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Generation of POV Beam

Perfect optical vortex (POV) beam!? with narrow ring width and
controllable beam diameter is simulated and experimentally
generated to satisfy the most incident angle for graphene in an
optical focusing and differential detection structure. It can be
approximately generated through the Fourier transform of a
Bessel-Gauss beam in experiments. The programmable spatial
light modulator is used to load the phase information of an
axicon, a spiral phase plate and a blazed grating. Then the beam
is Fourier-transformed through a lens, at whose focal plane it
forms the explicit POV beam.
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Fig. S1 (a)-(c) Simulated and (d)-(e) experimentally generated ring-
shaped POV spots with increasing diameters from left to right. (g)-(i)
Intensity profiles across the three generated POV spot centres, the
diameter is calculated by counting the 6.5-um-wide pixel on CCD image.
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Fig. S1 shows the simulated and experimentally generated
ring-shaped POV spots with slightly increasing diameters, as
well as the intensity profile curves across the spot centre in order
to measure the spot diameter. The spot images (2000 pixel x
2000 pixel) are obtained by a CCD camera (Hamamatsu
C11440-22CU), with 6.5 um x6.5 um pixel sizes. By counting
the pixels on the intensity profiles, we can calculate the different
spot diameters respectively

Theory of graphene polarization property

As a two-dimensional material, graphene exhibits unique
optoelectronic properties. The propagation of light through
graphene is strongly influenced by its dynamic conductivity,
which can be varied by an electric field, magnetic field, chemical
doping, or by changing the gate bias voltage.3> The polarization
mechanism can be theoretically analysed by applying Maxwell’s
equations under certain boundary conditions. Here, we give a
detailed derivation on the graphene polarization property.
Considering the infinitesimal thickness of monolayer graphene
as compared with adjacent dielectrics, its thickness can be

omitted while a dynamic conductivity % is introduced at the
interface.5-!!
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Fig. S2 Scheme of s-polarized wave at graphene interface.
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The Maxwell’s equations and the matter equations are:

V-D=p (S1)
V-B=OA (S2)
. 0B
VXE=-—
atA (S3)
. . adD
VXxH=j+—
ot (S4)
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For s-polarized incident wave, ¥, "', and ""Z need to be
considered, as shown in Fig. S2. Electrical and magnetic distributions
can be defined as:
" _ —ib
Ey(r,t) =Ee (S8)
7 _ -
H (rt)=H.e (S9)
7 _ -
H,(rt)=H,e (S10)
S E )
In Dielectric 1 (z<0)," can be expressed as: k. z Fig. S3 Scheme of p-polarized wave at graphene interface.
E,=A,& ¢
y1— 1 (S11) H E E
Thus H, and H, can be obtained by applying Eq. S3: Shnﬂarly, for p-polariged ipcident wave, Y, 9.4, and 7'z need to‘t?e
] kyqz considered, as shown in Fig. S3. The electrical and magnetic
Hoy = i~ ke e distributions are given as: _
Hokq (S12) H@t)=He ®
B k2 y ¥y (821)
Hy =4y e’ E(rt)=Ee™* (822)
@hotty (S13) B = F e
And in Dielectric 2 (z>0): At =Ege (523)
EyZ = Aze‘& e *ra? (S14) In Dielectric 1 (z<0), Hy can be expressed ask
V4
| -k, H,=A e
Hy= —ify——k e 2 c y (524)
WhoHz (S15)  Thus “* and “z can be obtained by applying Eq. $4:
-k 1 k .z
H,, =4, 4 £ e Ey=—id—k, e e
WUy (516) WEyEy (525)
In the upper equations, B represents the propagation constant along x-axis,
kzl(Z) denotes the wave vector component along longitudinal direction in E, =-4, B £ ekz 1
Dielectric 1(2), Ho s the vacuum permeability and Al is an amplitude WEo#y (S26)
factor. For nonmagnetic materials, the relative permeability My istakenas /AndinDielectric2 (z>0): .
_ = 2
1.  Applying  boundary  conditions Eyp-Ep=0 44 Hy,= Azeﬁt e ’ (S27)
Hya=He1=094Ey( 43 with conductivity %9 introduced by graphene at P S SR
interface Z = 0, we obtain: . x2 Zwsosz 22 (S28)
ky+ky=b pgo, (S17) B k7
2 E,=-4 F e ?
E(rt)=Ee® VE+—e k= ©e0%2 (529)
nt)=~L.e ; . . . . e e
Fo'r y y , the wave equation 0 can be Here, €0 is the vacuum permittivity, 3 s the relative permittivity in
written as: 0% ) Dielectric 1(2). Applying boundary conditions Ex-En=0 and
Y % -BYE, =0 Hyy=Hy, =04E 1 at interface Z = 0, we obtain:
2 2T y k k
0z c (S18) Agk, _Az 72
Combine Eq. S11, Eq. S14 with Eq. S18, we gan get: & & (S30)
k 2 _ BZ _ w—é‘ ikzZGg
=1 c? ' A -Ay= A,
(S19) weyE, ($31)
Finally the dispersion equation for s-polarization mode can be described as: Thus
2 2 >
w w
Bz——£1+ ,6’2——82=db UgO 8.2 %
2 2 9 k, k we
(S20) "2 0 (S32)
2
2n W7
N B i V°H + _2ng =
For H y(r't) =H ¥€ , the wave equation 4 0 is written
as:
*H, (2
Y+ | e, - BPH,=0
972 2 y
z ¢ (S33)
Combine Eq. S24, Eq. S27 with Eq. S33, we obtain:
2
k., 2=p%- w- e
E7 28
¢ (S34)
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Consequently, the dispersion equation for p-polarization mode can be
described as:
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In summary, Eq. S20 and Eq. S35 are the dispersion equations for s-
polarization (TE) and p-polarization (TM) modes respectively.
Graphene could support the transmission of s-polarized (p-polarized)

