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Abstract: Compact high-performance electro-optic (EO) modulators are key elements for
optical communications. An electro-absorption modulator is theoretically designed. Due to
the introduction of graphene film over the silicon slot waveguide, the modulation efficiency
is strongly improved. The effect of waveguide dimensions, dielectric insulator thickness, and
carrier mobility on performances of the proposed EO modulator have been comprehensively
investigated. For the 120-um-long graphene-on-silicon waveguide modulator, the extinction
ratio 28 dB and insertion loss 1.28 dB can be obtained at 1550 nm when drive voltage is
1.91 and 0.59 V, respectively. The 3 dB bandwidth of 117 GHz can be obtained at a small
power consumption of 212 fJ/bit. The proposed modulator possesses a high figure-of-merit
of 20.5. Its benefits of small size, power saving, and process compatible promises possible
applications in on-chip signal processing.

Index Terms: Waveguide modulators, integrated optics devices, electro-optical devices,
graphene.

1. Introduction

Electro-Optic (EO) modulator is a crucial component for signal processing and optics communica-
tions. Silicon, InP, LiNbO3, nonlinear polymers have been used in EO modulators construction to
satisfy the requirements of fast response, wide optical bandwidth, compact size, low insertion loss,
and power saving [1]-[7]. Electro-absorption (EA) EO modulators, such as Ge or SiGe modulators,
have benefits of small size and broadband operation. However, they suffer from limited thermal
ability and large insertion loss [8], [9]. As a promising optical material, graphene exhibits favor-
able characteristics of wide optical bandwidth, adjustable absorption, fast-speed modulating, and
high nonlinearity [10]-[16], which are favorable to on-chip integration and low power consumption
applications of EO modulator. However, the single-atom thickness of graphene leads to the weak
interaction to vertical incident light. Certain optical structures are demanded to strengthen the influ-
ence of graphene flake (GF) on the mode field in waveguide, which results in a high modulation rate
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by the graphene layer. Thereby, electro-refractive graphene-based waveguide modulators based on
Mach-Zehnder interferometer, micro-ring and other structures have been theoretically investigated
[15], [17]-[21]. However, the advantage of wide bandwidth of graphene is sacrificed for obtaining
large extinction ratio and low power consumption. Comparatively, graphene-on-silicon (GoS) wave-
guide EA modulators hold more favourable characteristics of graphene [14], [22]-[29]. Liu et al.
experimentally demonstrated a monolayer graphene EA modulator with a mode power attenuation
(MPA) of 0.10 dB/um [14]. Because of the adoption of double layer graphene, better MPA and
modulation frequency performance of 0.16 dB/um and 1.2 GHz at a low power consumption of
1 PJ/bit can be obtained [22]. Higher modulation speed of 10 Gb/s with a low power consumption
of ~350 fJ/bit and a low insertion loss of 3.8 dB for a hybrid graphene-Si EA modulator also has
been reported [23]. However, perfect graphene model adopted in the theoretical study is not well in
accordance with the practical modulating condition [15], [18]-[20], [25]-[27].

In this paper, practical factors have been considered and included in the design of a transverse
electric (TE) mode GoS slot waveguide EA modulator. Effects of waveguide dimensions, quantum
capacitance, carrier mobility, sidewall roughness, and carrier concentration operating range (Fermi
energy, 0.3-0.6 eV) have been comprehensively investigated. The modulator consists of silica
cladding, low-index slot formed by paralleled high refractive index silicon stripes and two GFs above
the slot waveguide. With the influence of enhanced light-intensity in graphene, improved modulation
efficiency is realized. Through optimizations of geometric parameter of GoS slot waveguide, the
120 um-long GoS waveguide EO modulator demonstrates an extinction ratio of ~28 dB, insertion
loss of ~1.28 dB, 3-dB bandwidth of ~117 GHz, and power consumption of ~212 fJ/bit.

2. Device Structure

The periodicity of graphene exists in the two-dimensional lattice plane. The variation of its chem-
ical potentials pc (Fermi level) can actively tune its in-plane permittivity (¢/,), however, leading to
unremarkable difference for the out-of-plane permittivity (¢,). It is well known that the complex
optical conductivity of graphene is mainly determined by w., optical frequency (w), charged particle
scattering rate I' (I' = 1/t, where t corresponds to relaxation time), as well as temperature (T).
The interband and intraband transitions that contribute to the complex optical conductivity of
graphene can be expressed as [30], [31]

0/) = Ointra + Ui,nter +j0i,;1ter (1)
where
A, 1
g6 2
Ointra = 00 - ﬁ(F1 —jw) ( )
, 1 s (ho—2 1 i (hw+2

