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Mid-infrared (MIR) represents a crucial spectral region for applications in spectroscopy, sensing, imaging,

security and industry screening, owing to the strong characteristic vibrational transitions of many impor-

tant molecules. However, the current MIR compatible materials are fragile, hazardous, and costly, which

hampers the performance of MIR devices. Here, we developed a versatile transmittance-based Kramers–

Kronig method and obtained the optical properties of graphene oxide in the MIR region, unveiling its

application potentials as a novel MIR compatible material. As an example, we demonstrated free-standing

graphene oxide MIR polarizers with large extinction ratio (∼20 dB) and controllable working wavelength

up to 25 μm, by using the low-cost and flexible direct laser writing technique. Our transmittance-based

KK method offers a versatile approach to obtain the optical properties of novel atomic-scale low-dimen-

sional materials in the less developed MIR region and opens up opportunities in high performing func-

tional MIR devices.

Introduction

Mid-infrared (MIR) radiation, particularly in the wavelength range
from 3 μm to 30 μm, plays an indispensable role in a wide range
of applications, including infrared (IR) imaging and sensing, aero-
space engineering, medical science, military defence, and infor-
mation and communications.1–3 However, the MIR (in particular
>8 μm) compatible materials are largely restricted to germanium-,
selenide-, and fluoride-based materials such as Ge, ZnSe and BaF2,
which are fragile, hazardous, and costly.4,5 It remains challenging
yet crucial to search for appropriate MIR materials, which possess
broadband MIR transparency, high refractive index, mechanical
and chemical stability, cost-effectiveness and rapid manufacturing
capabilities.

The discovery of graphene plasmons has attracted enor-
mous attention due to the potential to reshape the landscape
of photonics and optoelectronics in the MIR and terahertz
(THz) regimes.6,7 However, the considerable plasmon
damping, the low cost-effectiveness in fabrication, the poor

processability and nanostructuring capability of graphene have
placed restrictions for its practical MIR applications.8,9 In con-
trast, the chemically derived graphene oxide (GO) has been
seen as an appealing alternative material due to its unique
physical and chemical properties arising from the hybridiz-
ation of the sp2 and sp3 carbon atoms.10 Uniquely, the optical
and electrical properties of GO have been precisely tailored by
manipulating its sp2-hybridized domains during the reduction
process, enabling various photonic and optoelectronic
applications.11–17 However, the current optical characteriz-
ations of GO have been limited in the visible or near-infrared
(NIR) regimes by using the conventional approaches such as
ellipsometry, picometry or microscopy.18,19 The optical pro-
perties of GO in the MIR regime are less studied previously
owing to the constricted selections of both the available MIR
characterization approaches and the unrevealed material band
models, which hampers its MIR photonic applications.20

In this paper, we have demonstrated a model-free Kramers–
Kronig (KK) method to characterize the optical properties of
GO from the visible (200 nm) to MIR (up to 25 μm) region by
simply measuring its transmission spectrum. Based on the
obtained dispersion relations, high performing MIR polarizers
on free-standing GO films have been fabricated by using the
direct laser writing (DLW) technique, showing a large extinc-
tion ratio (∼20 dB) and controllable working wavelengths in
MIR region. Both finite-difference time-domain (FDTD) simu-
lation and guided-mode theoretical optimization of the MIR
polarizers have been performed and achieve good agreement
with the experimental measurements, which further validates
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the extracted MIR dispersion relations of GO by using the KK
method. The mechanical robustness, the low-cost manufactur-
ing, and the flexible integration capability of free-standing GO
polarizers offer great potential for various photonic appli-
cations particularly in the MIR regime. Furthermore, the suc-
cessful demonstration of the model-free transmittance-based
KK method provides a universal approach to access the optical
properties of novel low-dimensional materials with the atomic-
layer thickness in the less developed MIR or THz regimes.

