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ABSTRACT

We report the effect of irradiation using 10 MeV high energy proton beams on pentacene organic field-
effect transistors (OFETs). The electrical characteristics of the pentacene OFETs were measured before
and after proton beam irradiation with fluence (dose) conditions of 10%%,10'3, and 10" cm 2. After proton
beam irradiation with fluences of 10" or 10> cm ™2, the threshold voltage of the OFET devices shifted to
the positive gate voltage direction with an increase in the current level and mobility. In contrast, for a
high proton beam fluence condition of 10'* cm™2, the threshold voltage shifted to the negative gate
voltage direction with a decrease in the current level and mobility. It is evident from the electrical
characteristics of the pentacene OFETs treated with a self-assembled monolayer that these experimental
observations can be attributed to the trapped charges in the dielectric layer and pentacene/SiO; interface.
Our study will enhance the understanding of the influence of high energy particles on organic field-effect
transistors.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Organic electronic devices have been widely explored due to
potential advantages including a variety of material choices, an easy
fabrication process, low-cost mass production, flexibility, and
printability [1-5]. Especially, organic field-effect transistors
(OFETs) are important elements in contemporary electronics due to
their wide range of potential applications such as identification
tags, electronic bar codes, and active matrix elements for displays
[6—9]. So, many research efforts have been devoted to the charac-
terization and understanding of OFETs made from various organic
materials, as well as the enhancement of the electrical performance
of these devices [10—13]. The electrical characteristics of OFETs
such as current levels, on/off ratio, mobility, and operational turn-
on voltage (or threshold voltage) play critical roles in understand-
ing the device operation and developing optimized devices, espe-
cially with respect to the charge injection and transport through
the interface.
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In particular, to fully tailor the fascinating electrical properties of
OFETs into next generation electronics, we need to control the
threshold voltage and mobility. The threshold voltage and mobility
values of OFETs are highly affected by the semiconductor—dielectric
interface [14—16]. In that context, there have been many studies
about modification of the semiconductor—dielectric interface in
various ways. For example, Kang et al. showed the enhanced device
performance of rubrene OFETs by using graphene and hexagonal
boron nitride as the electrodes and gate dielectric layers recently
[17]. Due to charge-trap free clean hexagonal boron nitride and
graphene interface, field effect mobility increased and hysteresis
was suppressed. Furthermore, there have been studies on
improving the electrical properties of OFETs through modifying
inorganic surfaces or interfaces using functional molecules,
including self-assembled monolayers (SAMs) [18—20]. These
inserted SAMs could reduce the density of interface trap states and
improve the morphology of the active pentacene layers. Others
have modified the operation properties of OFETs by irradiation with
ultraviolet (UV) light or gamma rays [21,22]. UV light irradiation
resulted in electron trapping at the pentacene/dielectric interface
and the pentacene OFET's electrical characteristics changed due to
the slow release of trapped electrons. On the other hand, high
energy gamma ray irradiation induced positive hole trapping in the
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SiO; layer of pentacene OFETS.

But, as far as we know, there have been no studies on high en-
ergy proton beam irradiation effects on the pentacene/SiO, inter-
face of pentacene OFETs to control the threshold voltage or
mobility. Considering several previous studies about tuning the
electrical characteristics of pentacene OFETs by irradiating the high
energy proton beams to inorganic FETs [23—25], we could expect
tuning the electrical characteristics by proton beam irradiation. It is
well-known that when high energy beams of charged particles are
incident on FET devices, beams induce the trapped charges in the
dielectric layer and the semiconductor/dielectric interface. And
these trapped charges affect carriers of the active material of de-
vices [26,27]. As a result of these trapped charges, the electrical
properties of devices can be tailored. Besides, high energy proton
beam irradiation experiments on pentacene OFETs could be a good
opportunity to see the application of pentacene OFETs in aerospace
radiation environment [28].