Ointer = 00 [1 —+ ;tan 1 (h—rzﬂc) — ;tan 1 (h—rz'uc)] (3)

1 211 + hw)? + (A2)?
Ui,r/ﬂer = —oo5-In (Bre w)2 * 2)2 )

27 | (2pe — hw)® + (hT2)

where 7 is the reduced Planck’s constant, oo =~ 60.8 uS is the universal optical conductance, 4
of 1.2 ps is related to intraband transitions [19], and o of 15 fs is related to interband transitions
[32]. In practical application, modulators are supposed to work at room temperature. Therefore,
both relaxation times are adopted at the room temperature (T = 300 K) in this work. The in-plane
permittivity ,, then can be obtained from [14], [30]

Jo/(w)
a)Sod

g/ (w) =25+ 6)

where ¢; is the permittivity of vacuum. The graphene thickness d is selected as 0.7 nm in the
simulation [20]. Figure 1(a) shows ¢,, change of graphene with its e when A is 1550 nm. The
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Fig. 1. (a) In-plane eg changes with 1. of graphene when 1 is 1550 nm (at room temperature 300 K).
(b) 3-D schematic diagram. (c) Cross section of proposed waveguide.

imaginary part of ¢,, (Im(¢/,)) decreases significantly as s shifts from 0.35 to 0.45 eV. According
to the working principle of GoS waveguide modulator, Re(e,,) and Im(e,;,) of graphene may be
effectively adjusted by tuning ., then determined by the waveguide effective index (Neg). Since
the imaginary part of Negr (Im(Neg)) decided by the optical propagation attenuation, the relationship
between MPA and Im(Ne¢) can be described as

MPA = 407 (log1o€) Im (Ne) /A (6)

Due to the anisotropy of graphene, (¢, ) stays constantly at 2.5 [33], [34]. Therefore, the permittivity
of graphene (g4) may be expressed as

6‘// 0 0
g,=]10 25 0 7)
0 0 8//

The proposed GoS waveguide modulator consists of the silica cladding, low-index slot waveguide
formed by two paralleled high refractive index silicon stripes, and two GFs above the slot waveguide.
As shown in Fig. 1(b), the hBN (Hexagonal boron nitride) layer is adopted to stop carriers diffusing.
Meanwhile, these two GFs separated by the hBN layer forms a slab capacitor. The hBN exhibits
unique electronic properties, such as wide bandgap, large transparency window, low dielectric
constant and chemical inertness [35]. The hexagonal structure of hBN makes its lattice matching
well with graphene [36]. Due to the low resistance of Pd/graphene contact, the metal palladium
followed by Au are formed as electrodes [37]. The slot silicon waveguides surrounded by silica can
be fabricated by using standard CMOS technologies, including electron-beam lithography (EBL),
chemical vapor deposition (CVD), and sequential chemical-mechanical polishing [38]-[40]. The
stack structure of graphene/hBN may be formed by sequentially depositing h-BN via ion beam
sputtering deposition (IBSD) and graphene with CVD method [41], [42], Then the graphene-hBN-
graphene stack is transferred onto the top of slot waveguide [41], [43]. The graphene pattern can be
defined by ultraviolet lithography and oxygen plasma etching. Au/Pd contacts is formed by Au/Pd
metal deposition and liftoff process [41], [44]. In Fig. 1(c), Wsiot, hsi, and wg; represent the slot width
of GoS, the height and width of silicon waveguide, respectively. Here, L and wy correspond to the
length and effective width of graphene, respectively. While, w, refers to the common width between
two graphene layers. To reduce the optical loss caused by metal contacts and the resistance
outside the capacitance structure, wy and wy are chosen to be 1.1 and 1.8 um, respectively [32].
The indices of silica, silicon, as well as hBN are assumed to be 1.44, 3.47, and 1.98, respectively.
Following simulations are performed by using the finite-element method.
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Fig. 2. Optical power attenuation of fundamental TE polarization mode as a function of (a) wsj, and
(b) wgiot when ¢ is 0 eV under different thickness of hBN layer. The insets are the corresponding mode
field distributions of GoS waveguides.

