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Abstract

We investigated the effect of capacitively coupled Ar plasma treatment on contact resistance (R.) and channel
sheet resistance (Ry,) of graphene field effect transistors (FETs), by varying their channel length in the wide
range from 200 nm to 50 um which formed the transfer length method (TLM) patterns. When the Ar plasma
treatment was performed on the long channel (10 ~ 50 pm) graphene FETs for 20 s, R, decreased from
2.4 to 1.15 kQ-um. It is understood that this improvement in R, is attributed to the formation of sp’ bonds
and dangling bonds by the plasma. However, when the channel length of the FETs decreased down to 200
nm, the drain current (/;) decreased upon the plasma treatment because of the significant increase of channel
Ry, which was attributed to the atomic structural disorder induced by the plasma across the transfer length
at the edge of the channel region. This study suggests a practical guideline to reduce R, using various plasma
treatments for the R. sensitive graphene and other 2D material devices, where R, is traded off with Ry,
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1. Introduction

In recent years, graphene has been studied
intensively because of its high mobility, transparent,
flexible and excellent thermal properties [1,2].
However, the performances of graphene device are
still limited seriously by the factors such as defects,
impurities, and R.. In particular, R, should be reduced
significantly for practical application. Parrish e al.
reported quantitatively that the increase of R, affects
largely the key performances of the graphene FETs
including the current density, trans-conductance, self-
gain and transit-frequency [3]. It is understood that
R, of graphene devices is caused by two factors. The
one is residues, such as PMMA and PR generated
during photolithography and transfer processing, and
the other is coherence at the junction between metal
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and graphene.

There have been various studies to reduce R, by
controlling these factors. It is reported that R, of
graphene devices generated by residues could be reduced
by O, plasma cleaning followed by annealing [4,5],
introduction of ALO; passivation layer [6], UV O;
treatment [7,8], Ar plasma treatment [9,10], CO,
cluster treatment [11], X-ray [12] and O, plasma [13].
Nagashio et al. reported about coherence between Ti,
Cr, Ni and graphene which is also one of the key
parameters for inducing R, [14-16]. In this regard,
other groups reported mechanisms on the generation
of R, at the interface between metal and 2D materials
using a carrier transport model [17], a tunneling
model [18] and also demonstrated the reduction of R,
using a metal/graphene/metal sandwiched structure
[19]. Meanwhile, the studies to reduce R. by forming
the edge contact has recently been studied. The
simulation results firstly suggested the superiority of
edge contact to side contact [20] and they were then
verified experimentally by using patterned graphene,
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h-BN/Gr/h-BN 1-D contact structure and Ni-etched
graphene contact [21-23].

Among these, plasma treatment can be the most
desirable method to improve R. for the large area
graphene devices since it is readily adopted from the
conventional electronic device fabrication processing
with the advantage of low temperature and large-
scale processing over other contending techniques.
However, the plasma treatment can induce significant
damage onto graphene and therefore decrease
electrical performance of devices, due to the ion
bombardment generated by highly ionized plasma.
But if a special graphene structure to avoid energetic
ion bombardment is used to decrease R, the
electrical performance of graphene devices can be
improved. Chen et al. reported to design a modified
graphene structure with vacancies generated by Ar
plasma treatment [24], and R, of graphene device
was expected to be reduced by using this modified
graphene structure. In this study, we demonstrated
the effects of Ar plasma treatment on R, and Ry, of
modified graphene structure devices with various
scaling ranges from micro- to nano-scale channel
length. This study gives the insight for pros and cons
of plasma-treated graphene and other 2D material
based devices.

2. Results and Discussion

The graphene film grown on Cu foil by CVD

method was used for this study. The Cu foil was
introduced into a glass chamber in which temperature
increased up to 1000 °C with flowing H, of 10 sccm.
Then, heat treatment was carried out for 15 min and
CH, of 50 sccm was additionally introduced. The
graphene film was grown on the Cu foil via
crystallization during cooling for 30 min. The
PMMA was deposited to protect the graphene. The
graphene was floated for 6 hr in 10 g of ammonium
persulfate solution dissolved in 0.5 1 of DI water to
remove the Cu foil. The graphene was subsequently
transferred onto a 90 nm thick silicon oxide substrate.
Then, it was rinsed in DI water and the PMMA was
removed with acetone [25,26].

