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Reducing the contact resistance without degrading the mobility property is crucial to achieve high-performance
graphene field effect transistors. Also, the idea of modifying the graphene surface by etching away the deposited metal
provides a new angle to achieve this goal. We exploit this idea by providing a new process method which reduces the
contact resistance from 597 Q- um to sub 200 Q- um while no degradation of mobility is observed in the devices. This
simple process method avoids the drawbacks of uncontrollability, ineffectiveness, and trade-off with mobility which often

exist in the previously proposed methods.
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1. Introduction

Graphene, a single layer of carbon atoms, with a honey-
comb structure, has attracted wide attention among scientists
since 2004 due to its unique properties. Its application covers a
wide range of areas, including energy storage, !/ flexible touch
screen, ) radio frequency (RF) devices,?! supercapacitors, !
and biosensors.’] Owing to graphene’s extremely high elec-
tron mobility, the graphene field effect transistor (GFET) has
been proposed as a candidate electronic device in the post sil-
icon era.[%! However, due to the lack of bandgap in graphene,
the GFET cannot be turned off completely. Hence, much at-
tention has recently shifted to the use of graphene in RF tran-
sistors, where the OFF-current is less critical than that in a
digital circuit. One of the figures of merit of GFET in RF
domain is the cutoff frequency (fr) and the previous studies
have shown that the cutoff frequency can be significantly im-
proved by reducing the contact resistance.l”-'!! Hence, var-
ious teams have introduced different methods to reduce the
contact resistance. Low power O, plasma treatment!!?] and
UV/ozone treatment!!3] are employed to eliminate the residues
at the contact area and create a certain degree of defects on
graphene for a better contact. But the demanding control
of the experimental conditions limits its popularity and va-
lidity since an overtime treatment might increase the con-
tact resistance instead of improving it and the treatment time
and conditions could vary from lab to lab. Annealing in
vacuum or Hy/Ar atmosphere above 300 °C can also elim-
inate the resist residues on graphene!'*! but with a draw-
back of deteriorating the properties of graphene in the chan-
nel by inducing increased coupling between graphene and the
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e.[14-16] Other methods like the current annealing,[!”}

[18

substrat
electrostatic force cleaning, 1 and mechanical force clean-
ing via atomic force microscopy (AFM)!°! are all unsuit-
able for large scale fabrication. Using a metal as a protec-
tive layer is another alternative to prevent the contamination
of residues, but the results are not good enough with the con-
tact resistance ranging 200-500 Q- um!”! and 500 Q - um, 2!
and the protective metal deposited on the channel can cre-
ate defects in graphene during the metal etching process.?!]
Using nickel-catalyzed etching!*?! to form edge contacts and
H-plasma anisotropic etching to form multilayer contacts!?3]
are methods both aimed at treating the contact area and the
channel differently. But these works focused on the exfoliated
sample, and samples from chemical vapor deposition (CVD)
method need further investigation. So herein, we provide a
simple method to reduce the contact resistance by depositing
a thin layer of aluminum (5 nm) on the contact area after de-
velopment and etching it away while keeping the graphene in
the channel intact. Aluminum is rapidly etched in an alka-
line solution, which contains tetramethylammonium hydrox-
ide (TMAH). The fast etching process functions as a cleaning
process and modifies the surface of graphene by alleviating
the doping from the photoresist in the contact area. After this
treatment, we deposit the final contact metal Pd/Au followed
by a lift-off process. Palladium is chosen as the contact metal
due to its good wettability!>* on graphene. Due to the protec-
tion of photoresist on the graphene channel, the trade-off be-
tween decreasing the contact resistance and deteriorating the
property of the GFET such as mobility on the channel will not
happen compared to the other methods.
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2. Experiment

The schematic drawing of this method is shown in
Fig. 1(a). The graphene film used in this work was grown
on a copper foil by the CVD method and then transferred
onto a SiO,/Si substrate by using poly (methyl methacrylate)
(PMMA) as a support layer. The thermally grown silicon ox-
ide on the substrate has a thickness of 100 nm while serving
as the dielectric layer of the GFET device. The PMMA was
removed by acetone at a temperature of 60 °C after the com-
pletion of the transfer process. The channel region was defined
by a standard UV-photolithography process and the graphene
outside the transfer length measurement (TLM) pattern was
etched in an O, plasma etching system. After that, the pho-
toresist was removed by 60 °C acetone, rinsed in IPA, and
blown dry in Ny, then the device was spin coated with image

