waals (vdW) physically
transferred electrodes have been demonstrated to achieve better contact in two-dimensional
(2D) materials [15-18] and it is also more preferred in organic devices. For the organic
pentacene film device, the enhanced charge injection efficiency has been reported by em-
ploying graphene electrodes in comparison to conventional Au electrodes. Graphene
has revealed numerous unique physical and electrical properties [19,20], including high
mobility and transparent flexibility, making it suitable as an electrode [21]. Its chemical
potential and Fermi level can be controlled by the gate voltage [22]. Therefore, the physical
properties of the device at the metal-semiconductor interface will be regulated by the gate
voltage. Recently, Zeng et al. realized an ultralow contact for organic semiconductors by
using transferred high-work function platinum electrodes through enhancing M-S orbital
hybridization [13]. While it is a pity that the contact issue and photoelectrical performance
are still scarce for organic crystals as compared to organic films or 2D material systems.

Rubrene is a star material for studying organic semiconductor-based devices, demon-
strating high carrier mobility [23,24], a large absorption coefficient, and outstanding pho-
toresponses [25]. The small-molecule nature enables their crystallization through various
growth techniques, such as physical vapor transport (PVT), solution method, and mi-
crospacing in-air sublimation [26-28]. The in-air sublimation is an expedient growth
technique with no need for the cost equipment, vacuum and/or carrier gas environment
and complex procedure, so it provides a good platform to study the fundamental physical
characteristics and contact interfaces for organic semiconductors.

In this paper, we fabricated the rubrene single crystal-based transistor device by using
the microspacing in-air sublimation method, as well as the resist-free transfer electrode
technique, and studied the contact interface between rubrene crystals and electrodes (Au
and graphene). The Schottky barrier can be reduced by inserting a monolayer graphene
at the rubrene crystal/ Au metal interface, while the contact resistance shows an inverse
augmentation trend. The spatial photocurrent mapping confirmed the barrier difference be-
tween rubrene/graphene and rubrene/Au, and also manifested that the rubrene/graphene
Schottky barrier is gate bias-dependent. Finally, we demonstrated the zero-bias pho-
tocurrent imaging applications using this asymmetrical barrier configuration, for different
wavelength-stimulated light.

2. Materials and Methods
2.1. Crystal and Device Fabrication

Rubrene powder was purchased from a commercial company (Alfa Aesar, Shanghai,
China) without further purification. The growth method of the rubrene single crystal and
the fabrication process of the device is illustrated in Figure la. Some rubrene powders
(~3 mg) were put dispersedly on the bottom substrate. The top substrate was placed
upside down, with the bottom substrate with a tiny space (~300 um) between them. The
rubrene single crystal was grown on the top SiO,/Si substrate by heating the bottom
substrate to sublime rubrene materials, and the growth temperature and time were about
230 °C and 5 min. We adopted a ‘low-energy’ transfer electrode technology. Unlike
‘high-energy’ metal deposition processes, the resist-free transfer technique uses the van
der Waals integration to form the organic material/electrode interface. This method
eliminates the need for direct chemical reaction bonding, avoids related chemical disorders
and the gap states caused by defects, and retains the inherent electronic properties of
organic single crystals. Firstly, the chemical vapor deposition monolayer graphene is
transferred on the SiO,/Si substrate. Then, the Au is prepared onto the monolayer via
vacuum thermal evaporation to form the graphene/Au stripes, as shown in Figure 1a.
As depicted in the flowchart of Figure 1a, the prefabricated monolayer graphene/Au
stripes and pure Au electrode (reference experiment) were mechanically transferred onto
the rubrene surface by using the tungsten micro-probe tip under the optical microscope,
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serving as the source/drain electrodes, respectively. The cross-sectional view of the device
with transferred graphene/Au electrodes is also shown in Figure 1a.
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Figure 1. Characteristics of the material and device. (a) The detailed process of rubrene single
crystal growth and device fabrication. Optical images of typical devices are shown in the flowchart.
Scale bar: 40 pm. (b) Raman of the graphene. (c) The surface topography of rubrene single crystal.
(d) Orthogonal polarized optical microscope images under different rotation angles. Scale bar: 40 pm.
(e) Photoluminescence spectroscopy of the rubrene single crystal. The inset shows the PL test area on
the optical microscope image and the orientation of the crystal’s a and b axes. Scale bar: 20 pum.