incident light when the imaginary part of the dynamic conductivity Ig
is negative (positive).
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Fig. S4 (a) Dielectric-graphene-dielectric three-layer-film model. (b)
Reflectance of p- and s-polarizations via incident angle.

n2

(=]

45

Another method to explain the polarization-sensitive
absorption property of graphene is to consider graphene as a

medium with specific complex refractive index (ng) and

thickness (d).lz'15 A three-layer-dielectric model, where
graphene is sandwiched between a high refractive index medium

(nl) and a low refractive index medium (nz), is shown in Fig.
S4(a). The reflectance of p-polarized incident light or s-polarized
incident light can be calculated by transfer matrix method under
the framework of Fresnel reflection and refraction formulas.!'®!7

Fig. S4(b) gives the reflectance of p- and s-polarization varied
=1.53 n,=1.33

with the incident angle respectively, with ™
Ng= 2.67 +1.33 and 4 =3.8NM_ There is an obvious

reflectance difference for graphene between p- and s-
polarization. The reflectance difference will differ as the ambient
refractive index changes, which is the theoretical basis of the
graphene-based sensing and imaging method.

Transformation between Scalar and Vector
Polarizations Using Two Vortex-Wave Plates

The fast axis direction of each point on the vortex wave plate is
half the azimuth angle deflection from its azimuth angle
direction, as shown in Fig. S5(a). It can be depicted by a Jones
matrix as:

sin@

cosf
- cosf

sinf (S36)
Here, 8 is the azimuth angle. Horizontally linear polarization is
converted into radial polarization after passing through the

vortex wave plate:

cosf  sin@ 1[1] _ [cosB
[sinB - cos@][O] - [sin@] (S37)
While for vertically linear polarization, it becomes azimuthal
polarization:
cosf  sinf 1[0] _[ sinf
[sine - cosf [1] - [— cosf (S38)

Arbitrarily linear polarization with azimuth angle & becomes a

generalized cylindrical vector beam with the polarization of each

point rotated clockwise by angle & from its radial direction:
cos@  sinf ][cosa] _ [cost -a)
sin@ - cos@||sina| ~ |sin -a)

(S39)
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The proportion of radial and azimuthal components is
determined by the direction of the original linear polarization, as
shown in Fig. S5(b)-S5(c).
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Fig. S5 Analysis of the vortex wave plate and cylindrical vortex beams
using the Jones matrix. (a) Fast axis orientation of a vortex wave plate.
(b) Sketch of a linearly polarized POV beam, with angle @ between its
polarization direction and horizontal direction. (c) Sketch of a @-GCVP
POV beam. (d) Sketch of the incident 45-GCVP POV beam before
focusing. (e) Polarization variations between incident and reflected
beams. (f) Sketch of the reflected ¢-GCVP POV beam from the objective,
its radial and azimuthal components have been changed owing to
different absorptions by graphene.

