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Abstract: The reversible insulating-to-conducting phase

transition (ICPT) of vanadium dioxide (VO2) makes it

a versatile candidate for the implementation of inte-

grated optical devices. In this paper, a bi-functional

in-line optical device based on a four-layer stack of

PMMA/graphene/VO2/graphene deposited on a side-

polished �ber (SPF) is proposed. The structure can be

employed as an ultra-compact TE modulator or a TM-

pass polarizer, operating at 1.55 μm. We show that the

ICPT characteristic can be used for polarization-selective

mode shaping (PSMS) to manipulate orthogonal modes

separately. On the one hand, as an optical modulator, the

PSMS is used to modify mode pro�les so that the TE mode

attenuation is maximized in the o�-state (and IL is mini-

mized in the on-state), while the power carried by the TM

mode remainsunchanged.As a result, a TEmodulatorwith
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anultrahigh extinction ratio (ER) of aboutER= 165dB/mm

and a very low insertion loss (IL) of IL = 2.3 dB/mm is

achieved. On the other hand, the structure can act as a

TM-pass polarizer featuring an extremely high polariza-

tion extinction ratio (PER) of about PER = 164 dB/mm

and a low TM insertion of IL = 3.86 dB/mm. The three-

dimensional heat transfer calculation for the ICPT process

reveals that the response time of the modulator is in the

order of fewnanoseconds.Moreover, the requiredbias volt-

ageof theproposeddevice is calculated tobeas lowas 1.1V.

The presented results are promising a key step towards

the realization of an integrated high-performance in-line

modulator/polarizer.

Keywords: graphene; modulator; polarizer; selective

mode shaping; side-polished �ber; vanadium dioxide.

1 Introduction

Optical modulators are key components in many opti-

cal systems for manipulating the light passing through

the device. In general, optical modulators modify the

characteristics of light, such as its phase, amplitude, or

polarization. In this regard, several types of optical mod-

ulators have been proposed and fabricated based on the

electro-absorption (EA) [1], electro-optic (EO) [2],magneto-

optic [3], and thermo-optic (TO) [4–6] e�ects. In �ber-optic

telecommunication networks, a monolithic approach is

preferred over the conventional approach that requires the

interruption of the �ber by insertion of an external device

[7]. The conventional approach su�ers from several draw-

backs includingmechanical instability and high insertion

loss. In contrast, in-line �ber platforms potentially resolve

these issues because the devices can be embedded within

the �ber in such a way that propagating the optical �eld

evanescently interacts with the surrounding active media.

Fiber-based EA modulators utilize materials whose

losses can be e�ectively modulated. Various materials,
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including transparent conductive oxides (TCOs) [8, 9],

optical phase change materials (O-PCM) [10, 11], and two-

dimensional (2D) materials such as graphene [12], have

already been employed to realize high-performance and

compact EA modulators.

Note that O-PCMs show a reversible phase transition

between an insulating phase (with low loss) and a con-

ducting phase (with high loss), which leads to signi�cant

changes in their optical properties. This property of

O-PCMs has been employed to realize various photonic

devices [5]. Among them, vanadium dioxide (VO2) has

recently attracted signi�cant attention due to its unique

optical and thermal properties,which can beused in active

photonic devices [13, 14]. Here, VO2 exhibits a reversible

abrupt insulating-to-conducting phase transition (ICPT)

that can be originated by applying an electric �eld larger

than the threshold �eld of ∼ 6.5 × 107 V/m [15] or by

adjusting the temperature of VO2 above ∼ 68◦C [10]. The

reverse mechanism, the conducting-to-insulating phase

transition (CIPT), occurs when the applied electric �eld

to VO2 is removed or the VO2 is su�ciently cooled. The

ICPT in VO2 is accompanied by a considerable change in

the refractive index so that the real part varies from 3.24

to 1.58 and the imaginary part varies from 0.353 to 2.63

at the wavelength of � = 1.55μm [16, 17]. This signi�cant

change in the imaginary part of the refractive index (or

equivalently in the VO2 propagation loss) allows the

design of EA modulators with small footprints [18, 19].

Moreover, owing to the considerable change in the real

part of the VO2 refractive index and also its unique thermal

properties, it can be used in EO and TO modulators [10].

Although such devices are available in silicon pho-

tonic platforms, their high-performance in-line �ber coun-

terparts have notwidely been explored. Fiber optics can be

easily covered by active materials such as VO2, TCOs and

graphene [20]. However, as the light–matter interaction is

weak, this platform requires larger optical con�gurations

for coupling the propagating light to the active material.