In this study, we investigated the electrical characteristics of
pentacene OFET devices on SiO;/p-++Si substrates through 10 MeV
high energy proton beam irradiation. We systematically charac-
terized the electrical properties of pentacene OFET devices before
and after proton beam irradiation with different beam irradiation
time conditions. We also studied the effect of proton beam irradi-
ation on pentacene OFETs when the dielectric surface was coated
with a passivating octadecyltrichlorosilane (OTS) SAM. The proton
beam irradiation effects on the pentacene OFETs were analyzed
based on the interplay between the proton beam irradiation-
induced trapped charges inside the SiO, dielectric layer and at
the pentacene/SiO interface.

2. Experimental
2.1. Device fabrication

For the pentacene OFET device fabrication, a SiO, (270 nm-
thick)/p+-Si substrate was prepared and cleaned by dipping in an
ultrasonic bath of acetone, isopropyl alcohol, and de-ionized water
for 5 min at each step. The source and drain electrodes were pre-
pared by depositing Au (30 nm)/Ti (5 nm) layers using an electron
beam evaporator with a deposition rate of 0.5 A/s at a pressure of
~10~7 Torr. The active channel was prepared by depositing a 60 nm-
thick pentacene film using a thermal evaporator with a deposition
rate of 0.5 A/s at a pressure of ~10~° Torr. For the molecular treat-
ment on the pentacene OFETs, we deposited an octadecyltri-
chlorosilane (OTS) self-assembled monolayer (SAM) on the SiO;
layer surface by immersing the sample in a silane solution (0.1 wt.
%) in anhydrous toluene for ~12 h under a N, atmosphere. The
chemically treated samples were cleaned in toluene for 20 min and
dried by blowing N, gas.

2.2. Proton beam irradiation

The proton beam irradiation experiments were performed using
an MC-50 cyclotron at the Korea Institute of Radiological and
Medical Science. The proton beam had an energy of 10 MeV, an
average beam current of 10 nA, and a beam uniformity of approx-
imately 90%.

2.3. Characterization of materials

X-Ray diffraction (XRD) measurements were taken using a D8-
ADVANCE (Bruker) with Cu Ko radiation at the Center for Mate-
rials Analysis at Seoul National University. AFM measurements
were taken using an NX 10 AFM system (Park Systems).

2.4. Measurement of electrical characteristics

We measured the electrical characteristics of pentacene OFET
devices using a semiconductor characterization system (Keithley
4200-SCS) and a probe station (JANIS ST-500) at room temperature
in a vacuum (~10~4 Torr).

3. Results and discussion

Fig. 1a shows a schematic illustration of proton beam irradiation
on a pentacene OFET device. The fabrication process of the penta-
cene OFET devices is as follows. First, a Si wafer with a 270 nm-thick
SiO, dielectric layer was cleaned by a standard solvent cleaning
process. Au (30 nm)/Ti (5 nm) layers were then deposited as the
source and drain electrodes on the Si wafer through a patterned
shadow mask using an electron beam evaporator. Next, we
deposited a 60 nm-thick pentacene active layer using a thermal
evaporator. More details of the device fabrication process are
explained in the Experimental Section and in the Supplementary
Data (Fig. S1). Fig. 1b shows optical microscope images of the
fabricated pentacene OFET devices. The right one is the image of
entire device and the left one is enlarged one. The channel length
and width of the OFETs are 100 and 300 pm, respectively.

Following the electrical measurements of the pentacene OFET
devices, a 10 MeV proton beam was irradiated onto the top-surface
of pentacene OFET devices using a proton beam facility (MC-50
cyclotron) at the Korea Institute of Radiological and Medical Sci-
ences (see the schematic image of Fig. 1a). Different proton beam
irradiation times of 20, 200, and 2000 s were used, which corre-
spond to a total fluence (or dose; the number of irradiated particles
per unit area) values ® of ~10'2, 10'3, and 10" cm™2, respectively.
The electrical characteristics of each device were systematically
measured and compared before and after the proton beam irradi-
ation. For statistical analysis, we measured more than five devices
for each proton beam irradiation condition.