2.2. Materials and Device Characterizations

The optical properties were characterized via Zeiss Imager A2m microscopy (Carl
Zeiss, Oberkochen, Germany). The surface morphology was performed by Bruker Dimen-
sion Icon (Bruker, Hamburg, Germany) atomic force microscopy (AFM). Raman and PL
measurements were performed using a 532 nm excitation laser, x100 objective lens with
about 1 um diameter spot size. For the optical characteristics of the device, we used 405
and 532 nm laser diodes, respectively.
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3. Results and Discussion

The Raman finger of graphene on the S5iO, /Si substrate is shown in Figure 1b, indicat-
ing its defect-free monolayer nature. As shown in Figure 1c, we used the AFM technique to
investigate the surface morphology of rubrene. The root-means-square (RMS) roughness is
only 151 pm, indicating its considerable flatness. Conjugated 7t bonds in rubrene molecules
enable its great light absorption ability and outstanding charge transport [29], making it an
ideal choice for exploiting high-performance organic optoelectronic devices. For rubrene
single crystals, the —m overlap along the b-axis direction is the strongest, so the channel
length of the device is parallel to the b-axis to obtain the best charge transport. The detailed
molecular structure, arrangement as well as the direction of a- and b-axes can be seen in
Figure S1 (Supporting Information).

The anisotropy of rubrene single crystals allows us to study their optical properties
using polarization optical microscopy (POM). Figure 1d shows the POM image of a typical
rubrene crystal under a 532 nm LED light source [30]. Figure 1d shows the steady-state
photoluminescence spectrum (PL) characterization from the ab face of the rubrene sample.
There are two PL peaks at the range of 1.4-2.4 eV, where the stronger peak located at 2.15 eV,
which originated from the luminescence emission of the (001) plane, which is exactly
corresponding to the forbidden band gap. The other PL peak at 2.02 eV originated from the
luminescence side emission of the (001) plane and reflects its strong optical anisotropy [31].
The weak high-energy shoulder at 2.22 eV implies the high surface quality of rubrene.

The typical output curves (Ip—Vp) of the device with graphene/Au electrodes are shown
in Figure 2a, and the corresponding transfer curves are shown in the inset of Figure 2a. The
asymmetrical Ip-Vp curve is a typical feature of the Schottky contact between the channel
material and electrodes, and it originated from the asymmetrical barrier height under the
drain bias. Then, we quantitatively evaluated the contact characteristics using the variable
temperature experiment. From the temperature-dependent transfer curves in Figure 3b, we
can see that the drain current is strongly related to the temperature, showing a diminishing
trend with a decrease in the temperature. Figure 2c shows the output curves of the device
using graphene/Au electrodes under different gate biases at a high temperature (300 K).
For the positive gate bias region, these Ip—Vp curves show the obvious nonlinear and
asymmetric character, implying the existence of the Schottky barrier. With the increase
in gate bias to the negative region, it transferred into the symmetrical behavior due to
enough carrier concentration and reduced Schottky barrier height. At low temperatures
(e.g., 180 K as shown in Figure 2d), the output curves exhibited a more obvious distinct
character, certifying the Schottky contact. To further explore the effect of gate voltage and
temperature on the contact characteristics and carrier transport, we plotted the relation of
In(I/T?) versus q/kgT at a fixed drain bias of —5 V (Figure 2e). The data can be reasonably
fitted by a linear plot, indicating that the primary charge transport of the device obeys

—q®
thermal excitation theory: | = —A*T? exp( ZB ;f ! ) , where A* is the effective Richardson

constant, ¢ is the element charge, T is the Kelvin temperature, kp is Boltzmann constant,
and @, is the Schottky barrier height.

By fitting the slope of In(I/ T?) versus q/kpT, the barrier D, can be extracted under
different gate biases, as shown in Figure 2f. The barrier height increases linearly from
the negative region (—25 V) to the positive region, while it turns a corner at the gate bias
of -8.5 V which is called the flat-band voltage (Vgg) [32]. When Vg is equal to Vg, the
effective barrier height (®p) is about 88 meV. In our opinion, the total current of the device is
dominated by the thermionic emission and thermally assisted tunneling current. When the
Vg is lower than Vgg (1 Vg | < 8.5V), the thermionic emission current is dominant because
the thermally assisted tunneling current is limited by the high barrier [33]. The drain