Results
Transmittance-based KK method and GO dispersion relation

The accurate determination of complex refractive index of thin
films is crucial from both a fundamental and a technological
viewpoint, which requires two independent optical measure-
ments, such as transmittance and reflectance. As a result, it
requires sufficiently accurate transmittance and reflectance
measurements, giving rise to larger inaccuracies of the
extracted complex refractive index. On the contrary, a KK
method eliminates the need to combine two types of spectral
measurements by calculating the phase shift of the beam from
the spectral measurement. In this way, the complex refractive
index of the material can be determined from the measured
spectrum and the calculated phase shift of the beam.21

The experimental flow chart of the transmittance-based KK
method has been shown schematically in Fig. 1a. By combin-
ing the spectrometers in different frequency ranges, a broad-
band light radiation (from ultraviolet (UV) to MIR in our case)
is incident on a free-standing GO thin film, and the transmit-
tance (Tf ) has been acquired experimentally. Then the corres-
ponding phase shift (ψ) of the transmitted radiation has been
determined through a transmittance-based KK transform:22

ψðωÞ ¼ 2ω
π

P
ð1
0

ln½Tfðω′Þ�1=2
ω′2 � ω2

dω′ � 2πωd;

where ω is the frequency of the incident wave and d is the film thick-
ness. The P before the integral indicates that the Cauchy principle
value of the integral should be used.23 Given the correlated transmit-
tance (Tf) and phase shift (ψ), the dispersion relations of both the
refractive index (n) and the extinction coefficient (κ) have be calcu-
lated through a model-free inverse relation:22

Tf ¼ 16ðn2 þ κ2Þ=ðC2 þ D2Þ
ψ ¼ arctanðκC þ nDÞ=ðκD � nCÞ

�

where

in which

K ¼ 2πκd=λ
N ¼ 2πnd=λ

�

and ns is the refractive index of the substrate (ns = 1 in our
case). A computer-assisted curve fitting program has been
developed to calculate n and κ values from Tf and ψ. Finally, an
iterative process has been applied to further improve the accu-
racy of n and κ values. Compared with the polarization sensi-
tive optical characterization methods such as ellipsometry,19

our transmittance-based KK method has be performed at the
normal incidence, which largely reduces the influences of the
roughness and contamination of the sample surface.
Moreover, no assumption of the physical model or the material
band shape is required as in the case of ellipsometry,19 which
makes it an ideal approach especially for the newly developed
materials. Furthermore, the attainable bandwidth of the dis-
persion relations is solely determined by the measurable spec-
trum range.22 As a result, the full spectrum range of the dis-
persion relation is accessible by combining various spectro-
scopic methods, offering the critical optical properties in the
less developed MIR or THz range. The detailed experiment and
calculation procedures of the transmittance-based KK method
are given in Part I of ESI.†

The thinner of the film, the higher accuracy of transmit-
tance-based KK method. The GO film thickness should be less

than one tenth of the measuring wavelength, which in our
case is from 0.2 μm–25 μm. Meanwhile, to ensure the accuracy
of the measured transmittance, the elimination of substrate is
desired, but challenging in particular for ultrathin GO films.
Moreover, the minimal beam size of the spectrometer light

Fig. 1 Complex refractive index of graphene oxide in the MIR regime.
(a) The experimental flow chart of the model-free transmittance-based
KK method. (b) The dispersion relations of a free-standing GO film
(∼30 nm thick).

C ¼ eK ½ð1 þ nÞðn þ nsÞ � κ2� cos N þ κð1 þ 2nþ nsÞ sin Nf g þ e�K ½ð1 � nÞðn� nsÞ þ κ2� cos N � κð1 � 2n þ nsÞ sin Nf g
D ¼ eK ½ð1 þ nÞðn þ nsÞ � κ2� sin N � κð1 þ 2nþ nsÞ cos Nf g � e�K ½ð1 � nÞðn� nsÞ þ κ2� sin N þ κð1� 2nþ nsÞ cos Nf g

�
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source is in centimeter scale. Hence, a centimeter size and
ultrathin (<50 nm) GO film has to be made free-standing and
robust for measurements using various spectroscopy
facilities. Owing to our unique GO film synthesis technique,
the flexible transferring capability and the mechanical
strength,11,12 we have successfully prepared a 30 nm thick free-
standing GO film and accurately obtained its transmittance
over the large wavelength range from 0.2–25 μm without any
damages.

