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Biosensor array with differential output based on monocrystal graphene domain is proposed to
realize high resolution measurement. The differential output structure can eliminate the noise that

comes from graphene crystal orientation and grain boundary, as well as the fluctuation comes

www.rsc.org/

from the contact resistance and experiment process, so as to improve resolution in the lower

concentration. We have fabricated high quality monocrystal graphene domain which has

millimeter size via chemical vapor deposition method. Two identical graphene ribbons that are
cut from the same domain are used as field effect transistor source-to-drain channels for

reference and test of differential output, respectively. The experiment results show that source-to-
drain current has a fast response shorter than 0.5 second in the glucose, normal saline and pH

buffer solution of different concentrations. Sensitivity increases exponentially with the increase
of concentration of tested liquid and high resolution range is 0.01~2 wt % in glucose and
0.0009~0.018wt % in saline, the highest resolution of glucose and saline are 0.01 wt % and
0.0009 wt %, respectively. We have fabricated 1x4 array structure with differential outputs that
pave the way for rapidly detecting of ultralow concentration of analytes.

1. Introduction

'Graphene, a single layer of carbon atoms in a two-dimensional
honeycomb lattice, has emerged as an attractive material due to
its excellent electronic, chemical and physical properties since
its discovery." Electrical detection of biomolecules using
graphene can achieve high sensitivity because the charge
carries in graphene are restricted to an one-atom-thick plane,
making graphene an consummate material for biological
detection.*®
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In recent years, graphene biosensors have been researched by
many groups. Most of graphene biosensor device is based on
field effect transistor (FET) which is fundamental and
important structure in silicon-based device fabrication.
Yasuhide Ohno et al. demonstrated a label-free immunosensor
based on an aptamer-modified graphene field effect transistor
(G-FET). The aptamer-modified G-FET showed selective
electrical detection of immunoglobulin E.° In the transfer
characteristic of as-prepared graphene field effect transistors,
Wangyang Fu et al. made a point that graphene channel is
insensitive to pH value in solution, because it outputs Dirac
point shifts when the pH value is changed.'® Ying Wang et al.
reported that graphene was successfully used in selective
sensing of dopamine, they also indicated the prospective
performances of graphene to other biological molecules
including nucleic acids, proteins and enzymes.'" And also
Schedin et al. reported that graphene acquired by mechanical
exfoliation could detect various gas molecules including NO,,
NH; and CO."? In above structure graphen channels are non-
suspending. Cheng et al. reported enhanced performance of
suspending grpahene field effect transisitors as sensors in
aqueous. It has been found that trapped charges at the interface
and in the oxide degrade transport characteristics of non-
suspending graphene,*>while graphene is suspending in
solution, the device is advantageous to achieve low detection
limit in solution.'® The improved performance in suspending
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graphene shows that device degradation associated with
charges at the interface is superior to non-suspended devices.
However, the graphene is unable to avoid being affected by
contact trouble. The above graphene devices are based on
single output structure that graphene is highly affected by the
contact resistance.

The contact between graphene and electrodes is comparably
important to the sensitivity of device. At this stage, the role of
the metal-to-graphene contact is at the forefront of obstacles
which impede the further improvement in performance.'’*'
Joshua T. Smith et al. consider that the performance of
graphene electronics is limited by contact resistance associated
with the metal-graphene interface where transport characteristic
degrades as carriers are injected from a 3-dimension metal to a
2-dimension graphene sheet.*” Carrier transport can be
envisaged as two cascading events including injection from
metal to the graphene sheet and the following transport into the
channel region.”® Although the contact resistance(<1KQ) has
been studied and obviously improved, it is still not enough for
practical application. Device structure of innovation should be
paid more attention to improve the performance.

On the other hand, the quality and size of graphene has a
significant effect on sensitivity of sensor, so the preparation of
graphene has always been the focus of frontier research. 2%
Grphene can be made by mechanical exfoliation or chemical
vapor deposition (CVD),””** and can be easily transferred to
rigid or flexible substrate for integration. At low pressure, the
growth of graphene on copper copper foil by chemical vapor
deposition (CVD) method is a self-limiting process, that is to
say, the growth process stops after a single graphene layer
forms.>'? Single layer graphene is always polycrystalline
structure that consists of many monocrystal domain, as well as
different graphene crystal orientation and a lot of grain
boundary that caused carrier transport noise. As we said before,
the above device structures have only single output that
graphene source-to-drain channel is sensitive to surrounding
influence such as contact resistance difference, -crystal
orientation and grain boundary.