The Ar plasma discharged at 6 W power with 0,
10, 20 and 30 s treatment times was used in this
study. Fig. 1(a) displays the contact angles depending
on plasma treatment times. It was observed that the
contact angle decreased from 87 to 7.2 degrees with
increasing plasma treatment time. The contact angle
results show that the graphene was transformed from
hydrophobic to hydrophilic by the plasma treatment.
We understand that the adhesion of metal is
improved when graphene becomes more hydrophilic.
This implies the possibility to improve the contact
properties between graphene and metals as reported
previously [10], where the scaling effects on R, and
Ry, of plasma-treated graphene devices, however,
wasn’t investigated.

Figure 1(b) displays the Raman data of the treated
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Fig. 1. (a) Contact angles for different plasma treating times. The graphene property was changed from
hydrophobic to hydrophilic by Ar plasma treatment. (b) Raman spectra of the pristine and plasma treated graphene
films. D’ peak is generated by Ar plasma treatment at 6 W, indicating the generation of graphene vacancies. (c)
Intensity ratio of D’ peak to G peak, depending on plasma treating time.
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devices. The Raman data showed the D' and D'+D
peaks at 1623 cm™ and 2939 cm™, respectively. D
peak is related to sp” bonding [27,28]. But D' peak is
known to be more closely related to the generation of
vacancies than defects [29,30]. When the Ar
inductively coupled plasma (ICP) treatment was
conducted instead of Ar capacitively coupled plasma
(CCP), D' peak was not generated. It was found that
the D' and D'+D peak intensities increased with
increasing plasma treatment time. In particular, the
ratio of Ip/Ig was 0.69 for the case of 10 s plasma
treatment and increased to 1.03 for 30 s as shown in
Fig. 1(c). It suggests the generation of vacancies
which could help to lower R, by inducing the edge
contact with metal as previously reported [20,21,24].

Figure 2(a) shows the device fabrication sequence
including Ar plasma treatment. R, was measured by
using the transfer length method (TLM). After
patterning process (photo-lithography for long channel
devices and electron beam lithography short channel
devices), the Ar CCP with power of 6 W was
applied to graphene prior to deposition of electrodes.
That is, The Ar plasma treatment was conducted
before metal deposition to change the surface
property of metal contact region of graphene. This
was to protect the graphene as the FET channel from
being damaged by the ion bombardment of the
plasma. Cleaning of graphene by low power ICP
treatment was reported [9], in which graphene was
however damaged after the extended treatment
exceeding optimized duration because graphene
channel region is directly exposed by plasma. In
contrast, the graphene channel can be protected
against plasma due to the covered polymers such as PR

(a)

or PMMA for our devices. After plasma treatment, 20/
40 nm thick Pd/Au electrodes were deposited by
electron beam evaporation. The evaporated electrodes
were lifted off by acetone. Fig. 2(b) shows an optical
microscopic image of a fabricated plasma-treated
graphene device with short channel lengths. The
width of the device is 25 pm and the lengths are 10~
50 um for the long channel, and width is 1.2 um and
lengths are 200 nm~1 pm for the short channel
devices.

Figure 3(a) shows the electrical properties measured
at Vg-Vpime = —30 V for a TLM device treated by Ar
plasma at 6 W for 10, 20 and 30 s, where Vp;, is the
voltage at Dirac point. The total resistance (R is
obtained from the /i-V; results obtained in the range
of V3 = -0.01 ~ 0.01 V. TLM equation can be
expressed as

L

Rtot = RShV_V

+2R,

where Ry, is the sheet resistance, L is the channel
length and W is the channel width. According to this
equation, the slope in the R, vs L curve becomes
Ry/W and the y-intercept becomes 2R, as shown in
Fig. 3(e). It shows that the total resistance was
lowered when the Ar 6W CCP treatment was carried
out for 10 and 20 s, and then increased for 30 s. The
R. was estimated by multiplying each y-intercept of
Fig. 3(a) to W of 25 um. As shown in Fig. 3(b), the
values of 2.4, 2.1, 1.15, and 2.4 kQ-um were
calculated for the pristine, 10, 20 and 30 s treated
devices, respectively. The R, becomes the lowest
value when 6 W Ar CCP treatment is conducted for
20 s.