O, plasma
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reversal photoresist Az5214. The contact area was defined
after the reversible exposure and development process. In
the conventional situation, the contact metal will be deposited
onto the contact area followed by a lift-off process, but now,
instead of directly depositing the contact metal, a 5-nm thin
layer of aluminum was deposited by e-beam evaporation after
a hard bake process. The hard bake was performed in order to
increase the chemical stability of the pattern in the subsequent
etching process. The thickness of 5 nm was chosen because
this thickness was sufficient to completely cover the graphene
and did not require extra etching time to remove. Then alu-
minum was etched away in a solution containing TMAH in 1
min without damaging the pattern. After this treatment, we
deposited the ultimate contact metal Pd/Au (20 nm/80 nm) by
e-beam evaporation followed by the conventional lift-off pro-
cess.

Y f

Fig. 1. (color online) (a) Schematic illustration of the fabrication process of graphene FET devices. (b) Optical image after etching
the aluminum layer. (c) The TLM structure after depositing the final metal pad.

3. Results and discussion

The optical image after etching the aluminum layer is
shown in Fig. 1(b). After the lift-off process of Pd/Au, the
ultimate TLM structure is shown in Fig. 1(c). These images
show that the aluminum etching process does not damage the
pattern after treating the contact area. The effect of deposit-
ing metal and etching it away on graphene could be explained
as a cleaning procedure proposed by Joiner et al.!>>! The alu-
minum in this procedure behaves like a sticky tape which is
similar to the demonstration of Dimiev et al.?®) Aluminum
is etched quickly in the solution containing TMAH which
shows a strong alkaline property.!”-*’] Moreover, we think that
the treatment might introduce some edge contacts by creating

211 in the contact area, which is helpful to reduce

some defects
the contact resistance, 28! but this needs further investigation.

To verify the cleaning effect on graphene, Raman spec-
troscopy was performed before and after the aluminum treat-
ment, the results are shown in Fig. 2. The “before treatment”
results are for the graphene sample gone through the whole
processing steps without the deposition of aluminum, while
the “after treatment” results are for the sample with a 5 nm-

thin layer of aluminum deposited on graphene and then etched

away. In order to illustrate the effectiveness of the treatment,
a Raman mapping of 8 x 6 points with a step of 1 um on a
graphene strip was also conducted. A comparison of the Ra-
man results before and after the treatment is shown in Fig. 2(a).
Before the treatment, the high intensity of the G band and
its blue shift to 1594 cm~! are indications of high doping in
graphene.[>’! After the treatment, the G band position moves
back to 1587 cm~! and the G band intensity decreases which
is shown as an increase of the intensity ratio (/(2D)/I(G)) from
1.10 to 1.86. The Raman mapping results of the intensity ratio
(I(2D)/I(G)) and the statistic results of the G band position are
shown in Figs. 2(b)-2(d), respectively, which show a similar
trend to the results in Fig. 2(a). From the Raman spectra, we
find that the treatment has mitigated the doping of graphene,
which could be attributed to the removal of organic residues
such as PMMA and other photoresists.!'>!3] The removal of
the residues could also be verified by the AFM results, which
are shown in Fig. 3. A graphene strip of 4 um width was mea-
sured via AFM before and after the treatment. The height of
graphene is reduced from nearly 8.86 nm to 2.53 nm after the
treatment, indicating a cleaning effect through the treatment,
which is consistent with the discussion of the Raman results.
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Fig. 2. (color online) (a) The Raman spectra before and after the proposed treatment at the same position. Two distinct bands can be
observed, which are designated as G band and 2D band. (b) The histogram of the G band position from the mapping data before and
after the treatment. (c), (d) The Raman mapping of the band intensity ratio /(2D)/I(G) before and after the treatment, respectively. The
mapping was performed on a graphene strip, where the black area represents the edge outside the graphene.
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Fig. 3. (color online) (a), (b) AFM topography results before and after the treatment, respectively. (c), (d) Corresponding height
profiles of the surface before and after the treatment. AFM was performed on a graphene strip with a width of 4 um.