We propose a differential output structure with a pair of
identical graphene ribbons cut from the same monocrystal
domain that can confirm the identical crystal orientation and
eliminate the influence of grain boundary, so as to eliminate the
influence of noise which comes from graphene crystal
orientation difference, grain boundary, contact difference and
test process. Graphene used in our paper is grown by chemical
vapor deposition(CVD) method because we can acquire the
millimeter size of monocrystal graphene domain which is big
enough to cover the whole biosensor array of 1X4. The e-beam
lithography, rapid thermal annealing and oxygen plasma are
used in our experiment to improve the ohmic contact. In this
paper, the objects to be tested include Glucose, normal saline
and pH buffer solution, the concentration of those is important
indicator in medicine field.

2. Experimental details

The structure of proposed differential output biosensor array
based on monocrystal graphene domain is shown in FIGURE
la. Two identical graphene ribbons come from the same
graphene domain are used as source-to-drain channels. The

electrodes of source and drain are deposited on garphene ribbon.

The micro liquid channel made up of SU-8 wall is placed upon
the electrodes, and used for separating test liquid from testing
probes in order to avoid short current between source and drain.

2| J. Name., 2012, 00, 1-3

The substrate consists of silicon dioxide (300nm) insulator and
N+ heavy doped silicon back gate.

The overall process for fabrication of the proposed graphene
sensors on silicon dioxide is depicted in Fig. 1b. Graphene
domains were grown on copper foils by the CVD method with
a mixture of methane (0.2 sccm) and H, (100sccm) gases at
1077 °C for one hour and spin-coating with PMMA (poly
methlmethacrylate), which has been reported in our previous
work.?® The size of graphene copper was about 10mm X 10mm.
Then the copper foil was etched in 5 wt % solution of
ammonium persulfate ((NH,),S,03) for 1-2 hours, followed by
cleaning in deionized water for several minutes which was
shown in step (1°) to (3”). There are four masks were used in
our experiment for fabricating alignment mark, graphene ribbon
channel, electrode array and SU-8 channel. And we have
designed alignment marks to confirm the precision of alignment
for multi layers lithography. Firstly, to verify the coordinate of
the graphene domain, the alignment mark (mask-I) made of
aluminum is prepared by the e-beam lithography (Cello
Technology, Ohmiker-SOBR) as shown in step (2). Then the
graphene-PMMA structure was transferred onto the substrate,
after that, the PMMA was removed by acetone in step (3). To
achieve differential output, a pair of identical graphene ribbon
was obtained by oxygen plasma (CETC 13 and Heibei
Shentong Photoelectric technology Co. LTD, DQ-500C)
etching process (mask-II) in step (4). Then source-to-drain
electrode array was manufactured by the e-beam lithography
again to realize the contact resistance (mask-III). After the e-
beam lithography, the electrodes were treated by rapid thermal
annealing (Allwin 21 Corp. RTA Heatpulse 410) to improve the
contact between graphene and electrodes in step (5). Finally,
the SU-8 photoresist was used to make the wall of micro liquid
channel (mask-IV) for liquid testing.

A semiconductor parameter analyzer (Keithley Instruments,
Inc., 4200 SCS) was utilized to monitor the source-to-drain
current Ipg of each differential output during the test. Various
concentrations of liquid solution including glucose, normal
saline and acid-base liquor pH buffer were introduced to the
micro liquid channel and then the (DI) water was introduced to
clean the channel for recovery process. The monocrystal
graphene morphology is investigated by scanning electron
microscopy (SEM) (S-4800 field emission scanning electron
microscope) and optical microscope (Olympus Corp., BX 51).
Raman spectra were collected by Horiba Jobin Yvon HR 800
using a 514 nm laser excitation.