The dispersion relations of a free-standing GO film
(∼30 nm thick) characterized by using the transmittance-based
KK method have been shown in Fig. 1b. It is evident that both
the n and κ have been successfully extended to 25 μm, unveil-
ing the abundant optical characteristics of GO from UV to MIR
region. In addition, we have performed ellipsometric measure-
ments of a GO film in the ultraviolet-visible (UV-Vis) region
(see Fig. S1 in ESI†). A good agreement between the ellisomeric
method and KK method has been achieved, which further
proves the accuracy of the model-free KK method. As in the
case of doped graphene,24 Pauli-blocking of the strong inter-
band optical transitions in the sp2 domains of GO has been
validated from the small κ value between 2 μm to 5 μm, indi-
cating the shift of the Fermi level in GO due to the hybridiz-
ation of the sp2 and sp3 domains.25 Moreover, the character-
istic oxygen configurations in the GO structure, including
hydroxyl (C-OH), ketonic species (CvO), carboxyl (COOH) and
epoxide (C–O), have been clearly identified and labelled on the
κ curve, which is consistent with the previous Fourier-trans-
form infrared (FTIR) spectrum of GO.26,27 In addition, a Drude
peak response at the wavelength >10 μm has been observed
owing to the increase of κ, which is due to the intraband free
carriers absorption.7 An overall examination of κ shows a low
level (κ < 0.2) of absorption in the wavelength range <10 μm
and an acceptable absorption (0.2 < κ < 0.6) up to 25 μm,
which is promising given its ultrathin thicknesses. For
example, a transmittance around 90% for a GO film with the
thickness up to 300 nm and a transmittance around 80% for a
GO film with the thickness up to 600 nm have been illustrated,
indicating the usability of GO film with reasonable thickness
in the longwave infrared (LWIR) regime (see Fig. S2 in ESI†).
Meanwhile, a comparably large n (∼2) has been observed,
further confirming the ultra-broadband dispersion relations of
GO from the visible to the MIR regions. Therefore, the
measured dispersion relations of GO demonstrate the accuracy
of the transmittance-based KK method, and more importantly,
provide the essential optical parameters for the realization of
various photonic devices especially in the MIR region. It
should be noted that the extracted index at two spectrum
edges, which are 0.2 μm and 25 μm, cannot be validated due
to the truncated spectrum used in the KK method. All our
simulations are performed based on the extracted index other
than these two wavelength points.

Design and manufacturing of MIR GO polarizers

The extracted dispersion relation of GO offers promising
potentials for realizing functional MIR devices. Compared

with the largely developed MIR sources and detectors,3,28,29 it
is still challenging to realize an efficient MIR polarizer that has
mechanical robustness, non-toxic constitute materials, cost-
effective manufacturability and the high performance over the
entire MIR range, especially beyond the silicon transparency
window (>8 μm).30–32 To address these challenges, we have pro-
posed a MIR polarizer formed by the periodic GO ribbons, as
shown schematically in Fig. 2a. Owing to the superb mechani-
cal strength of the GO film, free-standing GO polarizer is con-
structed to completely eliminate the absorptions of the sup-
porting substrates, which is yet challenging for the current
MIR polarizers.30–33 As a result, the operational wavelengths of
the polarizers, which have previously been restricted by the
selection of the supporting substrate, are extended to LWIR
regime by using our free-standing GO polarizers. The DLW
technique has been demonstrated previously to pattern arbi-
trary structures on GO films as a one-step mask-free
process.12,15 As a result, free-standing GO films with grating
structures have been realized by using our DLW setup (see
Methods and Fig. S3 in ESI†). In comparison with cleanroom
semiconductor nanofabrication methods such as photo litho-
graphy, nano imprinting or electron beam lithography, which

Fig. 2 Free-standing graphene oxide MIR polarizers. (a) Conceptual
design and laser manufacturing of the free-standing GO polarizer. (b)
Top: The 3D topographic view of the GO polarizer measured with an
optical profiler. Bottom: The cross-sectional surface profile of the GO
polarizer along the white dashed line marked in the top 3D topographic
view. (c) The SEM image of the fabricated GO polarizer. Scale bar:
10 μm. (d) The photo of a free-standing GO polarizer mounted on a
commercially available standard polarizer mount.
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are generally used for fabricating existing IR devices,31–34 the
laser manufacturing capability of the GO films offers a low-
cost, time-efficient, mass-producible and flexible fabrication
solution towards the industrial and commercial applications
of our GO polarizers.

