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Based on the polarization-sensitive absorption of graphene under conditions of total internal reflection, a
novel optical sensor combining graphene and a microfluidic structure was constructed to achieve the
sensitive real-timemonitoring of refractive indexes. The atomic thickness and strong broadband absorption
of graphene cause it to exhibit very different reflectivity for transverse electric and transverse magnetic
modes in the context of a total internal reflection structure, which is sensitive to the media in contact with
the graphene. A graphene refractive index sensor can quickly and sensitively monitor changes in the local
refractive index with a fast response time and broad dynamic range. These results indicate that graphene,
used in a simple and efficient total internal reflection structure and combined withmicrofluidic techniques,
is an ideal material for fabricating refractive index sensors and biosensor devices, which are in high demand.

I
n recent years, graphene has emerged as a novel two-dimensional (2D)material in the field ofmaterials science
due to its prominent intrinsic electronic, thermal, mechanical, structural and chemical properties1. Highly
sensitive biosensors and electrochemical sensors based on graphene field-effect transistors have been widely

developed for sensing gases2,3, liquids4,5 and biomolecules6–8. Because graphene has a 2D structure, with each of its
atoms exposed, its electrical properties are very sensitive to changes in the charge environment induced by the
reaction or adsorption of analytes on its surface. However, a transistor-based graphene sensor requires the
measuring of current changes on the graphene surface; therefore, the temporal and spatial resolution is greatly
restricted relative to that of optical sensors. Due to its high carrier mobility and zero-bandgap characteristics,
graphene exhibits unique and desirable optical properties, such as broadband and tunable absorptions9,10 and
strong polarization-dependent effects11–14. Thus, new high-performance graphene-based optical sensors are
expected to be capable of characterizing surface structural changes and biomolecular interactions.

For optical sensors, measurements of refractive index changes are important for a variety of applications in
biosensing, drug discovery, environmental monitoring, and gas- and liquid-phase chemical sensing. Various
methods for obtaining these measurements have been developed15. At present, refractive-index-sensing tech-
nologies based on surface plasmon resonance (SPR) are widely used based on their ability to provide highly
sensitive label-free real-time data16. The most common modulation approaches used in high-performance SPR
sensors are based on the spectroscopy of surface plasmons in wavelength or angular domains. However, when
measuring a range of wavelengths or angles, optical focusing limits the sensitivity, resolution, dynamic range and
other functionalities of a spectroscopy-based SPR instrument and produces notable deficiencies in the real-time
performance (.ms) of the sensor in question. An SPR sensor with amplitude modulation can produce fast, real-
time monitoring and imaging functions, but its performance is typically worse than that of spectroscopy-
based SPR sensors. Moreover, biomolecules adsorb poorly on gold, limiting the sensitivity of conventional
SPR biosensors.

In this study, we present a strategy for sensing changes in refractive indexes using graphene optical sensors; in
particular, this strategy is based on the different reflection behaviors of transverse-magnetic (TM) and transverse-
electric (TE) modes under total internal reflection conditions. The model used in this investigation consists of a
graphene layer sandwiched between a high-index medium (medium 1, refractive index n1) and a low-index
medium (medium 2, refractive index n2) (Fig. 1a). As has been observed for the SPR sensor, the differences in

SUBJECT AREAS:

OPTICS AND PHOTONICS

OPTICAL MATERIALS

SENSORS

OPTICAL PHYSICS

Received
24 September 2012

Accepted
26 October 2012

Published
30 November 2012

Correspondence and

requests for materials

should be addressed to

Z.-B.L. (nkzbliu@gmail.

com) or J.-G.T. (jjtian@

nankai.edu.cn)

SCIENTIFIC REPORTS | 2 : 908 | DOI: 10.1038/srep00908 1



reflectance between the TE and TMmodes are sensitive to variations
in the refractive index n2 under fixed n1 conditions. Therefore, using
a graphene sensing layer, a change of refractive index with broad
dynamic range can be measured under total internal reflection. The
polarization-dependent absorption effect of graphene allows us to
use the balanced detection scheme. The balanced detection solves the
problems of real-time detection, and improves the measurement
sensitivity.With intensitymodulation, the graphene-based refractive
index sensor (GRIS) assessed in this study demonstrates a high sens-
itivity of 105 per refractive index units (RIU21), a fast real-time res-
ponse of ,10 ms, and a large dynamic range with Dn.0.5, where
Dn5n12n2 is the difference in refractive indexes between medium 1
and medium 2. Because the detection limit depends only on the
signal-to-noise ratio, the detector sensitivity and the response time
of the detector, GRIS is expected to achieve high sensitivity and fast
response time easily. Furthermore, the various advantages of gra-
phene, such as its stability, low cost, rich functionality, easily con-
trolled thickness, and strong mechanical strength, make it a
promising candidate for refractive index sensing and indicate its
potential for wider applications, particularly in biological and chem-
ical sensing.