(a) SU-8 wall of Graphene
Micro liquid Source-to-Drain
Channel Channel

4

Source
electrode
Au/Ti

s Drain
electrode
Au/Ti

/" Alignment
' Mark

Insulator
Back Gate
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FIGURE 1: Schematic diagram(a) and fabrication flowchart(b) of the
single layer monocrystal graphene domain biosensor array with
differential output. In Figure (a), the graphene ribbons formed by
oxygen plasma were underneath the -electrodes composed of
Au(100nm) and Ti(50nm) metal. The micro liquid channel is upon both
graphene ribbons the electrodes by SU8 walls and for liquid solution
test. In Figure (b), step (2) shows the preparation of alignment mark
which is the coordinate markers for the following process steps. Step
(1), (2°), (3°) and (3) depict the process of transferring graphene to
substrate. Step (4) describes the oxygen plasma etching process to
achieve a pair graphene ribbon of the differential structure. Step (5)
shows source and drain electrode array was manufactured by e-beam
lithography. Finally, the micro liquid channels made of SU-8
photoresist were produced by lithography process in step (6).

3. Results and Discussion

3.1 Morphology of Graphene and the Device Structure

The graphene used in our experiment is discrete film composed
of high density ordered hexagonal monocrystal graphene
domain as shown in Figure 2 (a), in which the size is nearly 1
millimeter. The G band and the 2D band have peaks at around
1583 CM™' and 2664 CM™', respectively. The I,p/Ig ratio is
about 4.7 (Figure 2 (a) inset). These results confirmed that the
graphene we used is monocrystal and single layer without
defect peak. One monocrystal graphene domain is big enough
for cover more than three ribbons that are orange rectangular
patterns as shown in upper half of Figure 2 (b). The millimeter
size of graphene domain is indispensable to realize the
differential output. After etching process, pairs of graphene
ribbons that are green rectangular patterns were left as shown in
lower half of Figure 2 (b). The intact device structure which has
the differential output of 1X4 is show in Figure 2 (c), the scale
bar is 300 micrometers and the size of the array structure is
about 600 micrometers. The size of one graphene ribbon is 30
X 100 micron square. The SU-8 walls stand still on top of
electrodes and bent into a closed cavity for liquid solution test,
as shown in lower left corner of Figure 2 (d). The 1 X4 arrayed
structure with differential outputs contains two 1X2 arrayed
structure, and could detect two kinds of tested solution as
glucose and normal saline. The 1 X 2 arrayed structure is

This journal is © The Royal Society of Chemistry 2012
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composed of two identical graphene ribbons stemming from the
same monocrystal graphene domain so that the ribbons have
duplicate crystal orientation.

000 1500 2000 2500 3000
Ra 7

s sht (o)

FIGURE 2: Microphoto of graphene morphology and device structure. (a)
SEM image of graphene on Cu foil and Raman spectra of graphene
transferred onto SiO/Si substrate. The G band and 2D band are peaked at
around 1583 CM™" and 2664 CM™, respectively. The scale bar is 1 millimeter.
(b) Optical image of graphene ribbons from one monocrystal domain before
(upper half) and after (lower half) etching process. Pairs of graphene ribbon
was obtained by oxygen plasma (scale bar 100 microns). (¢) SEM image of
biosensor array with differential output, white rectangular patterns are
electrodes and black ones are graphene. The size of array structure is about
600 micrometers (scale bar 300 microns). (d) Digital photos of device
package and SU-8 wall for liquid channel. The height of SU-8 is about 465
microns(scale bar 10 mm, inset scale bar 30 microns).

3.2 pH Value Measurement in Single Output

Before the differential output structure test, we investigate study
single output one. When the pH buffer solution flows into a single
output micro liquid channel, the solution ions would be absorbed to
the surface of the monocrystal graphene ribbon to change the
transport characteristic. The source-to-drain current Ipg is modulated
by the adsorbed ions as shown in Figure 3 (a). The Ipg changes
immediately when the pH buffer is introduced into the micro liquid
channel (in Figure 2d), the response times of three curves are all less
than 0.5 seconds. We find that the device has a similar response both
in acidic solution of pH 4.00 and alkaline solution of pH 9.18,
respectively. Relative sensitivity, which is defined as S = (Ips i) -
Ips res) / Ips aniy, is used to measure the degree of device response
caused by the change of pH value. Ingqny is initial steady current,
Ips(res) is steady response current, Ipg change is Ips ani) - Ips res)- S
in both of acidic and alkaline solution is higher than 50% and S in
DI water neutral solution is lower than 30% as shown in Table 1.
Because the ion concentration in both acidic and alkaline solution is
higher than that in DI water, that have more significant influence on
the conductivity of graphene. To distinguish pH buffer solution
acidic or alkaline, we can observe the Dirac point shift Dy, in
Figure 3 (b) and Table 1. The point in minimum conductivity is
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called Dirac point, where carriers change from hole to electrons. In
neutral DI water which pH was 6.86, we find the Dirac point is about
0V. It means that graphene keep intact and non-doping in ambient
solution. Dirac point shifts toward more negative gate voltages with
increasing pH values as shown in Figure 2 (b). There are two
mechanisms in this process including surface charge effect and
doping effect.*' Surface charge effect means that ions move
according to their charged polarity and accumulate to form electric
layer at the interface between graphene and solution acting as a gate
capacitor. As a result of negative charged hydroxyl groups (as
Alkaline) attached to the graphene ribbon, the increased hole
concentration leads to the Dirac point shifting to positive voltage and
enhancing current Ipg with increasing pH value. On the contrary,
Doping effect means that ions in solution dope the graphene from
ribbon edge, and cause redundant defects and dangling bonds.
Subsequently, carrier transport in graphene decreased, as well as
current Ipg and conductivity. As a result of doping effect, the
increased electron concentration leads to the Dirac point shifts to
negative voltage with increasing pH value. Under the two kinds of
effect, the Dirac point shifts to negative voltage with increasing pH
value due to stronger doping effect.