This is due to the spatial separation of the con�ned light

in the �ber core from the coating material on the �ber

cladding. To overcome this de�ciency, the idea of side-

polished �bers (SPF) has been introduced [21, 22]. In SPFs

a portion of the �ber cladding is removed to bring the

active material closer to the �ber core. This can signi�-

cantly enhance the interaction of light evanescent �eld

with an active material that reduces the size of the device

[22, 23]. Several theoretical and experimental studies on

the application of side-polished �bers have been reported

including modulators [24], polarizers [25–27], �lters [28],

biosensors [29–31], andswitches [21].Avarietyofmaterials

such as polymers, polymethyl methacrylate (PMMA), high

index polyvinyl butyral (PVB), and chalcogenide thin �lms

have already been used as coating layers on SPFs in order

tomanipulate themodepro�le and for functionalization in

order tobind tobiological analytes for sensingapplications

[21, 31–33]. In addition, several SPF-based polarizers and

modulators are integrated with overlaid graphene, which

bene�ts from its broadband tunability [24, 34, 35]. How-

ever, due to the 2D nature of graphene (with a thickness of

0.34nm), the light-graphene interaction is poor [36],which

limits the performance and compactness of such devices

because extended lengths are required [37].

In EA, EO, and TO modulators based on O-PCMs and

TCOs the tunability is obtainedbyapplyinganelectric �eld

or by heat generation using a metal electrode. Such metal

electrodes can signi�cantly increase the on-state insertion

loss of the modulator. One potential approach for elim-

inating metal electrode losses in the on-state is to use

graphene as the electrode to apply the required electric

�eld across the active material overlay [34]. It should also

be mentioned that due to the signi�cant loss of VO2 in the

low-loss operating state (i.e. the insulating phase), it is

still challenging to achieve modulators with low insertion

loss and high extinction ratio. In this study, we propose

an optical TE modulator/TM-pass polarizer comprising

a stack of PMMA/graphene/VO2/graphene on the top of

an SPF to overcome the mentioned shortcomings. This

structure selectively modulates the TE-polarized mode,

while the power carried by the TM polarization remains

unchanged. Moreover, this four-layer stack provides us

with a polarization-selective mode shaping (PSMS) of the

TE mode to extremely enhance the extinction ratio (ER)

and minimize the insertion loss (IL) of the modulator.

According to the presented results, PSMS can provide

an extremely higher ER of about 165 dB in comparison to

state-of-the-art fabricated isolators with ERs in the order of

about 10 dB [33, 35, 38]. Such an outstanding achievement

is accompanied by a moderate IL of 2.3 dB. Moreover, it

is estimated that the modulation speed of the proposed

PSMS-based EA modulator is 125 MHz which is �ve orders

of magnitude higher than that of the state-of-the-art EA

modulators (<300 Hz) [35].

The details of the PSMS mechanism for both the TE

and TMmodes are investigated in Section 2. The reshaping

of theTE- andTM-polarizedmodes in response to thephase

changeofVO2 is presented. In thenext step inSection3, the

e�ects of the geometrical parameters, such as the height

of the Polish �ber and the VO2 thickness on the PSMS,

are studied because they can e�ectively be engineered to

achieve thehighestperformance.Then, thecoupling losses
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of the tapered entrance and exit sections are calculated

and are taken into account in the total extinction ratio and

insertion loss of the modulator and polarizer. Afterward,

the modulation speed is also studied in Section 4 where

two speed-limiting mechanisms are considered. First, the

time delay due to the RC time constant of the device is

calculated. Second, the heating and cooling time delays of

the VO2 layer are determined precisely based on the con-

ductive and convective heat transfer calculations. Finally,

a summaryof the results and study is provided inSection 5.

2 Device structure and operating

principle

The schematic of the proposed PSMS-SPF modula-

tor/polarizer is illustrated inFigure 1.Thedevice consists of

a PMMA/graphene/VO2/graphene stack grown on a side-

polishedstandard single-mode�ber (CorningSMF-28)with

a core/cladding diameter of 8.2∕125μm. The two graphene

sheets are employed as the top and bottom electrodes to

apply an external voltage across the VO2 slab. As it is

shown in Figure 1a, in order to minimize the coupling loss,

tapers are used for gradual transitions from the unpol-

ished �ber to the uniformD-shaped region, and vice versa.

The cross-sectional view of the proposed PSMS-SPF mod-

ulator/polarizer is shown in Figure 1b. The parameters �

and d represent the width and thickness of the VO2 layer,

respectively. The polished height (the distance between

the core center and the polished surface) is also denoted

by h. The side polishing allows access to the propagating

light within the core without breaking the �ber path. The

Figure 1: (a) The perspective view of the proposed in-line fiber

modulator formed by overlaying a VO2 layer on the side-polished

fiber. (b) The cross-section details. Bi-function operation as (c)

TM-pass polarizer and (d) TE modulator.

proposed PSMS-SPF device has two operating modes, i.e.

TM-passpolarizer andTEmodulator that are schematically

shown in Figure 1c and d, respectively.