The surface morphology of a GO polarizer fabricated on a
1 μm-thick GO film has been characterized by using the 3D
optical profiler (see Methods), as shown in Fig. 2b (top). The
cross-sectional surface profile along the white dashed line is
also plotted in Fig. 2b (bottom), showing the well-defined peri-
odic GO ribbons with the periodicity of 10 μm and a ribbon
width of 4 μm. Moreover, the surface roughness of the GO
ribbons has been controlled below 10% (<100 nm in this case)
of the overall GO film thickness (∼1 μm), which improves the
performance of the GO polarizer by reducing its interactions
with the MIR radiations including the unwanted diffraction or
scattering. The scanning electron microscope (SEM) is also
used to illustrate the high quality of the laser fabricated GO
polarizer, as shown in Fig. 2c. The sharp edges of the GO
ribbons have been achieved by using the high resolution DLW
technique. In addition, our free-standing GO thin film polari-
zer is readily integrated with the commercial polarizer mounts
(Fig. 2d) owing to the mechanical strength and the flexibility
of the GO film, offering the promising potentials towards inte-
grated devices.

Working principle of the GO polarizer

The working principle of the proposed GO polarizer has been
shown schematically in Fig. 3a. The free-standing GO polarizer
is made of a periodic dielectric waveguide array dispensed
along the x-axis, forming by separated high index GO ribbons
stretched along the y direction. The geometrical configuration
of the GO polarizer is defined by the GO film thickness (d ),
the periodicity of the GO ribbons (a) and the width of the GO
ribbon (l), as labelled in Fig. 3a. Upon illumination by an
unpolarized light beam, the TE polarization (red arrows) with
the electric field parallel to the high index GO ribbons is
coupled into the GO film via the guided-mode resonances,35–38

propagating in the plane (see Fig. 3a). In comparison, the
TM polarization (blue arrows) with the electric field perpen-
dicular to the GO ribbons is allowed to pass through. As a
result, the proposed periodic GO ribbons split the two orthog-
onally orientated polarizations, becoming an effective TM
polarizer.

To further investigate the coupling mechanisms of the TE
polarization, the electric field distributions within the cross
section of GO ribbons are calculated numerically for a GO
polarizer with d = 1 μm, a = 4 μm, l = 2 μm, which are rep-
resented by one exemplary ribbon (white dashed square in
Fig. 3a). Two coupling modes have be identified as the guided-
mode with the electric field resonance in the x–y plane and the
waveguide mode with the electric field resonance along the z
direction, which gives rise to the strong polarization sensitivity
of GO polarizers (see Part II in ESI†). The performance of the
proposed GO polarizer has then been studied by using the

numerical FDTD simulations (see Methods). The MIR trans-
mission spectra of the GO polarizer (d = 1 μm, a = 4 μm, l =
2 μm) under both the TE and TM polarizations have been
simulated by using the measured GO dispersion relations in
the MIR regime, as shown in Fig. 3b. The transmittance as
large as 90% has been observed for the TM polarized light,
whereas the TE polarized light is largely blocked with a
minimal transmittance of <3% at the wavelength of around
4.5 μm, behaving as a high performance TM polarizer in the
MIR regime. Furthermore, we have simulated the reflection
and absorption spectra of the GO polarizer under TE polariz-
ation, showing prominent reflection and absorption of the TE
light (see Fig. S4 in ESI†). We propose that the TE light
couples into the GO gratings and propagates within the GO
film (see Fig. 3a), which results in the partial absorption of the
TE light. Meanwhile, TE light is continually decoupled out of
the waveguide, and interferes with both the transmitted and
reflected waves. At resonance, the decoupled light interferes
destructively with the transmitted light, and constructively

Fig. 3 The operations of graphene oxide MIR polarizers. (a) Schematic
figure of the working principle of the GO polarizer. Insets: The cross-
sectional (x–z plane) electric field distributions within one exemplary
GO rod (white dashed line) have been plotted for both guided-mode
(left) and waveguide mode (right) respectively. (b) The FDTD simulation
of the transmission spectra of the proposed GO polarizer under both
TM and TE polarizations. (c) The experimental transmission spectra of
the proposed GO polarizer measured by using the microscope FTIR
spectrometer.
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with the reflected light, leading to efficient resonant
reflection.37,38