Results
Polarization-dependent reflection and absorption. Due to its
unique electronic structure, in which conical-shaped conduction
and valence bands meet at the Dirac point, a pristine monolayer of
graphene that has been scaled to an atomic thickness demonstrates
frequency-independent optical conductance and strong broadband
absorption per unit mass (pa52.3%)17. Moreover, its unique
polarization- dependent effects11,13 and use as fiber12 and planar
waveguide polarizers14 have been investigated. Given the unique
2D structure of graphene, its optical properties can be more fully
utilized when surface waves propagate through the graphene plane.
Under total internal reflection (TIR), a fraction of the incident energy

can penetrate through the interface of medium 1 and medium 2; this
energy fraction propagates along this interface and is known as the
evanescent field. At z50, the intensity components (I0x, I0y and I0z) of
the evanescent fields induced by TE (s-polarized) and TM (p-
polarized) incident light are shown in Fig. 1b18 with n151.61 and
n251.41. The intensities of the evanescent field for the s- and p-
polarized incident lights at z50 are I0s5I0y and I0p5I0x1I0z.
When graphene is placed between two media, the relative propor-
tions of the intensity components that are parallel or orthogonal to
the graphene plane will result in different propagation behaviors for
s- and p-polarized light. Furthermore, the x, y, and z intensity
components are also dependent on the change of n2 when n1 is
fixed (Fig. 1c). Thus, it is expected that the reflectance of the
structure shown in Fig. 1a will differ significantly for distinct
proportions of incident s- and p-polarized light.
Using a derivative total reflection method (Fig. S3), the reflectance

of the prism/graphene/substrate tri-layer structure can be obtained
for s- and p-polarized incident light (Fig. 1d). The refractive indexes
of the substrate can be changed by employing different solvents, such
as water (1.33174), alcohol (1.36169), butyl alcohol (1.39466), N,N-
dimethylformamide (1.47497), dimethylamine (1.43697), and chlo-
roform (1.44176). Fig. 1D presents the experimental results of the
reflectance for s- and p-polarized light with different values of
Dn5n12n2 using a derivative total reflection method (See Method
and Fig. S3). Four-layer graphene grown by chemical vapor depos-
ition (CVD) was transferred to the bottom of a prism. There are
many kinds of methods to define the number of graphene layers,
such as the transmittance, Raman spectroscopy19 and SPR20. In our
experiment,the number of graphene layers was defined by the trans-
mittance (Fig. S4) andRaman spectroscopy (Fig. S5). The absorbance
of graphene samples with different number of layers were shown in
Fig. S4. When the absorbance of graphene sample is about 9%, the
number of graphene layers is determined to be four by combining
with it Raman spectroscopy as shown in Fig. S5. And the optimized

Figure 1 | The polarization-dependent features in graphene sandwiched structure. (a) A schematic illustration of graphene sandwiched between two

dielectric layers. (b) A plot of the intensities of the evanescent waves for the x and z components at p-polarization and the y component at s-polarization

with different incident angles. (c) A plot of the intensities of the evanescent waves for the x and z components at p-polarization and the y component at s-

polarization with different refractive indexes n2. The incident angle is 75u. (d) The experimental results of reflectance for s- and p-polarized light with

differentDn5n12n2using a derivative total reflectionmethod. (e) The theoretical results of reflectance for s- and p-polarized light with differentDn based

on Maxwell’s boundary conditions. (f) The experimental (circles) and theoretical (line) results of DR with different refractive indexes n2.
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number of graphene layer for this sensor application is four in our
current studies. The changes in n2 were achieved using different
liquid solvents. The reflectance R of the tri-layer structure for s-
polarized light is much smaller than the reflectance for p-polarized
light, which indicates that graphene has a greater absorption for s-
polarized light when transmission is prevented by TIR21.
The general theory regarding light diffraction by tri-layer struc-