We find that the vector beam will be demodulated back to its
original linear polarization by adding another vortex wave plate
after the beam:

cosf  sinf ][cose sin@ ][cosa] _ [cosa]
sind - cosO|[sin@ - cosO|[sina sina (S40)

As the focusing spot of the 45-GCVP beam is mixed with p-
and s-polarizations, and graphene exhibits larger absorption of s-
polarized light as compared with p-polarized light, the
polarization direction of the reflected beam will be different from

the incident beam. We assume R, and Ry as the reflectivity
coefficients of graphene to p- and s-polarizations respectively.

Ry is much larger than RS, and both are sensitive to slight
refractive index variations of the sample on top of graphene. For
the incident beam, as shown in Fig. S5(e), the radial component
of each point is equal to its azimuthal component:

E =E 2
T2 (S41)
Where E represents the electric field intensity of an arbitrary

point on the incident beam, and E, and E, are the radial and
azimuthal components of the point. The radial and azimuthal
components of the incident beam contribute to p- and s-
polarizations on the focusing spot, respectively. The components
of the reflected beam will be different from the incident beam

J. Name., 2013, 00, 1-3 | 3
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owing to the absorption difference of graphene, as shown in Fig.

S5(f):
: V2
E,=RE, =R}

2°F (S42)
- N
E,=RE,=—RE
2 (S43)
E =

(S44)

Ea RS

@ =arctan|—| = arctan(R—)

E, P (845)

Where E, and Eq, denote the radial and azimuthal field intensity
components of the point on reflected beam, and ¢ is the angle
between its electric field direction and radial direction at the
point. As a result, the reflected beam becomes a ?-GCVP beam.
According to Eq. S40, the beam returns to linear polarization
with azimuth angle ¥ after passing through a vortex wave plate.
The azimuth angle ¢ is determined by the reflectivity difference
to p- and s-polarizations. The beam is split by a polarizing beam
splitter into two beams, representing residual p- and s-
polarization intensities. Additionally, a balanced detector will
record the signal differences as the refractive index of the sample
changes.

horizontal vortex vortex vertical

polarizer wave plate wave plate polarizer
Fig. S6 (a) A horizontal polarizer transforms the beam into linear
polarization. (b) A vertical polarizer stops the horizontally polarized
beam from entering the CCD. (c) A vortex-wave plate inserted between
the polarizers will transform the incident beam into radial polarization,
only the vertical components of the beam can reach the CCD camera
after passing though the vertical polarizer. (d) A second vortex-wave
plate added after the first one will transform the radially polarized beam
back into original linear polarization.

CCD

In experiments, a vortex-wave plate is employed to transform
a linearly polarized beam into cylindrical vector beam, and a
second one is to demodulate the cylindrical vector beam back to
its original linear polarization. The theory has been demonstrated
in the main text, here we experimentally verify this property, as
shown in Fig. S6. In Procedure (a), the beam is modulated to
horizontal linear polarization by a horizontal polarizer, and the
spot is recorded by a CCD camera; In Procedure (b), a vertical
polarizer is added in the path, then the horizontally polarized
beam is stopped, there is no light incident into the CCD camera;
In Procedure (c), a vortex-wave plate is inserted between the two
polarizers, the horizontally polarized beam is first transformed
into radial polarization, and then only the vertical components
could pass through the vertical polarizer, the spot is shown in the

4| J. Name., 2012, 00, 1-3
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CCD image; In Procedure (d), a second vortex-wave plate is
added after the first vortex-wave plate in the path. The radially
polarized beam is demodulated back to horizontal polarization,
and again no lights could reach the CCD camera.