: D, —ay/V : 5
current should be rewritten as: Ip = A*T? exp(— %#), witha =g Zmeo’;fd, where

¢ is the dielectric constant of rubrene and d is the thickness of rubrene. With the increase
in Vg to the negative region (1 Vg!| > | Vpgl), the thermally assisted tunneling current
becomes non-negligible due to reduced Schottky barrier height and increasing carrier
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concentration. We also performed a reference experiment for a device with pristine Au
electrodes using the same rubrene sample, and the detailed results are shown in Figure S2
(Supporting Information). With the decrease in temperature, the drain currents exhibited a
similar downward trend. The barrier height corresponding to the flat band voltage was
about 159 meV, which is higher than that of the device with graphene electrodes.
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Figure 2. Electrical properties of the devices. (a) The output curve of the device with the graphene/Au
electrode in the ambient environment. Inset shows the transfer curves of the device at Vp = =15 V.
(b) Transfer curves (at Vp = —5 V) of the device under different temperatures in vacuum. (c¢) Output
curves under different gate biases at room temperature (300 K). (d) Output curves under different
gate bias at a low temperature (180 K). (e) Arrhenius plot of the device with graphene/Au electrodes,
at Vp = =5 V. (f) Schottky barrier extracted from subfigure (e). The Schottky barrier height at the
flat-band voltage is about 88 meV. (g) Total resistance (black square) for different channel lengths and
contact resistances (brown circle) as the function of gate bias. (h) Mobility values extracted as the
function of channel length. (i) Energy band diagram for charge transport.

For a semiconductor device, the total resistance (R;,z,;) would be composed of metal
electrode resistance (R;;), contact resistance (R.), and channel resistance of the semicon-
ductor material (Rgemi): Riotar = 2Rm + 2R¢ 4 Rgepi- For our organic device, the channel
resistance with several micron lengths was much larger than that of Au resistance, so
the above formula can be simplified to: Ry, = 2Rc + Rsheet% (Reemi = Rsheet%), where
the Ryt is the sheet resistance relying on the channel length. Therefore, the contact re-
sistance can be extracted through the R;y,; when the channel is close to zero, which is
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usually called the transfer length method (TLM) [34]. By linear scale fitting the resistance
scatter with different channel lengths, the cross-value of the scatter line and Y-axis (ex-
perimental resistance) indicates the contact resistance in which the channel length is zero.
Next, we assessed the contact resistance employing this method, and the total resistance
as the function of the channel length is shown in Figure 2g. The corresponding optical
microscope image of the under-test device produced by TLM can be seen in Figure S1
(Supporting Information). From Figure 2g, we can calculate that the contact resistance is
about 2.2 M() under —80 V gate voltage. Meanwhile, the R, would change with the gate
bias, and it shows a downward trend with the decrease in gate bias from —40 to —80 V.
This phenomenon should be attributed to the higher carrier density, 1, because R, is usually
a direct proportion to 1/+/n. Mobility can be calculated using the following formula in

the linear region: y = g% % ﬁ, where L and W are the channel length and width, Cy,

is the oxide capacitance of 11.5 nF-cm~2, 9Ip/9Vg = gm is the transconductance, Vp is
the drain bias to the source terminal of —10 V, and V is the gate voltage. For the long
channel device, the effect of contact resistance is suppressed, so we calculated better carrier
mobility in Figure 2h. Likewise, such consistency in electrical properties was also observed
in the device with pristine Au electrodes; the test results are provided in the Supporting
Information Figures S3 and S4. The contact resistance is lower than the device with the
graphene/Au electrode. This comparison result is opposite to the performance of the
Schottky barriers in the two devices.

This asymmetrical Schottky barrier is also certified by the spatial photocurrent map-
ping technique. We constructed an asymmetrical rubrene transistor where one contact is
graphene/rubrene and another one is the Au/rubrene interface, as shown in Figure 3a.
Firstly, we performed the photocurrent mapping at zero drain bias. For the zero driving
field, the obvious photocurrents with opposite directions appeared near two electrodes, as
shown in Figure 3b, confirming the existence of the photovoltaic effect due to the Schottky
barrier (built-in field in semiconductors). The Fermi level of the graphene is more sen-
sitive than that of the rubrene semiconductor, due to its finite density of states near the
Dirac point [35]. As the gate voltage increases in the positive direction, the Fermi level of
graphene rises, resulting in a larger built-in field. Therefore, we found an increased pho-
tocurrent near the graphene/rubrene interface under a higher positive gate bias. When the
gate voltage is >40 V, the graphene Fermi level remains almost constant and independent
of gate voltage, as shown in Figure S5. On the contrary, the decreased photocurrent should
be theoretically obtained in the negative gate voltage region. But we reversely gained an
increased photocurrent, which should be attributed to the decreasing contact resistance
and increasing efficient hole density in the negative gate voltage region. Based on these
experimental results, the photocurrent can be explained by a qualitative band diagram
in Figure 3d.