In conventional VO2-based EA modulators, the phase

state of VO2 (the propagation loss of VO2) controls the

transmission of light through the modulator. In other

words, the low-loss insulating and high-loss conducting

phases of VO2 with the corresponding refractive indices

of n = 3.243+ 0.353i and 1.58+ 2.63i result in on- and o�-

states of the EA modulator, respectively. In contrast, our

proposed design with PSMS-SPF con�guration utilizes the

variationof therealpartof therefractive index toselectively

manipulate the TE-mode pro�le.

In order to understand the concept behind it, the elec-

tric �eld pro�le of the TE (TM) mode in the bare SPF is

shown in Figure 2a (Figure 2d). On the other side, the elec-

tric�eldpro�lesof theTE (TM)modeof theproposedPSMS-

SPF with PMMA/graphene/VO2/graphene stack coating in

the insulating and conducting phases of VO2 are respec-

tively shown in Figure 2b and c (Figure 2e and f). The geo-

metrical parameters are taken as� = 10μm, d = 10.8 nm,

and a PMMA thickness of 600 nm. As it can be seen in

Figure 2, the TE mode pro�le is highly a�ected by the coat-

ings and especially the phase change of the VO2, while

the TM mode exhibits little sensitivity. In order to gain a

better insight into the TE (TM) �eld pro�le variations, the

electric �eld amplitudes along the central white dashed

lines of Figure 2b and c (Figure 2e and f), are illustrated in

Figure 2g. It is obvious that when VO2 is in the low-loss

insulating phase, the TEmodemoves toward it so that high

light-VO2 interaction is obtained. As a result, the attenu-

ation of optical power is enhanced and the modulator is

set at the o�-state although the intrinsic loss of VO2 is low.

On the other hand, when the VO2 is in the conducting

phase, the TE mode gets away from the lossy VO2, which

results inminimal insertion lossandconsequentlyon-state

of themodulator. Therefore, it canbe said thatPSMSsignif-

icantly enhances the overlap of the optical modewith VO2.

Figure 2g qualitatively shows how much the TE and TM

modesmove toward or away from the VO2 layer in di�erent

states (for more details, see Supplement 1, Section I).

To physically explain the TE mode-reshaping, it is

worth noting that light generally moves toward layers with

high refractive indices and this leads to the mode pro�le

reshaping. Although this mode reshaping can occur for

both TE and TMmodes, it is possible to design appropriate

coating layers to achieve selective-mode pro�le reshap-

ing of either TE or TM mode. The mechanism of PSMS

in our proposed stack of coating layers is schematically

illustrated in Figure 3. As it is known, the dominant electric
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Figure 2: The electric field profiles of (a) TE mode and (d) TM mode of the bare SPF. The electric field profile of (b) TE mode and (f) TM mode in

the PSMS-SPF with PMMA/graphene/VO2/graphene coatings where VO2 is in the insulating phase. The electric field profile of (c) TE mode

and (e) TMmode of the PSMS-SPF where VO2 is in the conducting phase. The green arrows in (a) and (d) illustrate themagnitude and direction

of the electric field. (g) The electric field amplitude of TE and TM modes along the central cut-lines (white dashed lines) of (b), (c), (e) and (f).

Figure 3: The schematic view of PSMSmechanism for TE mode, (a) in

the insulating phase and (b) in the conducting phase.

�eld component of the TE mode lies along the x-direction

(see green arrows in Figure 2a). Due to the continuity of

the tangential components of the electric �elds (Ex), it is

expected that the TE mode pro�le must be continuous in

the three-layer stack of PMMA/VO2/core shown in Figure

3. Now as can be seen in Figure 3a, when the bias volt-

age Vbias of the device applied to the graphene sheets

is set to zero or when it is below the threshold voltage,

the VO2 is in the insulating phase with a refractive index

of n = 3.243+ 0.353i. In this case, the structure of mod-

ulator can be considered as an LHL (L = low refractive

index, H = high refractive index) stack in which the VO2

layerwithnVO2
= Re(n) = 3.243 is sandwichedbetween the

�ber core (with the low refractive index of ncore = 1.4682)

and the PMMA coating (with the low refractive index of

nPMMA = 1.49). Therefore, the high refractive index of VO2

pulls the TE pro�le upward and it can act as an optical con-

nection between the �ber core and the thickPMMAcoating

due to the continuity of the TEmode (see Figure 2b and the

red line in Figure 2g). As a result, the propagating TEmode

undergoes high attenuation because of the high overlap

between the �eld pro�le and the insulating VO2 that yields

the o�-state of the modulator. It should be emphasized

that although graphene electrodes can also cause losses

at � = 1.55μm when their chemical potentials �c are less

than 0.4 eV, the loss of VO2 is the only mechanism that

contributes to the attenuation of the TE mode because the

chemical potentials are assumed to be 0.75 eV. Therefore,

grapheneelectrodes canbeconsideredalmost lossless (see

Supplement 1, Section II and Figure S3).