tures (Fig. 1a) that consist of a loss layer (graphene) sandwiched
between two semi-infinite dielectrics (medium 1 and medium 2)
states that the manner in which the transition takes place is also
governed by Maxwell’s boundary conditions, which state that the
tangential components of the electric (E) and magnetic (H) fields
are continuous across boundaries22. The intermediate graphene layer
has a complex optical constant with n̂5n1ik, where n is the real
refractive index of graphene and k is its extinction coefficient23–25.
The thickness d is relative to the number of layers of graphene (e.g.,
d50.34 nm for a single layer of graphene). Based on the boundary
conditions and Snell’s law, the reflectance of tri-layer structures can
be obtained for s- and p-polarized light (see Supplementary theory).
As shown in Fig. S2, the graphene layer stores more energy for TE
waves than for TM waves. Thus, in situations involving the total
reflectance of light, the reflectance of TE waves is less than that of
TMwaves. The reflectances of s- and p-polarized light appear to vary
with the incident angle of the light and the refractive indexes of the
substrates. Thus, the reflectance differences observed in this experi-
ment are a function of both the incident angle and the refractive
indexes of the media that are used. The polarization-dependent
reflection experiments of single-layer and bi-layer graphene were
performed. The corresponding results were shown in Fig. S6. The
theoretical simulations based on Maxwell’s boundary condition are
in agreement with the experimental results, which supports our
theoretical model.

For a given incident angle (e.g., 75u), the difference (DR5
RTM2RTE) in reflectance between s- and p-polarized incident light
is strongly dependent on Dn (Fig. 1f). Figures 1e and 1f (solid line)
provide the theoretical results generated by Maxwell’s boundary
conditions (see Supplementary theory) with n̂52.611.6i and
d51.36 nm (four layers). The observed value of k51.6 is slightly
larger than the reported value of k51.325. One possible reason for
this discrepancy is that the graphene sample used in this analysis was
grown using CVD and therefore has a less even distribution than the
mechanically exfoliated graphene. When medium 1 and the gra-
phene layer are fixed, the change in the refractive index of medium
2 can be determined by measuring DR for a given incident angle.

Device design. We designed a simple, real-time refractive index
measuring system that used GRIS in combination with a micro-
fluidic system. The experimental setup is shown in Fig. 2a and uses
a 523 nm continuous wave laser as a light source. First, circularly
polarized light obtained by adjusting a Glan-Taylor polarizer and a
quarter-wave plate was focused on the GRIS at the center of its
microfluid channel. The inset of Fig. 2a shows the structure of the
GRIS, and the full diagram of the microfluid GRIS is provided in Fig.
S8. Second, amulti-layer graphene coating was transferred to a right-
angle prism using CVD and the cast microfluid channel was bonded
to the graphene layer to form a microfluid channel/graphene/prism
sandwich structure (see Fig. S7 for the detailed process). In this step,
the focused spot must be small enough to ensure that it can be fully
irradiated inside the microfluid channel. Third, the incident angle of
circularly polarized light was adjusted in accordance with the
refractive index of the fluid to be measured, allowing TIR to occur
as incident light passed through the microfluid channel. Fourth, the
reflected light was separated into s- and p-polarized light using a
polarization beam splitter (PBS) and then detected by a balanced

Figure 2 | A sensitive, real-time microfluid refractive index measuring system. (a) A schematic illustration of the measuring system. The enlarged

diagram shows the sandwiched structure of the GRIS. PBS separated the circularly polarized light into s- and p-polarized lights. (b) A schematic

illustration of the GRIS. The light source can be a laser of any wavelength or even natural light. The absorption of s-polarized light is much greater than

that of p-polarized light when fluid is flowing. (c and d) The real-time voltage signal change ofmicrofluid with andwithout graphene when injectingN,N-