Since we focused on reducing the contact resistance, the
TLM structure was fabricated to compare the results. In a
TLM array, the total resistance between two metal pads con-

sists of three components!%’!

Rt =2Rn + 2R, +Rgra 9]

where Ry, and R, are the resistances from the contact metal and
the metal/graphene interface, and Ry, is the intrinsic resistance
of graphene which increase linearly with the channel length.
The resistance of a single contact would be Ry, + R.. How-

ever, in most cases, the resistivity of the metal is so low that
R.>Rp,, and Ry, can often be ignored. So when plotting the re-
lationship between the total resistance and the channel length,
the intercept on the resistance axis equals twice the value of the
contact resistance. Since different channel width will result in
different extracted contact resistance, for the comparison be-
tween different research teams, the contact resistivity is used
instead. In the TLM structure, the relation between the contact

resistivity (p.) of the graphene/metal interface and the contact
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resistance (R.) can be written as!!33!
R. =p./ (WLt)coth(L./Lrt), 2)

where L; and W are the length and width of the electrode
contact, and Lt is the transfer length defined by the dis-
tance at which the current drops to 1/e from the contact edge.
In most cases, Lt ranges between tens and several hundred
nanometers, ®3% and L. > Lt, so R. ~ p./ (WLt). Also, be-
cause Lt is so small, it is more convenient to use R.-W with
the unit of Q- um to compare the findings.
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Fig. 4. (color online) (a) Linear /-V characteristics of different channel
lengths. (b) Contact resistance derived using TLM at room temperature.
(c) Distributions of the contact resistance for the treated and untreated
devices.

We design the TLM structure with the width of 5 um and
the length of L; =2 pm, Ly =4 pm, L3 =7 pum, Ly = 10 pm,
Ls = 14 um, Lg = 20 um. The electrode pad length (L. =
3 wm) is much larger than the transfer length. Figure 4(a)
shows the dependence of the /-V curve on the channel length.
The I-V characteristics are linear over a large applied voltage

range, indicating that the contacts are ohmic. The total resis-
tance was extracted from the /-V curve and its dependence
on the channel length is shown in Fig. 4(b). The aluminum
cleaned set is shown as “treated” while “untreated” represents
the set which comes from the same graphene material and has
gone through the same fabrication process except for the alu-
minum treatment procedure. Due to the larger absolute errors
in extracting the contacting resistance when the gate bias is
around Vpire, '8! which is indicated as the minimum conduc-
tance point, we choose to compare the treated and untreated
samples at the same back-gate bias of —40 V. According to the
data, the graphene devices without the treatment show a larger
contact resistance around 597 Q- pm with a larger standard
deviation due to the non-uniformly distributed photoresidues.
On the other hand, the devices gone through aluminum clean-
ing have a smaller contact resistance of 98.73 Q-um and a
smaller standard deviation. Several devices were tested and a
distribution of sub 200 Q - um for the treated devices is shown
in Fig. 4(c). With the smallest value reaching to 75 Q - um, the

results are better than the previous reported ones.[”->0]
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Fig. 5. (color online) (a) Mobility extraction using Kim’s model with
the measured and fitting data of total resistance versus gate voltage. (b)
Distributions of the hole and electron mobilities of the devices with and
without the proposed treatment.

We have to mention that this treatment only influences the
contact area, and the channel area is protected by photoresist.
So compared to the method of depositing an aluminum layer
onto the whole graphene surface shown by Allen Hsu ez al., !
this method will not deteriorate the device’s other properties
such as motility as a trade-off.[”! To extract the mobility of the
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graphene devices, the transfer characteristic curve was mea-
sured by applying a gate voltage ranging from —40 V to 80 V
to the back-gate substrate while applying a drain—source volt-
age of 5 mV. The Ri,—V; curve shown in Fig. 5(a) was fitted
by the model proposed by Kim.*!l The extracted hole mobil-
ity is 814.42 cm?/V-s and the extracted electron mobility is
670.18 cm?/V-s. Although the fitting is good, there are still
some discrepancies on the hole branch, we attribute this to the
imprecise value of gate capacitance*? and the mobility varia-
tion near the Dirac point and away from the Dirac point.[3%33]
To testify that there is no degradation using this method, we
compare the mobility distributions of the treated and untreated
samples in Fig. 5(b). The treated and untreated samples both
have a mobility in the range of 400-1000 cm?/V-s. There is
a slight increase for the treated samples and we attribute this
enhancement to the decrease of the intrinsic carrier concentra-
tion induced by charged impurities.*! This result meets the
expectations: decreasing the contact resistance while preserv-
ing the mobility of the channel.