In thecaseofTMpolarized lightwith itsdominantelec-

tric �eld perpendicular to the interfaces (see Figure 2d, the

continuity condition of the perpendicular component of

the displacement �eldD1,y = D2,y (i.e. n
2
1
E1,y = n2

2
E2,y) leads

to reduced penetration of the electric �eld into the VO2

layer with its high real part of the refractive index. Thus,

the optical connection cannot be established between the

guided TM-mode inside the �ber core and the PMMA over-

laid. As a result, the TM mode pro�le remains unchanged

(see Figure 2e and the blue line in Figure 2g). According to

the insetofFigure2gandas it isexpected, loweramplitudes

of the electric �eld inside the VO2 in the TM polarization

compared to that of the TE mode is apparent.

As can be seen in Figure 3b, when the bias voltage

exceeds V th, the VO2 phase changes from the insulating
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to conduction one, which results in a signi�cant reduction

in the real part of its refractive index from 3.243 to 1.58.

In addition, the sign of the real part of VO2 permittivity,
�VO2 = n2

VO2
changes from a positive (+10.3924) to a neg-

ative value (−4.4205) that indicates the transition from a

dielectric tometal leading to the formationof an LML stack

(L= low refractive index, M=metal). Keeping in mind the

�eld isolated nature ofmetals, the electromagnetic bound-

ary conditions imply Ex ≈ 0 and Ey ≈ 0 at the conducting

VO2 interfaces with both the PMMA and �ber core [39].

This causes discontinuities in the electric �eld pro�les of

both the TE and TMmodes and as a result, no optical con-

nection can be established between the thick PMMA and

the �ber core. Therefore, as it is shown in Figure 2c and f,

there is no signi�cant change in the pro�les of the TE/TM

modes. In this case, as it is con�rmed by the blue and red

dashed lines in Figure 2g, light is trapped at the bottom of

the �ber core and is separated from the lossy VO2 so that

the insertion loss is reduced and themodulator is set to the

on-state. Moreover, for the case of bare SPF as it is shown

Figure 2aandd, thepro�leofboth theTEandTMmodesare

pushed down to the bottom of the core. This is due to the

higher refractive index of silica cladding (nclad = 1.4615) at

the bottom compared to that of the air cladding (nair = 1)

at the top polished interface.

3 Results and discussion

3.1 TM-pass polarizer

To elaborate further on the characteristics of the TE

modulator/TM-pass polarizer, we have investigated the

device response tovariationsof theparameters suchasVO2

thickness, d and the polished height, h. The most impor-

tant characteristics of each modulator/polarizer are the

extinction ratio (ER) and insertion loss (IL). To achieve the

desired extinction ratio and low insertion loss, the param-

eters of the device such as the polished height and the VO2

thickness shouldbe engineered. Figure 4a shows the varia-

tion of ILTE/TM
o�

and ILTE/TM
on

and Figure 4b shows the o�-state

e�ective mode indices variation of both TE and TMmodes

as a function of VO2 thickness. In order for the PSMS-SPF

to operate as a TE modulator, the propagation loss of the

device should be modulated between the minimum and

maximum losses. Thus, the state of the device should be

changed between on- and o�-states.

It is interesting to note that this device can be used

as an extremely high-performance polarizer. As shown in

Figure 4a, to �nd the optimum thickness of the VO2 layer
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Figure 4: (a) The propagation losses of the TE and TM modes as a

function of the VO2 thickness in both insulating and conducting

phases. At d = 10.8 nm, the device can be employed as the TM-pass

polarizer. (b) The calculated changes in the real part of TE and TM

mode indices versus the thickness of VO2.

inwhich the extinction ratio of the device ismaximized, its

thickness is swept from 5 to 15 nm, and the insertion loss of

both TE and TM modes are calculated for both insulating

and conducting phases of the VO2 layer. Here, a constant

polished height of h = 3.1μm is considered. It can be seen

that the o�-state insertion loss of the TEmode, ILTE
o�
reaches

its maximum value of 168 dB/mm at d = 10.8 nm. On the

other hand, in the case of TMmode, it canbe seen that both

o�-state and on-state insertion losses, ILTMo� and ILTMon have

minor sensitivity to the changes in the VO2 thickness and

have low and almost constant values of about 4 dB/mm.

This high o�-state insertion loss of the TE mode, ILTE
o�
(near

d = 10.8 nm) and the very low o�-state insertion loss of the

TM mode, ILTM
o�

evokes the function of TM-pass polarizer.