Fig. 1c—f present the representative electrical characteristics of
the pentacene OFET devices before and after the devices were
irradiated with proton beams. Fig. 1c shows the output character-
istics (source-drain current versus source-drain voltage, Ips—Vps)
for a pentacene OFET measured at gate voltages (V) varying from
30 to —30 V with a step of 10 V before and after the proton beam
irradiation with a fluence of 10> cm~2, corresponding to a beam
irradiation time of 20 s Fig. 1d shows the semilogarithmic plot of
transfer characteristics (source-drain current versus gate voltage,
Ips—Vg) measured for the same device at a fixed source-drain
voltage (Vps) of —40 V before and after proton irradiation with a
fluence of 10'? cm 2. This is also plotted on the linear y-axis in the
inset of Fig. 1d. Fig. 1e and f show the output and transfer charac-
teristics, respectively, measured for another pentacene OFET device
before and after proton beam irradiation with a higher fluence
condition of 10 cm™?, corresponding to a longer irradiation time
of 2000 s. Notably, we observed that the pentacene OFET devices
under different proton beam irradiation conditions exhibited
distinct electrical behaviors. When the devices were irradiated with
a fluence of 10'? cm~2, we observed that the source-drain current of
the device increased (Fig. 1c and d), with the current of ~2.6 pA at
Vps = —30 V and Vg = —30 V before the proton beam irradiation
increasing to ~3.1 pA after the proton beam irradiation at the same
measurement conditions (an approximately 20% current increase).
At the same time, the threshold voltage (Vi) shifted to the positive
gate voltage direction (see also Fig. 3a). On the other hand, when
the device was irradiated with a proton beam of a higher fluence of
10" cm~2, the device's current decreased, with ~3.0 pA at
Vps = —30 V and Vg = —30 V before proton irradiation decreasing
to ~2.0 pA after proton irradiation at the same measurement
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Fig. 1. (a) Schematic illustration of a pentacene OFET with proton beam irradiation. (b) Optical images of fabricated pentacene OFET devices. (c) Output characteristics and (d)

transfer characteristics of pentacene OFET devices before and after proton beam irradiation with fluences of (c), (d) 10> cm~2 and (e), (f) 10'* cm~2. Insets in (d), (f) display the plots
on the linear y-scale.
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Fig. 2. Contour plots of transconductance of pentacene OFET devices before and after proton beam irradiation with fluences of (a) 10> cm 2 and (b) 10" cm~2 XRD patterns of
pentacene layers before and after proton beam irradiation with fluences of (c) 10'?> cm~2 and (d) 10" cm~2
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Fig. 3. Statistical data for (a) the change in the threshold voltage and (b) normalized mobility of pentacene OFET devices following proton beam irradiation with fluences of 10'2,

10'3, and 10" cm 2.

conditions (~33% current decrease). Correspondingly the threshold
voltage shifted to the negative gate voltage direction (see Fig. 3a).
For the case of proton beam irradiation with a fluence condition of
10 cm™?, corresponding to an irradiation time of 200 s, the
electrical characteristics change of the device was similar to that of
the low-fluence condition of 10'? cm~2 (see Fig. S2 of the Supple-
mentary Data). For reference, the \IDS|°'5 versus V¢ transfer char-
acteristics data are provided in Fig. S4a—c of the Supplementary
Data.

In accordance with the shift of threshold voltage, Fig. 2a and b
show two-dimensional contour plots of transconductance
(gm = Ips/Vg) which is an important parameter related to FET
operation. Originally, the transconductance increased with
increasing negative Vps and Vg, regardless of the proton beam
irradiation (see the upper figures of Fig. 2a and b before proton
beam irradiation) Then, the transconductance increased after the
low-fluence (10> cm~2) proton beam irradiation, whereas it
decreased after the high-fluence (10'* cm~2) proton beam irradi-
ation at a given gate voltage condition (for example, see the
transconductance before and after the proton beam irradiation at
Vg = —20 V and Vps = —30 V in Fig. 2a and b). In the case of the
fluence condition of 10" cm2, the transconductance followed a
similar phenomenon to the case of the low-fluence condition of
10'2 cm 2, with the increasing transconductance after proton beam
irradiation (see Fig. S3a of the Supplementary Data). Here, the
transconductance changes after the proton beam irradiation are
associated with the proton irradiation-induced charges in the
semiconducting pentacene and in the dielectric SiO, layers [29],
which will be explained later. Detailed device performance pa-
rameters such as threshold voltage, mobility, subthreshold swing,
and ON-state Ips are listed in Tables S1—S3 of the Supplementary
Data.