The free-standing GO polarizer with the same geometry as
the simulation has then been fabricated experimentally by
using the DLW technique (see Methods and Fig. S3 in ESI†).
The performance of the fabricated free-standing GO polarizer
with an overall size of 100 × 100 μm2 has be characterized by
using a microscope FTIR spectrometer (see Methods). A pin
hole system has been designed to reduce the incident angle
variation (∼5°) and ensure the normal incidence condition
(see Fig. S5 in ESI†). A larger pin hole gives rise to a better
signal to noise ratio, but increases the incident angle vari-
ations, which results in broadening of the resonances in the
spectrum.39 Therefore, we have specifically used a smaller pin
hole (incident angle variation ∼5°) to ensure the normal inci-
dence condition is satisfied to eliminate the broadening of the
spectrum and study the operation mechanisms of the polari-
zers. Fig. 3c shows the measured transmission spectra of the
free-standing GO polarizer under TE and TM polarizations,
respectively. The splitting of the two polarization states has
been observed at around 4.5 μm, indicating a good agreement
with the FDTD simulation. The slight discrepancies, e.g.
broadening of the TE resonance, are due to the non-normal
light incidence during the microscope FTIR measurements.
Furthermore, we have simulated the influence of the incident
angle and observed the broadening of the transmission dips
under TE polarization (see Fig. S6 in ESI†). To this end, the
large polarization sensitivity of the free-standing GO polarizer
has been demonstrated both numerically and experimentally,
indicating a promising linear MIR polarizer with high
efficiency and performance. Moreover, the good agreement
between the FDTD simulation and the measurements validates
the high accuracy of the transmittance-based KK method in
extracting dispersion relation of GO in the MIR regime.

Broadband tunability

The working wavelength of commercial MIR polarizers is
restricted by the transparent window of the supporting sub-
strates. A wire-grid polarizer on Y2O3 substrate with the practi-
cal useful efficiency (>70%) has the wavelength limit up to
10 μm,32 whereas the grating polarizer on MgF2 substrate have
the limit up to 3.4 μm.40 Recently, a sulfuric polymer poly
(sulfur-random-(1,3-diisopropenylbenzene)) material has been
developed with a low loss in the IR range up to 6 μm.41

Although a silver-film polarizers have been demonstrated in
the IR range between 10 μm to 25 μm,33 a double-sided subwa-
velength grating structure needs to be patterned first in silicon
and then coated by silver-film, resulting in nanofabrication
challenges as well as high cost. In comparison, the working
wavelength of our GO polarizer has been designed over a
broadband MIR wavelength range owing to the free-standing
configuration, the broadband dispersion relations of GO, the
scaling law of the guided-mode coupling, and the flexible pat-
terning capability using DLW method. In particular, the
working wavelength of our GO polarizers is determined by the

periodicity (a) according to the phase matching condition for
the guided-mode coupling:35,37

λg ¼ a � ðneff � nc sin θÞ; ð1Þ

where λg is the wavelength of the guided-mode resonance, neff
is the effective refractive index of the guided-mode, nc (= 1) is
the refractive index of air and θ is the incident angle (= 0° for
the normal incidence). Therefore, we have fabricated GO polar-
izers with varying periodicities from 2 μm to 12 μm on the
same GO film (1 μm thick) to tune their working wavelength in
a range from 2 μm to 14 μm (the experimental limit of the
microscope FTIR spectrometer). The microscope images of the
fabricated GO polarizers have been shown in the insets of
Fig. 4b. Uniform free-standing GO ribbons with sharp edges
have been patterned for various periodicities from 2 μm to
12 μm by using DLW technique. As shown in Fig. 4a, the trans-
mission spectra of eight free-standing GO polarizers under TE
(solid curves) and TM (dashed curves) polarizations have been
measured by FTIR. The TE transmission minima have been
observed for all the GO polarizers, and the positions are found
to redshift as the increase of the periodicity, obeying the
scaling law of the guided-mode resonance. However, the
minimal transmittance increases for larger periodicities,
which deteriorates the extinction ratio of the GO polarizers.

The reason for the performance deterioration is attributed
to the less overlapping between guided-mode resonance and
waveguide mode resonance. The guided-mode resonance in
the x–y plane is correlated with the grating periodicity (a),
whereas the waveguide mode resonance along the z direction
is determined by the structural confinement in the z direction,
which is the GO film thickness (d ). As a result, the overlapping
of the two coupling mechanisms has been altered for the
different periodic GO gratings fabricated on the same GO film.
This has been evidently illustrated from the broadening of the
transmission spectra for the larger periodicities (a > 4 μm).
The transmission spectra under the TM polarization indicate
that the considerable polarization sensitivity is maintained for
all GO polarizers. Furthermore, a large transmission efficiency
(∼90%) of the desirable polarization has be achieved from
4 μm to 14 μm (the equipment limit), offering potentials for
highly efficient linear polarizers in LWIR regime.