Therefore, to operate as a TM-pass polarizer, the device

should always be in the o�-state that the highest TE mode

damping occurs. The polarization extinction ratio (PER) is

de�ned as the ratio of the power carried by the TM mode

to the power carried by the TE mode, represented in dB as

PERPolarizer = ILTE
o�
− ILTM

o�
, is ∼ 164.14 dB. Also, the inser-

tion loss of the TM-pass polarizer equals to the o�-state

insertion loss of the TM mode as ILPolarizer = ILTM
o�
, that is

∼ 3.86 dB.

Figure 4b shows the e�ective index variation of the

guided TE (red line) and TM (blue dashed line) modes
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as functions of the VO2 thickness in the insulating phase

(o�-state). As can be seen, as d increases, the e�ective

mode index of the TE mode also increases and reaches

its maximum value at d = 10.8 nm and then decreases

rapidly. This means that the TE mode pro�le is pulled up

to the medium (PMMA/VO2 stack) with a higher e�ective

refractive index. With further increase in d, the 600 nm-

thick PMMA/d nm-thick VO2 stack provides a much higher

e�ective refractive index than the refractive index of core,

which leads to a decoupling between the core guidedmode

andtheuppercoatings.Thus, theTEmodepro�le ispushed

down again. In contrast to the TEmode, the e�ectivemode

index of the TM mode is slightly sensitive to the changes

in VO2 thickness and is almost constant.

It should be noted that VO2 material has already been

deposited on graphene [4, 40], which shows that our pro-

posed structure is experimentally feasible. However, the

most challenging part of realizing such a VO2-based stack

on an SPF is to deposit an ultrathin VO2 layer (below 10

nm) on the graphene sheet. Recently, the techniques of Ar-

ionmilling [41], pulsed laser deposition (PLD) [42, 43], and

a readily implemented synthesis method are managed to

achieve ultrathin VO2 layers with thicknesses lower than

4 nm [41], 5 nm [42], 2 nm [43], and 10 nm [44]. In our

proposed device, the best performance is achieved at the

VO2 thickness of∼10.8 nm.

3.2 TE modulator

The extinction ratio of the TE polarizer can be de�ned as

the di�erence between the TE mode insertion losses of

the device in the o�-state and the on-state as ERModulator =

ILTE
o�
− ILTE

on
. Also, the modulator insertion loss equals the

on-state insertion loss of TE mode, as ILModulator = ILTE
on
. As

mentioned before in Section 2, the TE mode response of

the device has a considerable sensitivity to the changes

in both geometrical parameters and the phase state of the

VO2 layer. In the above calculations and results shown in

Figure 4a and b, a constant polished height of h = 3.1μm

is considered. In order to clearly show the in�uence of the

polished height variation on the performance of the pro-

posed modulator, both o�- and on-states insertion losses,

and extinction ratio are calculated as a function of the

polished height (at constant d = 10.8 nm) and depicted

in Figure 5a. For a better representation of the amount

of intersection of the polished surface with the core/clad

area, the residual radius is de�ned as RR = h− r, where r

denotes the core radius. A negative RR indicates that the

polished surface enters the core and a positive RR indi-

cates that the polished surface lies in the cladding, and

an RR = 0 indicates that the polished surface is at the
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Figure 5: (a) The extinction ratio and insertion loss (i.e. the on-state

IL) of the TE modulator as a function of both polished height and
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core/clad interface. As it is seen in Figure 5a, the on-state

insertion loss (blue dashed line) increases uniformly with

decreasing RR, because the interaction between the VO2

layer and the evanescent �eld of TEmode has got stronger.

Also, similar behavior is observed for theo�-state insertion

loss (bluedotted line),which increaseswithdecreasingRR.

Besides, a very sharp increase occurs near RR = −1μm (or

equivalently h = 3.1μm), and then,with a further decrease

in the residual radius, the o�-state insertion loss increases

slightly. The reason is that for RR ≤ 1μm, the TEmode pro-

�le has tightly drawn to the mentioned four-layer stack

due to its higher refractive index and the VO2 (insulating

phase) leads to an attenuation of the power carried by the

TE mode.

Similar to the o�-state insertion loss, the extinction

ratio (red line) of the modulator for the TE mode increases

rapidly from 32 dB/mm to 165 dB/mmat RR = −1 μm.With

a further decrease in RR, the extinction ratio remains con-

stant. Itmay be concluded that an RR < −1 μmis su�cient

to achieve a high performance and high extinction ratio

modulator; however, this conclusion is not always cor-

rect.Although for RR ≤ −1μm, the extinction ratio reaches

its maximum (∼ 165 dB/mm) and remains constant. How-

ever, the on-state insertion loss increases as the residual
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radiusdecreases leading toan increase in theopticalpower

attenuation of the TE mode in the on-state (i.e. on-

state insertion loss). The performance of modulators is

related to both the high extinction ratio and low on-

state insertion loss. To show the impact of the residual

radius on the performance of modulators, a �gure of merit

(FoM) is de�ned as FoM = (ILo� − ILon)∕ILon, as shown in

Figure 5b. As can be seen, the FoM at RR ≈ −1 μm reaches

a maximum of about 49, in which the highest modulator

performancewith the highest extinction ratio and the opti-

mum amount of the on-state insertion loss are achieved

simultaneously.