To investigate whether the proton beams altered the pentacene
active film directly or not, we examined and compared the penta-
cene layers before and after proton beam irradiation by using X-ray
diffraction (XRD) and atomic force microscopy (AFM) measure-
ments. Fig. 2c and d show XRD patterns obtained from pentacene
layers before and after the proton beam of fluence conditions of
102 em~2 and 10" cm™2, respectively. The observed XRD peak
positions of the pentacene films prior to proton beam irradiation
coincided with data reported in the literature [30,31]. More
importantly, we observed that there was no noticeable XRD peak
change after the proton beam irradiation, which suggests that the
structure of the pentacene layer did not change significantly after
the proton beam irradiations. Similar XRD patterns were also
observed for the 10" cm~2 fluence beam condition (see Fig. S3b of
the Supplementary Data). We also examined the pentacene layer's

morphology with AFM before and after the proton beam irradia-
tions, and could not observe any noticeable change in the surface
morphology after the proton beam irradiations (data are not shown
here). Furthermore, we calculated the energy-loss depth profiles of
the irradiated protons using the Stopping and Range of Ions in
Matter (SRIM 2008) software, which is a computer program that
calculates the interactions of energetic particles with matter
[32,33]. The SRIM simulation results are provided in Fig. S5 of the
Supplementary Data. From the SRIM simulation results, we found
that protons could penetrate ~700 um into the top surface before
stopping loosing most of their energy there. Because the structure
of our pentacene OFET devices comprised stacks of pentacene/SiO,/
p-++Si (60 nm/270 nm/500 um), the majority of protons penetrated
through the entire structure while transferring small amount of
energy. Therefore, we can assume that the pentacene layer itself is
not directly deteriorated by the proton beam and the observed
changes in the electrical properties (Fig. 1c—f and Fig. 2a and b)
would not be due to the transformation of pentacene layer. Rather,
the changes are due to proton beam irradiation-induced charges
created in the semiconducting pentacene and dielectric SiO layers
(the detailed mechanism of the proton beam irradiation effects on
the devices are explained in Fig. 4).

Fig. 3a summarizes the statistical analysis of the shift of
threshold voltage of the pentacene OFET devices after the proton
beam irradiations of three fluence conditions of 102 cm™2,
10" cm 2, and 10" cm 2. As stated earlier, we used more than 5
devices for each irradiation condition and the error bars in the
figures are the standard deviations from the individual measure-
ments. As previously presented, the threshold voltage of the de-
vices shifted to the positive gate voltage direction after irradiation
with proton beams of fluence conditions of 10'? cm~2 or 10> cm 2,
whereas it shifted to the negative gate voltage direction for the
10" cm? fluence condition. The threshold voltage increased
from —7.2 to —6.2 V and —9.6 to —6.4 V after proton beam irradi-
ation for 10" cm™2 and 10 cm™2, respectively. However, it
decreased from —10.3 to —17.8 V after proton beam irradiation for
10" cm~2.

Fig. 3b shows the changes in the normalized mobility of the
devices after the proton beam irradiations of the three fluence
conditions. The normalized mobility value is the ratio of the field-
effect mobility of the pentacene OFET devices after the proton
beam irradiation to that of the devices before the irradiation. The
field-effect mobility values of our pentacene OFETs before the
proton irradiation were found to be ~1.0 cm?/V s (See Tables $1—S3
of the Supplementary Data). When the devices were irradiated
with 10" cm™2 and 10" cm~2 proton beams, the normalized
mobility was observed to be larger than 1, that is, the mobility of
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Fig. 4. Energy band diagrams of the pentacene OFET devices (a) before and (b), (c) after
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highest occupied molecular orbital and LUMO is the lowest unoccupied molecular orbital of pentacene.