The dependence of the working wavelength as a function of
the periodicity has been further investigated by using the
numerical FDTD simulations and the theoretical calculations.
Firstly, the working wavelength has been extended up to 25 μm
(limit of the measured dispersion relations) according to the
FDTD simulations, as shown in Fig. 4b (black dashed line).
Moreover, the theoretical prediction of the working wavelength
following the scaling law (eqn (1)) has also been provided
based on the measured dispersion relations, as shown in
Fig. 4b (red solid line). As a reference, the experimental
working wavelength of the GO polarizers has been plotted as a
function of the periodicity, as shown in Fig. 4b (black
spheres). Good consistence has been achieved among the
experiments, the FDTD simulations and the theoretical calcu-
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lations, which further validates the accuracy of the dispersion
relation measured by the transmittance-based KK method. As
a result, additional functional GO devices in the MIR regime
can be conveniently designed based on its dispersion relation,
opening up new avenues for the challenging MIR applications.
It should also be noted that the dispersion relation of GO is
readily extended beyond 25 μm (the experimental limit of our
Bench FTIR spectrometer) to the far-infrared or THz regime by
utilizing the transmittance-based KK method.

Optimization of extinction ratio

The performance of a linear polarizer is characterized by the
extinction ratio, defined as the ratio of the power in the

desired polarization to the power in the undesired polariz-
ation. To investigate the performance of our GO polarizers, we
have simulated the extinction ratio as a function of both the
GO film thickness (d ) and the periodicity (a) by using the
FDTD simulations, as shown in Fig. 5a. The width of the GO
ribbon (l) is fixed at 0.2a, maintaining the same filling ratio of
the periodic waveguide array. The extinction ratio of GO polari-
zers is found to be highly related to the GO film thickness and
the grating periodicity (see Fig. 5a). The white circles in Fig. 5a
represent the geometrical configurations of the fabricated GO
polarizers (insets of Fig. 4b) with the increasing periodicity on
the same 1 μm-thick GO film. As the periodicity increases from
2 μm to 8 μm, a degradation of the extinction ratio is identi-

Fig. 4 Broadband tunability of graphene oxide MIR polarizers. (a) Experimental broadband tuning of the working wavelengths of GO polarizers
from 2 μm to 14 μm. (b). The experimental dependence of the working wavelength as a function of the periodicity of the GO polarizer comparing to
the FDTD simulations and the theoretical calculations. Inset: The microscope images of the fabricated GO polarizers with varying periodicities.

Fig. 5 Optimizations of graphene oxide MIR polarizers. (a) The FDTD simulations of the extinction ratio as the function of both the GO film thick-
ness and the grating periodicity. The theoretical prediction of the optimized design (a/2 < d < a) has been indicated by the white solid lines. The
white and green circles represent the geometries of the fabricated GO polarizers before and after the optimization respectively. (b) Experimental
results of the extinction ratio before and after the optimization.
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fied from the FDTD simulations. After examining the
measured transmission spectra of the corresponding GO polar-
izers (Fig. 4a), the extinction ratio has been plotted in Fig. 5b
(black circles). The extinction ratio of the GO polarizer reaches
as large as 14 dB with a periodicity of 2 μm, and reduces to
less than 3 dB as the increase of the periodicity (up to 8 μm).
As a result, good consistence of the extinction ratio between
the FDTD simulation and the experimental results has been
achieved.

To optimize the extinction ratio of GO polarizers, the over-
lapping between guided-mode resonance and waveguide mode
resonance has been investigated. It is obvious that both of the
two coupling mechanisms will block the incident radiations
and increase extinction ratio. Therefore, the optimized extinc-
tion ratio will be achieved when both the guided-mode and the
waveguide mode are excited at the same wavelength. For the
waveguide mode coupling along the z direction, the cut-off
wavelength λc has been expressed as (see also Part II in ESI†):42

λc ¼ nGO � d; ð2Þ
where nGO is the refractive index of the GO film. As a result,
based on eqn (1) and (2), the overlapping of the two coupling
modes (λc = λg) requires:

nGO � d ¼ a � neff :
Given the fact that 1 < neff < nGO < 2 the GO film thickness

(d ) should satisfy a/2 < d < a to ensure the mode overlapping
for the higher extinction ratio (marked with white lines in
Fig. 5a) which shows good agreement with the FDTD
simulations.