4. Conclusion

We have proposed a method to clean the contact area to
reduce the contact resistance without degrading the channel
mobility. Raman spectroscopy and AFM were used to show
the cleaning effect and the TLM structure was fabricated to ex-
tract the contact resistance and we obtained an average value
of 125 Q-um. The extracted mobility through the transfer
characteristic measurement showed no degradation of mobil-
ity after the process. By depositing a thin aluminum layer and
etching it away, this method provides a simple way to improve
the contact performance in fabricating the GFET devices.

References

[1] Zhou X, Chen J, Gu L and Miao L 2015 Chin. Phys. Lett. 32 026102

[2] Fan T J, Yuan C Q, Tang W, Tong S Z, Liu Y D, Huang W, Min Y G
and Epstein A J 2015 Chin. Phys. Lett. 32 076802

[3] LiuQB,YuC,LiJ,Song XB,HeZZ,Lu WL, GuGD, Wang Y G
and Feng Z H 2014 Chin. Phys. Lett. 31 078104

[4] Zhao W, He D W, Wang Y S, Du X and Xin H 2015 Chin. Phys. B 24
047204

[5]
[6]
[7]
[8]
[9]
[10]
(11]
(12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]

[22]
(23]

[24]
[25]

[26]

[27]

(28]

[29]
(30]

[31]
[32]
[33]

[34]

078103-5

Shao Y, Wang J, Wu H, Liu J, Aksay I A and Lin Y 2010 Electroanal-
ysis 22 1027

Novoselov K S, Fal’ko V I, Colombo L, Gellert P R, Schwab M G and
Kim K 2012 Nature 490 192

Hsu A, Wang H, Kim K K, Kong J and Palacios T 2011 IEEE Electron
Device Lett. 32 1008

Xia F, Perebeinos V, Lin Y M, Wu Y and Avouris P 2011 Nat. Nan-
otechnol. 6 179

Liu W, Wei J, Sun X and Yu H 2013 Crystals 3 257

Schwierz F 2010 Nat. Nanotechnol. 5 487

Rizzi L G, Bianchi M, Behnam A, Carrion E, Guerriero E, Polloni L,
Pop E and Sordan R 2012 Nano Lett. 12 3948

Choi M S, Lee S H and Yoo W J 2011 J. Appl. Phys. 110 073305

Li W, Liang Y, Yu D, Peng L, Pernstich K P, Shen T, Hight Walker A
R, Cheng G, Hacker C A, Richter C A, Li Q, Gundlach D J and Liang
X 2013 Appl. Phys. Lett. 102 183110

Lin Y C,Lu CC, Yeh C H, Jin C, Suenaga K and Chiu P W 2012 Nano
Lett. 12414

Cheng Z, Zhou Q, Wang C, Li Q, Wang C and Fang Y 2011 Nano Lett.
11767

Leong W S, Nai C T and Thong J T 2014 Nano Lett. 14 3840

Moser J, Barreiro A and Bachtold A 2007 Appl. Phys. Lett. 91 163513
Choi W J, Chung Y J, Park S, Yang C S, Lee Y K, An K S, Lee Y S
and Lee J O 2014 Adv. Mater. 26 637

Goossens A M, Calado V E, Barreiro A, Watanabe K, Taniguchi T and
Vandersypen L M K 2012 Appl. Phys. Lett. 100 073110

Lee J, Kim Y, Shin HJ, Lee C, Lee D, Moon C Y, Lim J and Chan Jun
S 2013 Appl. Phys. Lett. 103 103104

Gong C, McDonnell S, Qin X, Azcatl A, Dong H, Chabal Y J, Cho K
and Wallace R M 2014 ACS Nano 8 642

Leong W S, Gong H and Thong J T 2014 ACS Nano 8 994

Yang R, Wu S, Wang D, Xie G, Cheng M, Wang G, Yang W, Chen P,
Shi D and Zhang G 2014 Nano Res. 7 1449