Spatial Resolution Measurement
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Fig. S7 CCD images of (a) 2.34 um, (b) 1.48 um, (c) 1.04 um, and (d) 0.91
um microspheres respectively. (e) One group of measured intensity
curves of the microspheres with different mean diameters.

Experimentally, polystyrene (PS) microspheres of different
diameters are employed to calibrate the experimental spatial
resolution, as shown in Fig. S7. Fig. S7(a)-(d) show the CCD
images of microspheres with different given mean diameters
respectively. The black solid lines in the images indicate the
scanning path. Fig. S7(e) gives one group of the measured
intensity curves across the microsphere centres. As the diameters
decrease from 2.34 um to 0.91pum, the measurement shows good
signal-noise ratio and high stability. When the diameter further
decreases to smaller one, the detected signal intensity becomes
too weak to analyse the signal curve and obtain accurate
measurement values. After several groups of repeated
measurements, the mean FWHM for 0.91 um microsphere is
1.07 wm, which is taken as the experimental spatial resolution of
the system.

Growth, Transferring, and Characterization of
Graphene

The graphene samples on the 0.17-mm-thick glass cover slip
substrate are customized from Nanjing XFNANO Materials
Tech Co., Ltd, which is first prepared by chemical vapor

This journal is © The Royal Society of Chemistry 20xx
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deposition on copper substrate, and is then transferred onto the
surface of the cover slip via a heat-sensitive adhesive transfer
method.'®20 The growth and transferring processes mainly
include the following steps and are illustrated in Fig. S8.

single-layer

oxidelayer 43, 5 seem, 40 mTorr . CHu, 35 scem, 500 mTorr  8raphene
P
copper foil 1000 °C, 20 mins 1000 °C, 30 mins, cooling
soft pressure
~0.7 MPa
hot release tape
o deionized water - iron chloride etching
_. ; & et
; rinsing FeCls , 3 hours
ey ten-layer
soft pressure h layer-by-layer graphene
~0.7 MPa cover lip 100°C ,1min transferring '

Fig. S8 Growth and transferring process for 10-layer CVD graphene on
glass cover slip substrate.

1. Single-layer graphene is prepared by chemical vapor
deposition method on the transition metal substrate.

(a) The copper substrate is processed under hydrogen
atmosphere at 1000 °C for around 20 minutes to remove the
surface oxide layer and increase catalytic activity. The flow rate
and pressure of hydrogen are 2 sccm and 40 mTorr, respectively.

(b) While keeping the pressure and flow rate of hydrogen
steady at 1000 °C, methane with 35 sccm and 500 mTorr is
introduced for 30 minutes.

(c) While keeping the pressure and flow rate of hydrogen and
methane steady, the substrate is cooled down to room
temperature with a 50 °C/min cooling rate.

2. Single-layer graphene is transferred from the copper
substrate to a 0.17-mm-thick glass cover slip through a heat-
sensitive adhesive transfer method.

(a) A hot release tape is attached to the graphene layer with
0.7 MPa pressure.

(b) The sample is etched in ferric chloride solution for 3
hours and rinsed with deionized water repeatedly to remove the
copper substrate.

(c) After drying, the sample is attached to the glass cover slip
surface with 0.7 MPa pressure, and then heated at 100 °C for 1
minute to separate the graphene on cover slip substrate from the
hot release tape.

3. Single-layer graphene is repeatedly superposed on the
glass cover slip layer by layer to obtain the final 10-layer
graphene for experimental use.

Fig. S9(a) shows the photograph of a graphene sample. After
the graphene samples are fabricated, Raman spectra at two
arbitrary areas and thickness characterization by atomic force
microscopy (AFM) are provided, as shown in Fig. S9(b)-(d).
The AFM measurement indicates a thickness of around 3.8 nm
for thel0-layer graphene.

This journal is © The Royal Society of Chemistry 20xx
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Fig. S9 Characterization of a 10-layer graphene sample on glass cover
slip substrate by Raman spectra and AFM. (a) Photograph of the
graphene sample, the darker area in the centre is graphene. (b) AFM
image of the graphene sample. (c) Raman spectra at two different
positions as marked in Fig. S9(a). (d) Thickness measurement of the

graphene film by AFM.