Based on the optimized extinction ratio regions in Fig. 5a
three GO polarizers have been fabricated with the carefully
designed periodicities and the GO film thicknesses marked as
the green circles in Fig. 5a. The transmission spectra of the
three optimized GO polarizers have been characterized by
using the microscope FTIR spectrometer (see Fig. S7 in ESI†)
and the extinction ratio are extracted as shown in Fig. 5b
(green circles). As a result the optimized extinction ratio as
large as 20 dB has been realized experimentally in the MIR
range which is comparable with the commercialized holo-
graphic wire-grid polarizers (cost over $2000).43 In contrast the
cost of our GO polarizers is estimated to be low in consider-
ation of the low-cost DLW method and the abundance of GO
materials.

Conclusion

We have unveiled experimentally the dispersion relation of GO
by using the model-free transmittance-based KK method pro-
viding the fundamental optical parameters of GO for various
photonic and optoelectronic applications in the MIR regime.
As an example we realized the free-standing MIR GO polarizers
with controllable working wavelengths from 2 μm to 14 μm
large extinction ratio of 20 dB flexible integration capability
and low-cost manufacturing. Two coupling mechanisms of the

GO polarizers have been analysed and good agreement has
been reached between the theoretical and experimental
results.

The development of the model-free transmittance-based KK
method in characterizing the ultrathin GO films opens up a
promising approach to access the optical properties of novel
low-dimensional materials with atomic-scale thicknesses
which is still challenging by using the conventional spectro-
scope ellipsometry method. Moreover the attainable frequency
range is extendable by combining various spectroscopic
methods from the UV to microwave ranges promoting the
design of functional integrated photonic devices in the less
developed MIR and THz regime.

Methods
Direct laser writing

A homemade DLW system was utilized to fabricate the free-
standing GO polarizers by using a low repetition rate femtose-
cond pulsed laser beam (100 fs pulse 10 kHz 800 nm). The
schematic figure showing the laser fabrication process of the
free-standing polarizers is shown as Fig. S3 in ESI.† First we
have prepared a glass slide with a round hole in the centre.
Then we transferred the GO film onto the glass slide and
covered the centric hole yielding a free-standing area of the GO
film above the centric hole. Then we covered the GO film with
a standard cover slip with the thickness of 0.17 mm. A laser
beam was focused through a high numerical aperture (NA =
0.95) objective to fabricate the grating structures in the GO
film. Finally after the laser fabrication the cover slip was
removed carefully without peeling off the GO film. Therefore
the free-standing GO film with the patterned grating area has
been achieved and characterized using FTIR.

Surface morphology characterization

The 3D optical profiler (Bruker ContourGT InMotion) have
been used to characterize the surface morphology of the fabri-
cated GO polarizers.

FDTD simulation

The FDTD simulation was performed by using Lumerical
FDTD software. In the simulation the parameters of the GO
materials were obtained by experimentally measured dis-
persion relations. The GO polarizer is defined by a unit cell
consisting of one grating pattern and the periodic boundary
condition. The plane wave light source has been placed in a
normal incident direction (along the Z axis in Fig. 3) on top of
the GO polarizer at a distance of 20 μm away. TE and TM polar-
izations of the incident plane wave have been defined accord-
ing to Fig. 3. The transmission monitor has been placed at the
bottom with a distance of 20 μm away from the GO polarizer
in the normal incident direction.
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Spectroscopic methods

The UV-Vis transmission spectrum of the GO thin film is
measured by using the PerkinElmer UV/Vis Spectrophotometer
from 200 nm to 2 μm. The IR transmission spectrum of the
GO thin film is measured by using the bench FTIR spectro-
meter (Bruker V70) from 2 μm to 25 μm. The IR transmission
spectrum of the GO polarizer with the limited sample size is
measured by using the microscope FTIR spectrometer (Bruker
V70 and Hyperion 2000) from 2 μm to 14 μm. The microscope
FTIR spectrometer uses an FTIR condenser to focus the broad-
band IR radiations onto the sample in the free space. The
normal incidence condition has been achieved by using a pin
hole system (see Fig. S5 in ESI†).
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