dimethyl acetamide, deionized water, air, ethanol, air, a solution of 10% NaCl, air and water successively at a flow rate of 10 mL/s.
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detector. A balanced detector consisted of two well-matched
photodetectors was used to detect the difference between the
photocurrents in the two optical input signals26. Due to the
polarization-sensitive absorption of graphene under total internal
reflection, the intensity of the p-polarized light changed little
before and after microfluid injections, whereas the microfluid
injection greatly altered the measured intensity of the s-polarized
light, as shown in Fig. 2b and Fig. 1d. The signal from the balanced
detector is measured relative to the difference DR5RTM2RTE in
reflectance between the s- and p-polarized incident lights. Thus,
the signal from the balanced detector can be used to monitor the
change in the refractive index of the fluid. After a calibration using
standard liquids known, the GRIS can be used for refractive index
measuring. Furthermore, before signal measurements, a substance
(generally air or water) should be chosen to calibrate the detector,
and the output voltage of the balanced detector should be adjusted to
0 V for this reference substance. During the measurement process,
the refractive index of the internal microfluid channel at each
moment corresponds to a particular voltage calculated by sub-
tracting the intensity of the s-polarized light from that of the p-
polarized light measured by the balanced detector. The voltage
varies with the microfluid’s refractive index; fluids with larger
refractive indexes produce higher calculated voltages.

Discussion
One of the prominent features of the GRIS is its broad measuring
range, as its signal depends on the value of Dn. To demonstrate this
advantage, an experiment was conducted at room temperature with
an incident angle of 83u; under these conditions, the refractive index
of the prism was 1.51. When the incident power before the GRIS was
0.202 mW, the power of the p-polarization in front of the balanced
detector was 10.33 mW. Subsequently, using air for calibration pur-
poses, we injected N,N-dimethyl acetamide, deionized water, air,
absolute ethyl alcohol, air, a solution of 10% NaCl, air and water in
turn at a flowing speed of 10 mL/s, generating a relationship curve
indicating the real-time voltage signal change of the microfluid, as
shown in Fig. 2c. The real-time refractive index range was easily
measured for refractive indexes ranging from 1 to 1.438. In fact,
the dynamic range of the GRIS depends on the refractive index of
the prism. If a prism with a refractive index of 1.71 is used, the
refractive index of chlorobenzene (1.57) can be easily measured.
The most commonly used method of measuring real-time refractive
indexes employs an SPR sensor based on the modulation of incident
angles. The dynamic range of SPR can readily be extended to be lower
or higher, using different prism materials having various dielectric
constants27. However, the change of prism materials is not conveni-
ent in real-time monitoring. The dynamic range of SPR may be
restricted, when a fixed prism is used in refractive index measure-
ments28. Therefore, the GRIS provides a reliable platform for mea-
suring the refractive index of more complicated micro-fluids with a
larger dynamic refractive index range. Figure 2d illustrates the results
for tests in which the PDMSmicro-fluid channel was directly bonded
to the prism without a graphene sensor layer between them. Under
the same conditions detailed above for the GRIS, this control was
successively placed in the aforementioned fluids, producing a voltage
signal that was always close to 0 V for each different liquid input. The
lack of a distinctive pattern of alteration between the liquids demon-
strates that the novel properties of graphene play a key role in the
GRIS’s detection ability.
As a sensing layer, graphene offers good, stable real-time perform-

ance. Fig. 2c shows that the voltage signal changes quite predictably
and rapidly upon the inflow of each different fluid into the micro-
fluid channel. During the injection of the 10% NaCl solution, the
voltage signal exhibited a transitory decrease caused by air bubbles
in the solution29. Nevertheless, the evident advantages of using
graphene as a sensing layer are manifold. First, with its perfect 2d

structure, graphene possesses desirable mechanical properties and
chemical stability, which means that a graphene sensing layer is
difficult to damage. Second, the nanometer-order thickness of gra-
phene greatly increases the propagation distance of evanescent waves
in liquid, thereby producing a more accurate detection result. The
velocity distribution of the fluid in a micro-fluid channel is known to
be uneven because the fluid flows more slowly as it approaches the
sensing layer; thus, if the propagation distance (in the z direction) of
the evanescent waves in the fluid is short, the detected result would
be subject to larger time-delay errors, resulting in poor real-time
performance. For these reasons, graphene sensors provide longer
service life, better real-time performance and greater versatility in
fluid measurements.
The rapid response of the GRIS makes it possible to measure a