3.3 Coupling losses

It should be noted that at all the results discussed in

the previous section, the coupling loss of TE/TM mode

in the transitional polished tapers at the beginning and

the end of the SPF are not considered. Pro�les of TE and

TM modes at three points, (I) before the entrance transi-

tion section, (II) in the entrance transition section, and

(III) in the active region of the device for on- and o�-states

are shown in Figure 6a. As can be seen, both TE and TM

mode shapes change from a symmetric circular shape to

a D-shape. In addition, the TE mode is more a�ected by

the �ber shape deformation and the VO2 phase-change,

so undergoes greater coupling loss than the TM mode.

As light propagates through the exit transition section, a

reverse mode deformation occurs from the D-shape to the

symmetric one.

Here, to account for these coupling losses, a 3D-

FDTD method is used with the assumption of a typical

transition length of Ltr = 4 mm [45]. The calculated cou-

pling losses of the device in the on- and o�-states for

the TE and TM modes are �TE
on

= 0.24 dB, �TM
on

= 0.15 dB,

�TE
o�

= 0.37 dB, and �TM
o�

= 0.18 dB, respectively. There-

fore, by inclusion of coupling losses, the total extinction

ratio and total insertion loss of the proposed modula-

tor/polarizer with the active region length of Lact can be

obtained as:

ERModulator
Total

= (ILTEo� − ILTEon) × Lact + 2(�TE
o�

− �TEon)

ILModulator
Total

= ILTEon × Lact + 2�TEon

(1)

PERPolarizer
Total

= (ILTE
o�
− ILTM

o�
) × Lact + 2(�TE

o�
− �TM

o�
)

ILPolarizer
Total

= ILTMo� × Lact + 2�TM
o�

⋅

(2)

Assuming Lact = 1 mm, the results show that the

minimum total extinction ratio and insertion loss of

modulator are as high as ER Modulator
Total

= 165 dB/mm, and

Figure 6: (a) The schematic side view of the SPMS-based SPF. (b) TE

mode profiles of the on-state at three different points at (I) entrance

tapered region, (II) center of the polished flat region, and (III) exit

tapered region. (c) TM mode profiles of the on-state, (d) TE mode

profiles of the off-state, and (e) TM mode profiles of the off-state at

three different points. The red values below each graphs shows the

residual radius of the structure at each point.

IL Modulator
Total

= 2.3 dB/mm, respectively. Also, in the case of

TM-pass polarizer, the minimum total polarization extinc-

tion ratio and insertion loss are PER Polarizer
Total

= 164 dB/mm,

IL Polarizer
Total

= 3.86 dB/mm. It is clear that if the length of the

active region increases, both extinction ratio and insertion

losses will increase. The comparison of these results with

the state-of-the-art of in-line �ber modulators/polarizers

is shown in Table 1. Here, �opr denotes the operating

wavelength.
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4 Modulation speed calculation

Generally, there are two mechanisms that can limit the

modulation bandwidth or equivalently the response time

of our proposed device that are schematically shown in

Figure 7a and b. The �rst limitation is the electrical time

constant of the device, �RC = Rt × Ct where Ct and Rt
denote the total capacitance and total resistance of the

structure, respectively. When the device is in the on-state

(Vbias < V th) with the insulating VO2 layer, the structure

can be modeled as a parallel plate capacitor in which

VO2 plays the role of a dielectric sandwiched between two

graphene electrodes. Switching the modulator from the

on- to o�-state is performed by applying an external bias

a bias voltage higher than the threshold voltage (V th ≈

0.7 V). However, it takes several RC time constants for the

capacitor voltage to reach V th as shown in Figure 7c (the

blue line).

In order to estimate the RC time constant, the total

resistance, Rt and capacitance, Ct of the structure should

be calculated. The total capacitance of the structure is

the series combination of the oxide capacitance, Cox
= �0�

DC
VO2

∕d (per unit area) and quantum capacitance

of graphene layers, CQ (see Supplement 1, Section II).

The oxide capacitance per unit area is obtained as Cox
= 29.5fF∕μm2 for VO2 dielectric constant of �

DC
VO2

= 36 [50]

and a thickness of d = 10.8 nm. The quantum capacitance

per unit area is also calculated to be CQ = 243fF∕μm2,

which is clearly much larger than the oxide capacitance.

Consequently, the oxide capacitance is dominant in our

proposed structure and the e�ect of the quantum capaci-

tance can be ignored.