The above asymmetrical Schottky barrier allows us to execute self-powered sensor
imaging, which plays an increasingly important role in today’s society, including environ-
ment monitoring, wireless sensing, and medical imaging. Firstly, we traced the broadband
response of a typical asymmetrical rubrene transistor from 350 to 800 nm, as shown in
Figure 4a. From here, we can see that the rubrene transistor exhibited good photoresponse
from the whole visible light range. The responsivity peaks at the visible range (380-580 nm)
are consistent with the interband absorption of the rubrene crystal, as shown in the shaded
area in Figure 4a. To demonstrate the multiple imaging, we set up a single-pixel imaging
system employing the lasers of 405 and 532 nm as exciting light, as illustrated in Figure 4b.
The metal mask patterned target object is placed between the light source and the sensor
device. The relative position between the light source and the device is fixed, and the
metal mask can be moved linearly in the X-Y plane controlled by two piezo tubes. For a
defined position, the current under dark and light illumination is recorded to obtain the
position-dependent photocurrent. Therefore, we can remodel the pattern information of
the target object by using the photocurrent. Figure 4c shows several optical images of the
undertest patterned masks. Figure 4d shows the corresponding zero-bias high-resolution
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imaging information consisting of 100 x 100 scanned steps for 405 and 532 nm modulated
laser signals, respectively. These results suggested that such asymmetrical configuration is
promising as a self-powered imaging block building in the future wireless imaging system.

(a) Gra/Au Au (C)
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. |
juaLInd0joyd
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> ——
O —‘)Positive currenf*o

Source Drain Source V=0V, V=0 V Drain

(i) . é . (iv)

{2

SOUGE =0V, Vg<0V (e.g, -0 V) DA SOUICE y oy V>0V (eg, 40v) DN

Figure 3. Photocurrent mapping and band diagrams. (a) Optical image of the device with asymmetri-
cal electrodes. The scanning area is marked by a green box. (b) The photocurrent mapping at zero
bias, under zero and finite positive gate bias, using a 532 nm laser. (c) The photocurrent mapping at
zero bias, under finite negative gate bias. (d) Schematic band diagrams before contact (i) and after
contact under zero gate bias (ii), negative gate bias (iii), and positive gate bias (iv). The red circles
(bullets) represent hole (electron) respectively.
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Figure 4. Broadband photoresponse and imaging. (a) The photocurrent of the asymmetrical device
for different incident wavelengths (Red curve), and the bottom shaded area corresponds to the light
absorption of the rubrene crystal on the quartz substrate. (b) Schematic diagram of the single-pixel
imaging measurement system. (c) The patterned masks, including Bluetooth, chip, WeChat, and IC
card. (d) Photocurrent imaging results under 532 and 405 nm lasers. Scale bar: 20 pm.

4. Conclusions

In conclusion, we fabricated rubrene single crystals using the microspacing in-air
sublimation method. The Schottky barrier of the rubrene crystal/Au electrode can be
improved by introducing monolayer graphene, while it is still Schottky type rather than
the ohmic contact, and the charge transport is dominated by the thermionic emission and
tunneling mode. The variation in the Schottky barrier can also be confirmed by the spatial
photocurrent mapping. Finally, we demonstrate several self-powered imaging by using
this asymmetrical barrier configuration. Our work provides some significant reference for
studying organic crystals and zero-bias imaging.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16237364/s1, Figure S1: Molecular structure and device; Figure S2:
Arrhenius plot and Schottky barrier of the device with Au electrodes; Figure S3: Output curves and
transfer curves of the device with Au electrodes; Figure S4: Contact resistances and mobility of the
device with Au electrodes; Figure S5. The photocurrent mapping at zero bias, using a 532 nm laser.
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