In our graphene ribbons differential output structure experiment,
current Ipg decreased instead of increased, because the doping effect
plays a dominant role in the changing of conductivity instead of
surface charge effect which is more common to graphene obtained
by exfoliation method.** It is worth to note that the device could
keep similar initial value, even after acidic and alkaline liquid
experiment. However, there is some fluctuation in red line and blue
line before black “liquid in”arrow (as shown in Figure 3a) when test
liquid solution is introduced in SU-8 wall micro liquid channel.
Noise introduced by experiment process and external environment is
hard to avoid in single output structure, but is easy to eliminate in
differential output structure.

Table 1 List of Ipg change, Sensitivity and Dirac point shifts towards pH value of
single output structure testing

3.3 Glucose and Normal saline Measurement in Differential
Output

The concentration of glucose and normal saline are important
indicator in medicine science. The real-time monitoring of glucose
and saline is extremely significant to human health. In differential
output structure, DI water is used to be reference, which is
introduced in reference micro liquid channel, because it has the same
pH value as glucose and normal saline solution, which are
respectively introduced into testing micro liquid channel. The
Source-to-drain current profile of glucose is shown in Figure 4. To
explore the highest resolution of monocrystal graphene ribbon
biosensor, we prepared six kinds of concentration by diluting
standard glucose solution with DI water 5, 10, 50, 100 and 1000

times, respectively. Differential Ipg is defined as Alpg = Ipg . g. %) -
Ips (o1 water)» and  Relative sensitivity is defined as S = (Ipg e. g. %) - Ips

(oI Wate,)) / Ips (e. g %) that shows contrast at each concentration of
glucose are shown in Table 2 and Figure 4 (b). Where Ips (b1 water) and
Ips (e. g %) are Source-to-drain current in reference and testing micro
channel with different concentration glucose solution including 10
wt %, 2 wt %, 1 wt %, 0.2 wt % and 0.01 wt %, respectively. The
noise caused from graphene crystal orientation and contact resistance
differences has the same influence on Ipg of both tested solution and
DI water, and can be reduced and eliminated in differential output.

Table 2 List of A Ing and Sensitivity towards different glucose concentration of
differential output structure testing

Concen- 0, 2% 1% 02%  0.01% DI
tration
Alps 27.28
A . 22.04 19.81 12.99 10.39 10.37
S 33.6%  21.6% 17.9%  4.6% 1.1% 0%

species Acidic DI water Alkaline
pH 4.00 6.86 9.18
Ips change 8.78 pA 4.57TuA 9.62pA
S 54.17% 28.35% 58.04%
Danife 0.33V ov -0.19V
18 liquid in “ —
(a) ‘ —— pH 4.00 (acidic) 120 (b) —g: Zgg :E(I:]Svger)
. ——pH 6.86 (DI water) = —— pH 9.18 (alkaline)
<:(- 1 ——pH 9.18 (alkaline) (1 100
- :E,’ 80
= z
[ g e
=3 =3
o 4 O 4

0 10 20 30 40 50 60 70 80 40 05 00 05 10
Time (Sec) Base Voltage (V)