(b)

Fig. 2. (a) Fabrication process of a plasma treated graphene device. Graphene channel is protected by PR during
plasma treatment. Ar plasma treatment is performed on graphene on which metal is deposited subsequently. (b)
Optical microscopic image of TLM patterns with 20/40 nm thick Pd/Au electrodes for short channel device. The
channel width is 25 ym and lengths are 10 ~ 50 ym for long channel device, and width is 1.2 ym and lengths are

200 nm ~ 1 ym for short channel device.
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Fig. 3. (a) TLM results for the devices treated by Ar plasma for 0, 10, 20 and 30 s at V-Vpjac =
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pristine and plasma treated graphene devices. R; is 1.15 kQ-um for the device plasma treated at 6 W for 20 s. (c)
TLM results for the devices treated by Ar plasma for 0 and 20 s for short channel device. (d) Electric circuit
involving metal/graphene contact which shows that Lt region could be affected by plasma treatment since it is not
protected from Ar ion bombardment. (e) Schematic model showing the relationship between L; and Ry.. The y-
intercept is 2R. and linear slope represents Ry, according to the TLM fitting.

The reason for such a low R, was thought to
originate from the same effects as the formation of
edge contacts and the generation of sp’ bonding in
the vacancy by the Ar plasma [24]. This is because
the 20 s Ar plasma treatment lowered the total
resistance of the device. However, the 10 s treatment
showed only a marginal reduction because the
creation of the vacancies and the resultant sp’
bonding were probably insufficient. The increased R,
at 30 s seems to be attributed to the excessive
surface damage by Ar plasma. Although R. is
significantly changed by plasma treatments, the
extracted Ry, values from Fig. 3(a) through TLM
equation are similar, in the range of 455 ~ 500 /o
before and after 20 s plasma treatment because the
graphene channel was protected by the PR, as
described in Fig. 2(a). Thus, the effects of plasma on
graphene channel region could be ignored for long
channel devices.

Figure 3(c) shows TLM results of before and after

20 s Ar plasma treatment for the short channel devices.
R, of the pristine device is 527 Q-um, whereas that of
the 20 s plasma treated device is 494 Q-um. Although
the R. is just slightly decreased compared to the long
channel device, the extracted Ry, (3.13 k€/o) of 20 s
Ar plasma treated device is much higher than that
(0.67 kQ/o) of pristine device. In order to explain
these differences between long and short channel
devices, we suggest a schematic electric circuit
model involving the metal/graphene contact at DC
voltage as shown in Fig. 3(d). By applying KVL
(Kirchhoff's voltage law) and KCL (Kirchhoff's current
law) into this circuit, the following relationship
between R, and Ry, can be expressed as

Rsh

R =
w

c

Ly

where Ly is the transfer length. The details to obtain
this equation are shown in Supporting Information:
Relationship between R, and L.
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Fig. 4. I;-Vg at V3= 10 mV for (a) long channel device and (b) for short channel devices. (c) Schematic diagrams
comparing long channel and short channel devices without and with plasma treatment.