fluid using a faster flow rate and to quickly reflect the changes in
refractive indexes during a process of rapid fluid flow. In the experi-
ment, we simultaneously detect the two values by using a balanced
detector. The GRIS’s response speed is dependent on the response
time of the detector and data acquisition equipment. To illustrate
more accurate measurement using high collecting frequency,
we combined rapid peristalsis (300 mL/s) and data collection
(100 kHz). The data were initially collected at a frequency of
10 kHz with an interval of 100 ms. As shown in Fig. 3a, during
successive injections of air and deionizedwater at different flow rates,
the voltage changed by nearly 10 V is both nearly identical for dif-
ferent fluids and quite reproducible for different flow rates. At dif-
ferent flow rates, the voltage changed continuously at lower speeds
and quite discontinuously at higher speeds. In particular, speeds
approaching 300 mL/s led to a large voltage interval. These changes
indicate that the refractive index change of micro-fluids at higher
speeds cannot be measured with good integrity at the collecting
frequency of 10 kHz, which made it difficult for the sensor to con-
duct real-time measurements at high speeds. For this reason, we
changed the frequency of data collection to 100 kHz with an interval
of 10 ms and repeated the above experiments under the same condi-
tions. The experimental data generated after this modification indi-
cated that minor changes in the refractive index were clearly evident
at both a low speed of 5 mL/s and a higher speed of 300 mL/s (Fig. 3b).
To better demonstrate the significance of a higher response speed in
real-time refractive index measurements, we compared the curves
obtained at the two different collecting frequencies at the speed of
300 mL/s (Fig. 3c). The comparison shows that the two curves are
almost identical; thus, this experiment exhibits high stability. Most
importantly, the refractive index change at an interval of 10 ms can be
better measured at the collecting frequency of 100 kHz, which pro-
duces a continuous curve. In contrast, the data points measured at a
frequency of 10 kHz are rather discontinuous and can only indicate
rough trends. Therefore, a higher response speed facilitates the more
accurate measurement of tiny changes in the refractive index; this
property is particularly important for measuring refractive indexes
during rapid-response processes, which are common in many bio-
logical and chemical interactions. In fact, the GRIS’s response speed
is theoretically dependent on the response time of the balanced
detector and data acquisition equipment; the equipment used in this
experiment can reach 10 ns and 340 kHz. However, the response
speed of a traditional refractive index sensor, including SPR refract-
ive index sensors, is generally on the order of milliseconds.
Moreover, the GRIS has high resolution and sensitivity. To experi-

mentally demonstrate this property, we generated a curve (see
Fig. 4a) representing the voltage changes associated with injecting
deionized water, a solution of 0.1% NaCl and a solution of 20%NaCl
successively in themicrofluid channel by shining a 13.03 mW light at
the GRIS. Under the same conditions, the refractive indexes of deio-
nized water and 0.1% NaCl solution were determined to be 1.33091
and 1.33139, respectively (see Table S1), which differ by 0.00048. The
inset of Fig. 4A shows that the corresponding voltage difference

www.nature.com/scientificreports
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between the deionized water and the 0.1% NaCl solution is
,245 mV and the size of the voice signal is ,45 mV. Hence, the
resolution which can be measured in the experiment is 13 1024. We
defined sensitivity for the refractive index to be a slope of the straight
line, dv/dn, where v is the voltage signal and n is the refractive index.
Because the relationship between the change in the refractive index
and the change in voltage is considered to be roughly linear within a

small range, the dv/dn obtained by the experiment was 5.1 3

105 mV/UIR. This result is comparable to the sensitivity of an SPR
refractive index sensor (104–106/UIR)30,31.
In fact, both the resolution and sensitivity of the GRIS are strongly

correlated with the power of the incident light (Fig. 4b), and both of
them can be further improved. On one hand, under a given incident
power, the voltage signal in measurements is higher for thicker NaCl

Figure 4 | The resolution performance and incident power dependence of the GRIS. (a) A curve representing the change in voltage after injecting

deionized water, a solution of 0.1% NaCl and a solution of 20% NaCl into the micro-fluid channel, respectively. The incident light power is 13.03 mW

before the prism. The inset shows that the corresponding voltage difference between deionized water and a solution of 0.1%NaCl is 245 mV and the size

of voice signal is ,45 mV. (b) The incident power before the prism is, from bottom to top, 0.2, 1.5, 2.8, 4.7, and 6.3 mW. The inset indicates the

correspondence between the incident power before the prism and incident power before the detector. Each point corresponds to a different concentration

of the sodium chloride solution: from left to right, 1, 2, 5, 10, 15, 20, and 25%. (c) Using the p-polarized light power P0 of deionized water as calibration, a

solution of 20% NaCl was injected into the GRIS to determine the changes in polarization status S1 and P1 for this solution under different incident

powers P0. (d) The power of s- and p-polarized light before the detector after injecting NaCl solutions with different concentrations into the microfluid

channel.