Song S M, Park J K, Sul O J and Cho B J 2012 Nano Lett. 12 3887
Joiner C A, Roy T, Hesabi Z R, Chakrabarti B and Vogel E M 2014
Appl. Phys. Lett. 104 223109

Dimiev A, Kosynkin D V, Sinitskii A, Slesarev A, Sun Z and Tour ] M
2011 Science 331 1168

Nath A, Koehler A D, Jernigan G G, Wheeler V D, Hite J K, Herandez
S C, Robinson Z R, Garces N Y, Myers-Ward R L, Eddy C R, Gaskill
D K and Rao M 'V 2014 Appl. Phys. Lett. 104 224102

Matsuda Y, Deng W Q and Goddard W A 2010 J. Phys. Chem. C 114
17845

Ferrari A C and Basko D M 2013 Nat. Nanotechnol. 8 235

Grosse K L, Bae M H, Lian F, Pop E and King W P 2011 Nat. Nan-
otechnol. 6 287

Kim S, Nah J, Jo I, Shahrjerdi D, Colombo L, Yao Z, Tutuc E and
Banerjee S K 2009 Appl. Phys. Lett. 94 062107

Zhang Z, Xu H, Zhong H and Peng L M 2012 Appl. Phys. Lett. 101
213103

Tan Y W, Zhang Y, Bolotin K, Zhao Y, Adam S, Hwang E H, Das
Sarma S, Stormer H L and Kim P 2007 Phys. Rev. Lett. 99 246803
Hwang E H, Adam S and Sarma S D 2007 Phys. Rev. Lett. 98 186806


http://dx.doi.org/10.1088/0256-307X/32/2/026102
http://dx.doi.org/10.1088/0256-307X/32/7/076802
http://dx.doi.org/10.1088/0256-307X/31/7/078104
http://dx.doi.org/10.1088/1674-1056/24/4/047204
http://dx.doi.org/10.1088/1674-1056/24/4/047204
http://dx.doi.org/10.1002/elan.200900571
http://dx.doi.org/10.1002/elan.200900571
http://dx.doi.org/10.1038/nature11458
http://dx.doi.org/10.1109/LED.2011.2155024
http://dx.doi.org/10.1109/LED.2011.2155024
http://dx.doi.org/10.1038/nnano.2011.6
http://dx.doi.org/10.1038/nnano.2011.6
http://dx.doi.org/10.3390/cryst3010257
http://dx.doi.org/10.1038/nnano.2010.89
http://dx.doi.org/10.1021/nl301079r
http://dx.doi.org/10.1063/1.3646506
http://dx.doi.org/10.1063/1.4804643
http://dx.doi.org/10.1021/nl203733r
http://dx.doi.org/10.1021/nl203733r
http://dx.doi.org/10.1021/nl103977d
http://dx.doi.org/10.1021/nl103977d
http://dx.doi.org/10.1021/nl500999r
http://dx.doi.org/10.1063/1.2789673
http://dx.doi.org/10.1002/adma.v26.4
http://dx.doi.org/10.1063/1.3685504
http://dx.doi.org/10.1063/1.4819740
http://dx.doi.org/10.1021/nn405249n
http://dx.doi.org/10.1021/nn405834b
http://dx.doi.org/10.1007/s12274-014-0504-1
http://dx.doi.org/10.1021/nl300266p
http://dx.doi.org/10.1063/1.4881886
http://dx.doi.org/10.1063/1.4881886
http://dx.doi.org/10.1126/science.1199183
http://dx.doi.org/10.1063/1.4880937
http://dx.doi.org/10.1021/jp806437y
http://dx.doi.org/10.1021/jp806437y
http://dx.doi.org/10.1038/nnano.2013.46
http://dx.doi.org/10.1038/nnano.2011.39
http://dx.doi.org/10.1038/nnano.2011.39
http://dx.doi.org/10.1063/1.3077021
http://dx.doi.org/10.1063/1.4768690
http://dx.doi.org/10.1063/1.4768690
http://dx.doi.org/10.1103/PhysRevLett.99.246803
http://dx.doi.org/10.1103/PhysRevLett.98.186806

	1. Introduction
	2. Experiment
	3. Results and discussion 
	4. Conclusion
	References