Meanwhile, Fig. 3(e) shows that the intercept of x-
axis becomes 2Ly from the TLM equation [17, 31-
33]. However, the slope of straight line is shifted to
the positive direction by plasma treatment, which
indicates the decrease of L. The corresponding L
becomes 616, 302 and 463 nm for 10, 20 and 30 s,
respectively. According to the equation on relationship
between R. and Ry, the R, is proportional to the Ry,
and L. Thus, if the L; is decreased and Ry, is
maintained after plasma treatment, R. could be
reduced. For the long channel devices, this analysis
is consistent with our obtained electrical properties
since Ry, is unchanged after plasma treatment as
mentioned previously. As a result, the decreased L
and unchanged Ry, result in reduction of R.. For the
short channel device, however, Ry, could be higher
after plasma treatment. This is because the damaged
region extended into the channel induced by the
plasma treatment, which is close to the contact
region, can be relatively larger than that of the long
channel device. The damaged region in the channel
is described in Fig. 3(d). It has been reported that O,
plasma could etch graphene in horizontal direction
with increasing treatment time [13]. Although Ar

plasma is anisotropic, the increased treatment time
can give rise to the damaged region in the channel.
In order to verify our analysis, we compared Ry,
before and after plasma treatment, for both cases of
plain graphene (without undergoing device processing)
and short channel TLM device processed graphene.
The measured Ry, values from the plain graphene are
0.4 and 3.8 k&/o for pristine and after plasma
treatment for 20 s, respectively, whereas the Ry
values obtained from short channel TLM device are
0.67 and 3.13 kQ/o. It should be noted that the
obtained Ry, of short channel devices are quite
similar with measured Ry, of graphene without device
fabrication process. This manifests that the graphene
channel region could be seriously affected by plasma
even though it is protected by PMMA.

The scaling effects of plasma treatment are more
clearly seen in the transfer curves as shown in Fig. 4(a)
and (b). Fig. 4(a) shows the I vs VeVpi curve
obtained from the long channel device with L = 20
um, V4 =10 mV and V, = —78 to +11 V. As shown
in (a), Ar 20 s plasma treatment enhanced overall
current. The value increased from 1.28 to 1.48 times
when the V-V varied from —80 to +20 V. The R,
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of the sample treated with the Ar plasma for 20 s
was decreased in the entire V, range. This may be
attributed to the effect of sp’ bonding, dangling
bonds and vacancies induced by the plasma. Thus,
the electric performance of the devices was improved
due to the reduced R.. Fig. 4(b) shows the Iy vs V, -
Voime curve obtained from the short channel device
with L=375 and 440nm, Vy=10mV and V, —
Ve =—80 to +10 V. As shown in (b), Iy was
decreased after plasma treatment. This behavior is
totally opposite to that for long channel devices. As
we mentioned previously, the damaged region could
decrease I significantly despite slightly reduced R..
In order to interpret this phenomenon and estimate
the damaged region, we drew schematic and circuit
diagrams for the long and short channel devices as
shown in Fig. 4(c). It is expected that there are three
resistances; resistance of damaged region, contact
resistance and channel resistance. For the long
channel devices, the damaged region is quite shorter
than total channel length. Thus, this region could be
neglected and results in unchanged Ry, The carriers
probably tend to just tunnel through this region. In
contrast, it cannot be ignored for the short channel
devices. By calculating series resistance equation, a
damaged region was estimated to be ~ 171 nm for
440 nm device. The ratio of damaged region to total
channel length for long channel device is just 1.7 %,
while 78 % for short channel device. As a result, the
damaged area in the channel region can give rise to
the significantly increased resistance resulting in
decreased I; for the short channel devices. Therefore,
it is required to find the tradeoff point between R.
and L for plasma treated devices.

3. Conclusion

In this paper, the low power Ar plasma treatment
method was studied to improve electrical performances
in terms of R. and Ry, of the graphene device with
various channel lengths. The result shows R,
decreased more than 2 times by the 20 s Ar plasma
treatment for the long channel devices. Thus, the
current transport was enhanced by decreasing R,
when the proper Ar plasma treatment was performed.
But the /; decreased for short channel devices
because of the dominance of the increased resistance
at the physically bombarded edge of the channel,
induced by Ar plasma treatment at the contact
region. The proposed Ar plasma treatment is
expected to be an effective method to minimize

contact resistance of graphene based devices, as it is
compatible to current low temperature and large
scale electronic device fabrication processing.
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