The total resistance of the device is the series combi-

nation of two Ti-Au/graphene contact resistances, Rc and

two graphene sheet resistances, Rsh. Assuming a contact

resistance of 200Ω m [51, 52], and a sheet resistance

of 500Ω∕□ (although a lower sheet resistance of about

120–280Ω∕□ is achievable for amoderate doping level of

5 × 1012 cm−2 [53–55]), theRC timeconstantof about 1.18ns

is expected. It should be noted that the voltage across the

VO2 layer reaches 63, 95 and 99% of the bias voltage after

1�RC, 3�RC, and 5�RC, respectively. Thus, the RC time delay

of the device implicitly depends on the value of the applied

biasvoltage so that thehigherbiasvoltage increases results

in a shorter delay time. For instance, if a bias of 1.1 V is

applied, the VO2 voltage reaches the threshold value just

after one RC time constant.

The second mechanism that restricts the modula-

tion speed is the insulating-to-conducting phase transition

(ICPT) (or inversely, the conducting-to-insulating phase
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Figure 7: Modulation speed calculation. (a) The circuit model and phase-state of the device after applying the bias voltage before RC time

delay of the device, i.e. VVO2 < Vth, and (b) after RC time delay of the device, i.e. VVO2 ≥ Vth. (c) The voltage-time diagram of the voltage on the

VO2 layer after applying the bias voltage. (d) Temporal variation of the VO2 temperature between 25
◦C and 75◦C during ICPT and CIPT for

d = 10.8 nm. (e) The 3D view of the spatial temperature distribution of the device at time= 4.2 ns. Here, PMMA is made transparent so that

the temperature distribution of VO2 and Au contacts can be seen better. (f) 2D view of the device temperature distribution in the x − y plane.

(g) The steady-state operation of the TE modulator. The steady-state phase transition of VO2 and hence the switching between the on- and

off-states is induced by applying nanosecond electrical pulses with an amplitude 1.1 V, a width of PW = 2.98 ns, and a period of PP = 8 ns.

The heating rise-time, tstd
rise

= 1.8 ns and the cooling fall-time, tstd
fall

= 6.17 ns and the time delay associated to the RC time constant of the

device, �RC = 1.18 ns are shown. In the steady-state operation the temperature of VO2 varies between the lower limit and the upper limit of

50◦C and 75◦C, respectively.

transition (CIPT)) timeofVO2. Asdiscussed above, aproper

external bias higher than the threshold voltage is applied

to the graphene sheets during ICPT. Hence, charge carri-

ers are injected into the VO2 layer via the Poole-Frenkel

mechanism [56], which results in rapid heating and resis-

tivity reduction of VO2. Now, there is a current �ow through

the graphene/VO2/graphene stack. As a result, the electric

�eld drops and the temperature continues to rise by the

electrical current and in this way, the thermal actuation of

the device through Joule heating is accomplished (see the

red line in Figure 7c).

When the phase of VO2 changes from the insulating

phase to the conducting phase, its resistivity signi�cantly

reduces by four orders ofmagnitude [57], resulting in a cur-

rent �ow through theVO2 layer and graphene sheetswhich

assist in further heating of the device. Figure 7d shows the

temporal variation of temperature of the VO2 layer in both

ICPT and CIPT. The calculated heating time (ICPT) and

cooling time (CIPT) for d = 10.8 nm is∼ 4.2 ns and∼ 16 ns,

respectively. Note that the heating time is considered long

enough (∼ 4.2 ns) so that the VO2 temperature rises above

68◦C (up to ∼ 75◦C) to ensure full ICPT. The 3D and 2D

view of the spatial temperature distribution of the device

including the VO2 layer, two graphene sheets and the SPF

are presented in Figure 7e and f, respectively. The thermal

simulation results shown inFigure7d (temporalheat trans-

fer) and Figure 7e and f (spatial temperature distribution)

are obtained by solving the three-dimensional heat trans-

fer equation by including both conduction and convection

mechanisms. The heat conduction equation together with

the electric current reads as [58, 59]:

�2T

�x2
+

�2T

�y2
+
�2T

�z2
+

1

k
gelec =

1

	

�T

�t
(3)

where T, gelec, k and 	 = k∕
Cp represent the tempera-

ture, heat generation, thermal conductivity and thermal

di�usivity, respectively. Also, 
 is thematerial density, and

Cp is the heat capacity. Here, the heat generation in the

device is due to the electrical current �ow through the

VO2 and two graphene sheets given by gelec = I2Rt, where

I and Rt denote the electric current and total resistance of

the device, respectively (see Supplement 1, Section III and

Figure S4). Equation (3) should be solved in each material

separately, then the following boundary conditions must

be applied at the interface of two materials in contact; (i)
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T1 = T2 reveals that twomaterials in contactmust have the

same temperature at the interface, and (ii) k1∇T1 = k2∇T2

expresses the equality of heat conduction at the interface,

where∇ denotes the gradient operator (see Supplement 1,

Section III and Figure S5(a)). It should be noted that the

graphene, thanks to the highest thermal conductivity (up

to 5300 W∕m−1 K−1) [68, 69] among the known materials,

provides the highest heat transfer capability and hence is

a promising candidate to implement thermo-opticdevices.