Figure 3 | An evaluation of the response speed performance of the GRIS. (a and b) The real-time voltage curve at collection frequencies of 10 kHz and

100 kHz obtained by successively injecting air and deionized water at different flow rates. The flow rate ranges from 5 mL/s to 300 mL/s. (c) The purple

dots represent the real-time voltage curve at a collection frequency of 10 kHz and a flow rate of 300 mL/s. The light-green dots represent the real-time

voltage curve at a collection frequency of 100 kHz and a flow rate of 300 mL/s.

www.nature.com/scientificreports
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solutions, which has a higher refractive index. How the voltage
changes with the refractive index of substrates can be theoretically
(solid lines in Fig. 4b) modeled well based on the boundary condi-
tions and Snell’s law (see Supplementary theory). Over a large range,
the change in the refractive index with voltage is nonlinear. if the
refractive index of the liquid is close to the that of prism, the voltage
signal from measurements is increased and the sensitivity should
increase too. On the other hand, as shown in Fig. 4b, if we use this
method to measurement the refractive index of two solutions with
different refractive index at identical incident power, the voltage
signal is different for them and the signal difference increase with
the incident power used.
Thus, enhancing the incident power could be a way of improving

resolution and sensitivity of the GRIS (as the red line and green line),
but the incident power should be lower than the damage thresholds
of the graphene and the detector. The maximum incident power
adopted in our experiment is 13.03 mW, which is much lower than
the damage threshold (.W) of graphene.
To verify the influence of incident powers on the sensitivity, we

measured the incident power before detector at different incident
power for s- and p- polarized light. In our measurements, we used
deionized water to calibrate the GRIS, then a 20% NaCl solution was
injected into the GRIS and the intensity change (see Fig. 4c) of s- and
p- polarized light under different incident powers applied to the
detector was measured. Then, we changed the incident power and
repeat the calibration and measurements. The results are shown in
Fig. 4c. In the figure, P0 represents the calibrated power of deionized
water and P1 and S1 are defined as the powers of the p- and s-polar-
ization, respectively, upon the injection of a solution of 20%NaCl. As
shown in Fig. 4c, the injection of a 20% NaCl solution only slightly
changes the p-polarization power relative to the p-polarization power
calibrated using deionized water. The larger the calibrated power (50,
100, 150, 200, 250, 300, and 350 mW), the larger the difference is
between the powers of s- and p-polarization. Figure 4d illustrates the
changes in the status of s-polarization and p- polarization that are
obtained by injecting NaCl solutions of different concentrations into
the microfluidic channel when the incident power is fixed at
6.73 mW and deionized water is used to calibrate the GRIS. As
shown in Fig. 4d, the p-polarized light intensity changes only slightly
(remaining at approximately 0.34 mW) when NaCl solutions with
different concentrations was injected, whereas the s-polarized light
intensity changes from 0.34 mW to 0.28 mW, which is consistent
with the relationship observed between changes in the refractive
index and changes in the measured voltage values (Fig. 4b).
To evaluate the potential of the GRIS under real conditions, real-

timemonitoring of the concentrations of glucose and NaCl solutions
was attempted and the performance of the sensor was analyzed. In
production processes, it is often necessary to conduct real-time mea-
surements of the concentration of a liquid, such as a solution of
glucose or NaCl. In this study, we illustrate the real-time measure-
ment curves for a NaCl solution and a glucose solution in Fig. 5a and
Fig. 5b, respectively. In these curves, the incident power is 6.73 mW,
the reference power is that of the p-polarization, 342 mW, and air is
used to calibrate the GRIS. NaCl or glucose solutions of different
concentrations are injected into the channel, proceeding from lower
to higher densities. The figure clearly shows that the voltage values of
NaCl and glucose solutions of different concentrations at any time
correspond to the refractive index (see Tabs. S1 and S2); thus, this
sensor can achieve a high response within a broad range and is able to
measure the change in the refractive index of a liquid in a simple
fashion.
We have demonstrated that graphene sandwiched between two

dielectric layers has a stronger absorption for s-polarized light than
for p-polarized light under TIR. These different absorption behaviors
for s- and p-polarized light make graphene suitable for use as an
optical detector of refractive indexes. The sensitive and real-time