FIGURE 3 Source-to-drain current profile of different pH value solution. (a)
Ips versus time response and (b) Ips versus base voltage response under DI
water (red line), acidic (black line) and alkaline (blue line) solution. Dirac
point shifts from positive to negative voltage with the increasing pH value
from 4.00 to 9.18. Base voltage is applied in liquid from -0.1V to +0.1V.
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FIGURE 4 Source-to-drain current profile of differential structure of glucose
solution. (a) Ips versus time response under different concentration of glucose
solution including 10 wt %, 2 wt %, 1 wt %, 0.2 wt %, 0.1 wt % and 0.01 wt
%. (b) Relative sensitivity versus time response under different concentration
of glucose solution. The relative sensitivity ranges from 33.6 % to nearly 1.1
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%. (c) the Alpg versus Concentration curve shows the resolution in different
concentration.

The fluctuation caused in experiment would affect graphene ribbons
in both of testing and reference micro channel, and has been reduced
even eliminated. Sensitivity increases exponentially with the
increase of concentration of glucose as shown in Figure 4c, the
highest resolution is 0.01 wt %. We can also find that the slope is
higher in low concentration and A Ipg changed linearly in the range
0f 0.01 % to 0.1%. In the higher concentration, the device is
saturated and could not distinguish the solution with different
concentration.

We also prepare four kinds of concentration of normal saline
including 0.09 wt %, 0.018 wt %, 0.009 wt % and 0.0009 wt %,
respectively. The differential Ipg and relative sensitivity S ranges
from 22.8 % in the concentration of 0.09 wt % to 0.86 % in the
concentration of 0.0009 wt % are shown in Table 3. The highest
saline resolution in differential structure is 0.0009 wt %. The glucose
is non-electrolyte and could not ionize, which is different from saline
solution measurement. As shown in Figure 4 (c) and Figure 5 (c), the
A Ips increases sharply in the range of 0.01 ~ 2 % (glucose) and
0.0009~0.018wt % (saline), respectively, and goes into saturation in
higher concentration region, the reason for that is because our
device with the size of micrometers. It means our device shows
outstanding resolution property and can be used for ultra low
concentration of analytes detection.

Table 3 List of A Ips and Sensitivity towards different saline concentration of
differential output structure testing

Concentration 0.09% 0.018% 0.009% 0.0009% DI
Alps /pA 33.52 24.93 26.22 17.46 16.5
S 22.8% 18.9% 14.7% 0.86% 0%
;E(a) faudny —009% Saline 307 () wgsain
——0018% Saline & 28] B!
Ly % ——0009% Saline = 20]
z 5] —— 0.0009% Sal =
qé rg —s Bl wale? i é A
2 9 3 1]
= 454 2 ]
g 4] 2 Z.
£ = —009% Saline 5=228%
o 35 S 5 ——0018% Saline S=18.9%
30 & 10d ——0009% Saline S=14.7%
. , ——0.0009% Saline S=0.86%

0 50 100 150 200 250 i 0 50 100 150 200 250

Time (Sec) Time (Sec)

34 (C) ,—""""”i.
32 -

30
—~ 28 g
2 26 el
I

22

= Experiment Data
4" Exponential Fitting

000 002 004 006 008 010
Concentration(%)

FIGURE 5 Source-to-drain current profile of differential structure of normal
saline solution. (a) Ips versus time response under different concentration of
normal saline solution including 0.09 wt %, 0.018 wt %, 0.009 wt %, and
0.0009 wt %. (b) Relative sensitivity versus time response under different
concentration of normal saline solution. The relative sensitivity ranges from
22.8 % to nearly 0.86 % . (c) the A Ips versus Concentration curve shows the
resolution in different concentration.
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4. Conclusions

We have successfully fabricated 1x4 biosensor array with
differential output based on monocrystal domain graphene
ribbon. The fluctuation caused in crystal defect and experiment
process has been reduced even eliminated by differential output
structure. We have fabricated high quality monocrystal
graphene domain which has millimeter size via chemical vapor
deposition method. The source-to-drain current response time is
shorter than 0.5 second. Dirac point shifts to negative voltage
with increasing pH value because doping effect plays a
dominant role in the changing of graphene ribbon conductivity.
The highest resolution of glucose and normal saline are 0.01
wt % and 0.0009 wt %, respectively. Our device shows superior
properties and has higher sensitivity and resolution in the lower
concentration. If a lower concentration of virus molecules or
cancer cells can be detected, cancer early detection technique
will be improved significantly.
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