Details of the thermal properties of the device materials at

� = 1.55 μm are given in Table 2.

Asmentioned earlier, the convectionmechanismmust

also be considered to account for the impact of the sur-

rounding ambient, which includes a �uid such as air or

water (that can be used as a coolant). The convection

boundary condition must be applied to all the external

boundaries of the device that are in contact with the

ambient, as [58]:

qconv = �(Tintfc − Tamb), W∕m2 (4)

where qconv is heat loss from the external interface at tem-

perature T intfc by convection mechanism into the ambient

with the temperature Tamb = 25◦C and the heat transfer

coe�cient of � (see Supplement 1, Figure S5b).

Figure 7g shows the steady-state operation of the

modulator by considering two mechanisms limiting the

modulation rate, RC time constants, and heat transfer

phenomena. As shown, we choose the temperature upper

and lower limits of 75◦C and of 50◦C, respectively. These

choices are due to the fact that the insulating to conduct-

ing to insulating phase transitions in VO2 occurs at above

68◦C and below 55◦C, respectively, therefore it is enough

to set the VO2 temperature above 68◦C and below 55◦C.

Here, to insure full phase transitions, the temperatures of

75◦C and 50◦C are chosen for steady-state operation. For

insulating to conducting phase transition from the initial

temperature of 50◦C, a bias voltage with a pulse width

(PW) of PW = �RC + tstd
rise

= 2.98 ns, a pulse period (PP) of

∼ 8 ns, and an amplitude of 1.1 V are required. As can be

seen, the bias pulse is set to be advanced by an amount

of �RC = 1.18 ns, because the VO2 voltage is always lagging

the bias voltage and its take a time by the amount of RC

time constant of �RC to bring the VO2 voltage to the thresh-

old voltage of 0.7 V. Then, the electrical current �ows for

a period of tstd
rise

= 1.8 ns, which raises the VO2 temperature

from 50◦C to 75◦C. On the other hand, to change the VO2

phase from the conducting phase to the insulating phase,

the electric current is turnedo� for aperiodof tstd
fall

= 6.17ns

to allow heat dissipation during the cooling process. The

steady-state results shown in Figure 7g reveal that a Ta
b
le
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modulation speed of 1∕PP ≈ 125 MHz can be achieved.

The comparison of the steady-state modulation speed of

modulators is shown inTable 1.Acomparisonof the steady-

state modulation velocities of the modulators is shown in

Table 1 Moreover, the modulation energy consumption of

the TE modulator can be obtained by [70]:

Energy∕bit =
1

2
CtV

2
bias

+
V2
bias

Rt × BW
(5)

where the �rst term on the right hand side accounts for

the capacitive loss across the VO2 layer, the second term

represents the Joule heating loss due to current �ow and

BWdenotes themodulationbandwidth.Equation (5) yields

a moderate Energy/bit of ∼0.98547 pJ/bit.

5 Conclusions

In summary, an in-line VO2-based TE-modulator and TM-

pass polarizer was proposed using an engineered stack of

PMMA/graphene/VO2/graphene on a side-polished �ber.

The proposed design exhibits the capability of selective

mode reshaping for di�erent polarizations which could

open several functionalities in integrated optical devices.

This capability is applied to propose an ultra-high per-

formance TE modulator/TM-pass polarizer in which the

propagation loss of the desired polarization undergoes

substantial changes upon the VO2 phase transitions from

the insulating to the conducting phase and vice versa. The

VO2 phase transitions that are governed by electric heating

and heat dissipation are calculated by solving the tran-

sient heat transfer equations in three-dimensional space.

According to the calculations, the VO2 phase transition

time for ICPT and CIPT in the steady-state operation is

about 1.8 and 6.17 ns, respectively. Optical simulations are

also performed based on the 3D-FDTD method. According

to the simulation results, an ER of as high as 165 dB/mm

and a low IL of only 2.3 dB/mm are obtained for the TE-

modulator. In the case of the TM-pass polarizer, a PER

of about 164 dB/mm with an IL of less than 3.86 dB/mm

is achieved which is one order of magnitude larger than

that in the previously studied polarizers. The TE mod-

ulator exhibits a high modulation speed of ∼ 125 MHz.

Moreover, the required bias voltage of the proposedmodu-

lator is as low as 1.1 V. The results demonstrate that active

mode-reshaping is a promising approach for enhancing

polarization-dependency of in-line optical devices.

Supplementary information

See Supplement 1 for supporting content.
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