the devices was enhanced. The field-effect mobility increased from
0.6 to 1.6 cm?/V s and 0.8—1.3 cm?/V s after proton beam irradiation
for 10’2 cm™? and 10" cm ™2, respectively. On the other hand, for
the 10" cm~2 fluence condition, the normalized mobility was less
than 1, that is, the mobility of the devices was reduced after the
proton beam irradiation. The field-effect mobility values decreased
from 1.0 to 0.8 cm?/V s after proton beam irradiation for 10" cm=2.
These phenomena are associated with transconductance changes
caused by the proton beam irradiation (Fig. 2a and b). The trans-
conductance was enhanced after the devices were irradiated with
10" cm~2 and 10" cm~2 proton beams (Fig. 2a and Fig. S3a), so the
mobility was also enhanced for these fluence conditions (Fig. 3b),
whereas the transconductance was reduced after the devices were
irradiated with a 10'* cm~2 proton beam (Fig. 2b), so the mobility
was also reduced for this fluence condition (Fig. 3b). The observed
transconductance and mobility changes after proton irradiation can
be attributed to the modulation of the channel current and gate
electric field in the FET configuration because ionizing irradiation
with high energetic particles can generate irradiation-induced
electron—hole pairs in pentacene and SiO; layers [34—36].

Now, we explain the experimental observations of the proton
beam irradiation effects on the pentacene OFET devices. There are
two aspects to consider here. First, when the FETs with semi-
conductor/oxide (SiOy)/metal structure are irradiated by a high-
energy proton beam, electron—hole pairs are generated in the
semiconducting channel, dielectric oxide, and metallic layers [37].
Usually, electron—hole pairs generated in the metallic layer quickly
move out away [38]. In contrast, only the irradiation-induced
electrons inside the SiO, dielectric layer which has much higher
mobility than irradiation-induced holes can be rapidly swept out of
the bulk SiO; layer [39]. As a result, some of the irradiation-induced
holes left can be trapped at localized sites in the bulk SiO; layer,
leading to positive oxide-trapped charges in the SiO,. As the beam
irradiation time increases, some fraction of these irradiation-
induced holes can migrate to the SiOy/semiconductor interface,
resulting in the formation of irradiation-induced trap states near
the interface. The second aspect to consider on the proton beam
irradiation effects is following. High energetic proton beam can
generate electron—hole pairs in the semiconducting pentacene
layer as well. In particular, the electrons induced by electron—hole
pair generation inside the pentacene layer can be trapped at the
hydroxyl groups of pentacene/SiO; interface [11,21]. Several studies
about UV irradiation effects on pentacene/SiO, FETs showed such
negative charge trapping phenomenon [21,41 . In the same manner,
in our proton beam irradiation research, electrons induced by the
electron—hole pair generation in the pentacene layer can be

trapped at the pentacene/SiO; interface; we will call these as
“interface-trapped electrons” from now on.

Fig. 4a—c show the energy band diagrams of p-type pentacene
OFETs with a p++Si back-gated configuration before and after the
proton beam irradiations. When a pentacene active layer is
deposited on the SiO,/Si substrates, there are interface states on the
interface between the pentacene and SiO, layers [40]. These
interface states can trap hole carriers of the p-type pentacene layer
(not depicted in Fig. 4), creating a slightly depleted region (Wqo in
Fig. 4a) in the pentacene channel near the interface. In the case of
low-fluence proton irradiation condition (10> cm~2) on the pen-
tacene OFET (Fig. 4b), the effect of irradiation-induced positive
oxide-trapped charges in the SiO, dielectric layer is relatively
weaker than the effect of interface-trapped electrons induced by
electron—hole pair generation in the pentacene layer. Specifically,
these interface-trapped electrons at the pentacene/SiO, interface
will result in hole accumulation in the channel and a downward
band-bending of highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels, as depicted in
Fig. 4b. In this figure, the dashed and solid lines mean the HOMO-
LUMO levels before and after the proton-beam irradiation,
respectively. This means that the electric field effect by the
interface-trapped electrons (indicated with the red (in web version)
arrows in Fig. 4b) overwhelms that of the irradiation-induced
positive oxide-trapped charges inside the SiO, layer (indicated
with the blue (in web version) arrow in Fig. 4b). In other words,
these interface-trapped electrons at the pentacene/SiO, interface
act like a negative gate voltage, resulting in the decrease of the
surface depletion region (Wy; in Fig. 4b). As a result, the electric
current, transconductance, and field effect mobility increase, and
the threshold voltage shifts to the positive gate voltage direction.