Preparation for Graphene Sensor Chip and Cell
Culture

(a)

pour PDMS into the master plate

master plate master plate
filled with PDMS

heating at 70°C for 40 minutes

carefully separate the PDMS from the master plate

N plasma oxygen rinsing
v 1 minute vacuum
solidified PDMS 15 seconds oxygen plasma :

sensor chip
Fig. S10 Preparation for graphene sensor chip (a) Photograph and (b)

fabrication process of a cell culture dish.

A cell culture dish is fabricated around graphene using
polydimethylsiloxane (PDMS), which is highly biocompatible.
As illustrated in Fig. S10(b), the silicone elastomer base and
curing agent are proportionally mixed (10:1) and slowly poured
into a specific master plate. After heating at 70°C for 40 minutes,
the PDMS mixture becomes solidified and is carefully separated
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from the master plate. Then the hollow PDMS model is placed
on the graphene-coated cover slip, and processed in the oxygen
plasma rinsing machine for 1 minute vacuum and 15 seconds
oxygen plasma processing. Finally the PDMS model and the
cover slip bond together tightly and the graphene sensor chip is
produced, which is used to culture cells, as shown in Fig. S8(b).

Then sensor chip is treated with 0.02 mg/mL poly-L-lysine
for 16 hours and washed twice with Hank’s balanced salt
solution (137.93 mM NaCl, 5.33 mM KCl, 4.17 mM NaHCOs3,
0.441 mMKH,PO,, 0.338 mM Na,HPO,, and 5.56 mM D-
glucose). Cells are trypsinized and seeded on the graphene
surface of the sensor chip. For adhering cells onto the surface,
the sensor chip is filled with culture medium and maintained at
37 °C in a 5% CO, incubator for 8 hours. Finally, the cells are
completely adhered to the graphene surface.?!

Comparison between Cell Refractive Index

Distribution and Fluorescence Image

the proposed experimental setup, with a 100x microscope objective. (b)
Enlarged bright field image of the cell. (c) Refractive index mapping
image of the cell with 20 pm x 20 um scanning range and 0.2 um
scanning step. (d) Bright field image of the same cell under fluorescence
microscope with a 60x microscope objective. (e) Fluorescent image of
the cell nucleus. (f) Superposition image of the bright field image and
fluorescent image.

A comparison between cell refractive index distribution and
fluorescence image of the same cell is conducted in experiment.
The results are given in Fig. S11. Fig. S11(a) shows the bright
field image of a living human colonic cancer cell obtained with
the 100x microscope objective in the proposed optical
configuration. The cell refractive index mapping image is shown
in Fig. S11(c) with 20 pm % 20 pum scanning range and 0.2 pm
scanning step. After the refractive index mapping process, the
cell is treated with DAPI (4’, 6-diamidino-2-phenylindole),
which is used for fluorescent nuclear staining. Then the same cell
is observed under a commercial fluorescence microscope
(Nikon, Eclipse Ti-S) with a 60xmicroscope objective. Fig.
S11(d) is the bright field image of the cell under the fluorescence
microscope, and Fig. S11(e) is the fluorescent image of the cell
nucleus, which is obtained by switching the filter of the
fluorescence microscope without moving the samples. So the
superposition of bright field image [Fig. S11(d)] and fluorescent
image [Fig. S11(e)] could indicate the nucleus position inside the
cell, as shown in Fig. S11(f) At the nuclear area, it shows
relatively higher refractive index for colonic cancer cells, which
may be due to the presence of dense chromatin in nucleus.??23
The refractive index imaging method provides a label-free and
non-invasive means for living cell microscopy. It should be
noted that refractive index is non-specific to cell organelles. It
will be of great interest in cell refractive index-related
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researches, such as the monitoring of cell growth, evolution and
apoptosis at different stages, observation of cell mitosis, cell
response to drugs and other external stimulus, normal and
abnormal cell cycle detection and analysis, etc. We believe that
the combination of refractive index imaging and biomarker
techniques will make researchers gain deeper insight into cell
mechanisms.
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