monitoring of the refractive index was shown using a graphene-
based optical sensor that has a broad dynamic refractive index range
from 1.0 to 1.438, a fast response time of,10 ms, a high sensitivity of
105 RIU21, and excellent stability; these qualities are all essential for a
versatile refractive index sensor. The flexibility and ease of functio-
nalization of graphene sheets could also enable radically different
refractive index sensors to be designed. For example, graphene could
be integrated with flexible substrates and plastic materials. Alterna-
tively, it could be used in novel geometries, e.g., as a flexible sensor.
The recent development of large-scale graphene synthesis and trans-
fer techniques32, as well as the structural modification of graphene by
chemical or biological molecules, ensures that graphene will become
the basis for powerful label-free monitoring methods for chemical or
biomolecular interactions.

Methods
Preparation for graphene/prism structure. As a mature method of producing
graphene devices, the transfer method of using thermal release tape can instantly etch
Ni layers and easily produce large scale graphene devices. The polymer supports
thermal release tape (TRT) was attached to the CVD-made, Ni-based graphene to
form a structure of TRT/graphene (G)/Ni/SiO2/Si. The multilayer structure was then
soaked in deionized water. For ultrasonic processing in a fewminutes, the TRT/G/Ni
layers are detached from SiO2. Then, putting the TRT/G/Ni layers into an aqueous
iron (III) chloride (FeCl3) solution (1 M) to remove the nickel layers. After that,
process the prism surface with plasma oxygen cleaning for a few minutes, and then
cover the TRT/G layers on the prism surface and press them tightly to some extent.

Figure 5 | The real-time measured voltage curves. (a) Different

concentrations of sodium chloride solutions. (b) Different concentrations

of glucose solutions.

www.nature.com/scientificreports
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Then, put the TRT/G/Prism layers into a vacuum drying oven for heating till 100uC,
so as to detach graphene layers with TRT completely. At last, putting the G/Prism
layers into a acetone solution to wash off the residual glue, and then store it in the
vacuum line of the fume hood. Raman spectroscopy was carried out using
RENISHAW RM2000 Raman system equipped with a 514 nm laser source and 503
objective lens (Fig. S5).

Aderivative total reflectionmethod. Light at wavelength of 632.8 nm from aHe-Ne
laser is split into incident and reference beams by a beam splitter M. After passing
through a half-wave plate H and a polarizer P, the incident beam reached an
equilateral prism fixed on a rotation stage (M-038, PI). PD1 and PD2 are the two
detectors of a Dual-channel power meter (PM320E, Thorlabs). PD1 is used for
monitoring the instantaneous fluctuations of the laser energy. PD2 is used tomeasure
the final light reflected by the prism. D is an aperture diaphragm to block the
scattering light. The experiment setup was first calibrated by deionized water.
Reflectance curves as a function of incident angle were recorded. At 632.8 nm, the
refractive index of prism is 1.61656. The refractive index of substrate can be changed
by using different solvents of water (1.33174), alcohol (1.36169), butyl alcohol
(1.39466), N,N-Dimethylformamide (1.47497), dimethylamine (1.43697),
chloroform (1.44176).

Preparation for microfluid channel. Poly(dimethylsiloxane) (PDMS) has been
shown to be biocompatible and it is also chemically stable. So it is noble material for
fabrication of microfluid channel. Use computer-aided design (CAD) software
programs to design a pattern. The photoresist mask was etched with electron beam
lithography. Spin coat negative photoresist (SU-8) to the Si base at a speed of 1,100 r/
min in 50 s and then dry it at 110uC. Then, cover the photoresist mask on the negative
photoresist (SU-8)/Si layers and expose them to ultraviolet light and then
photographic develops to get the master. Use a balance to weigh 70 g of Sylgard 184
silicone elastomer base and 7 g of Sylgard 184 elastomer curing agentfully (10:1 ratio)
andmix them fully. Then, lay the liquidmixture into vacuum line of the fume hood to
trapped bubbles for one hour. After that, pour the liquid mixture on the master, place
the dish containing both themaster and PDMS prepolymer in an oven set to 70uCand
cure it for 3 h. Then , with a plier peel the solidified PDMSmicrofluid channel off the
master.

Preparation for GRIS with microfluid chanel. Process the prior prepared G/Prism
structure and PDMS microfluid channel in a plasma oxygen cleaning with 150 W in
power for 30 s, then, irreversibly adhered G/Prism structure with PDMS microfluid
channel to get the GRIS with microfluid chanel.
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