In contrast, for the case of the high-fluence proton irradiation
condition (10" cm™2), as the irradiation time increases, the amount
of the irradiation-induced trapped positive charges originated from
the SiO; dielectric layer increase. A large amount of trapped holes
mainly exert an electrostatically repulsive force upon hole carriers
in the pentacene channel over the effect of interface-trapped
electrons induced by the electron—hole pair generation in the
pentacene layer (see the increased number of blue arrows in
Fig. 4c). This repulsive force can push the holes away from the
interface, resulting in a larger surface depletion region (Wg, in
Fig. 4c) moving HOMO and LUMO levels upward (also in this figure,
the dashed and solid lines mean the HOMO-LUMO levels before
and after the proton-beam irradiation, respectively). In particular,
the increase of the surface depletion region can reduce the effective
gate electric field. As a result, the electric current,
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Fig. 5. (a) Transfer characteristics of OTS SAM-treated pentacene OFET devices before
and after proton beam irradiation with a fluence of 10> cm 2. Energy band diagram of
the devices (b) before and (c) after proton beam irradiation.

transconductance, and field effect mobility decrease, and the
threshold voltage shifts to the negative voltage direction.

To further support our interpretation of the proton beam effects
on the pentacene OFET devices, we fabricated another type of
pentacene OFET device structure with a self-assembled monolayer
(SAM) of octadecyltrichlorosilane (OTS) which is well-known for
suppressing the interface trap states was coated on the surface of the
SiO, dielectric layer. The detailed fabrication process of this type of
device is explained in the Experimental Section and in the Supple-
mentary Data (Fig. S6a). Fig. 5a shows the transfer characteristics
(Ips—V¢) measured at a fixed Vps of —40 V before and after low-
fluence (10'> cm~2) proton beam irradiation. Unlike for the previ-
ously discussed devices (Fig. 1c and d), the current did not increase,
but rather slightly decreased. The OTS layer is known for suppressing
the number of interface states at the pentacene/SiO, interface
[42,43]. Therefore, after the low-fluence proton beam irradiation,
relatively smaller number of electrons induced by electron—hole
pair generated in the pentacene layer can be trapped at the interface
of the pentacene/SiO, layers. However, the irradiation-induced
positive charges in the SiO, layer allow the major carrier holes to
be depleted in the pentacene layer with the OTS SAM treatment,
resulting in a current decrease after the low-fluence proton beam
irradiation. This is schematically explained in the energy band dia-
grams in Fig. 5b and c. The dominant effect of the irradiation-
induced positive charges inside the SiO, dielectric layer results in
the increase of the surface depletion region (Wy; in Fig. 5¢).

4. Conclusions

In summary, we studied the effect of proton beam irradiation on
pentacene OFET devices. The devices exhibited increases in the

current, transconductance, and mobility with a shift of the
threshold voltage to the positive gate voltage direction after the
devices were irradiated by proton beams with low fluence, whereas
the devices exhibited decreases in the current, transconductance,
and mobility with a shift of the threshold voltage to the negative
gate voltage direction after the devices were irradiated by proton
beams with high fluence. These phenomena can be attributed to
the interplay between the proton irradiation-induced trapped
charges at the pentacene/SiO, interface and in the SiO; layer. Our
interpretation was supported by investigating the proton irradia-
tion effect on pentacene OFET devices having suppressed interface
states by treatment with an octadecyltrichlorosilane self-
assembled monolayer on the SiO; surface. Our study enhances
the understanding of the proton irradiation effect on organic
electronic devices and may also provide a useful way to create
property-tailored organic devices by proton beam irradiation.
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