3. Modulator Design
3.1 Effect of GoS Waveguide Dimensions

To confirm the configuration of proposed modulator, the impact of geometric dimensions on the
attenuation of GoS waveguide is evaluated at 1550 nm, because higher MPA implies stronger
reciprocal action between the optical field and GFs. According to standard silicon process, the
height of silicon waveguide hg; is firstly set to be 220 nm. When wgot is 60 nm, the impact of wg
on the MPA of fundamental TE polarization at neutrality point (uc = O eV) is investigated. The
thickness of hBN insulator is chosen to be 5, 10, and 15 nm, respectively. As shown in Fig. 2(a),
MPA primarily rises when wg; is lower than 190 nm. When w;; is over 190 nm, MPA gradually
decreases. The largest absorption reaches 0.283 dB/um when wg and fgny are 190 and 5 nm,
respectively. Therefore, w; is chosen to be 190 nm. When wy; is fixed at 190 nm, the MPA in GoS
waveguide versus Wgpt at ue = 0 eV is shown in Fig. 2(b). The attenuation of GoS waveguide firstly
increases to a maximum value when wgot is close to 65 nm, and then decreases with the increment
of wgor. Hence, the wg ot is chosen as 65 nm to obtain a high MPA, meanwhile maintaining a high
optical field density in the nanometer slot. As shown in Fig. 2, the GoS waveguide with 5 nm-thick
hBN has a relatively larger attenuation than that with 10 nm- or 15 nm-thick hBN, which means
a thinner hBN layer leads to a stronger reciprocal action between GFs and the optical field. The
insets are corresponding mode field distributions in the GoS waveguide. The optical mode is well
confined in the nanometer slot.

3.2 Effect of Fermi Level

According to calculations in Section 3.1, the geometric parameters hg; = 220 nm, wg; = 190 nm and
Wsiot = 65 nm for the GoS waveguide are adopted in the following work. The relationship between the
real part of effective mode index Re(Nes), the imaginary part of effective mode index Im(Net), and ¢
of graphene under different hBN thicknesses are investigated. As shown in Fig. 3(a), under different
hBN thicknesses of 5, 10, and 15 nm, Re(Ngs) varies 0.0140, 0.0135, and 0.0131, respectively, as
i increases from 0.408 to 1 eV. As shown in Fig. 3(b), when pc = 0 €V, the maximum Im(Neg) is
0.00773, 0.00747, and 0.00726, respectively, under different hBN thicknesses of 5, 10, and 15 nm.
The minimum Im(Neg) is 1.386 x 1074, 1.330 x 1074, and 1.288 x 10~*, respectively, for different
then at uc = 1 eV. This can be explained that both the effective mode index variation and attenuation
increase with the reduction of insulating layer thickness tgn, Which is induced by the enhancement
of reciprocal action between GFs and the optical field. However, the thickness of isolation layer is
not desired to be too small, because of the possible breaking down of graphene capacitor.
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Fig. 4. The relationship between V and . under different hBN thicknesses of 5, 10, and 15 nm.

3.3 Effect of Drive Gate Voltage

To reasonably confirm the thickness of hBN layer, the relationship between the drive gate voltage
and . of graphene has been investigated. Assuming a gate voltage is applied to one GF, while
another GF is grounded, u. of graphene could be tuned based on the following equation [45], [46]

|Mc|=hVF\/7”7}Vg_VO| (8)

where vi = 2.5 x 108 m/s is the Fermi velocity of graphene [47], ncan be generated from g,e0/thgn €,
ten is the separation distance between two graphene plates by hBN. For simplicity, [Vg — Vo| as
a whole can be regarded as the applied gate voltage V. Figure 4 demonstrates the relationship
between Vand u.. For practical application, the GoS waveguide modulator should operate at room
temperature, therefore, the variation range of chemical potential of graphene is chosen to be from
0.3 to 0.6 €V, but not from 0 to 1 eV. The driving voltage change under different gy of 5, 10, and
15nmare 0.74, 1.47 and 2.25 V, respectively. The drive gate voltages at i = 0.6 eV for different fgn
are 0.99, 1.99 and 2.98 V, respectively. According to Ref. [48], these three drive gate voltages are
all smaller than theoretical breakdown voltages of 5, 9, and 13 V for hBN layer with thickness of 5,
10, and 15 nm, respectively. Hence, the hBN isolation layer with these three supposed thicknesses
can be applied in EA modulator design.
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Fig. 5. The mode power attenuation changes with the drive gate voltage under different hBN thicknesses.
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Fig. 6. (a) MPA and Im(Ngg) as a function of optical wavelength at different . of 0.3 and 0.6 eV, and
(b) wavelength dependence of Pyt and Iyt in the slot waveguide.

The MPA of fundamental TE mode changing with the drive gate voltage under different hBN
thicknesses is shown in Fig. 5. To realize the same attenuation, the required drive gate voltage
decreases with the decrement of hBN thickness. Under gy 0f 5, 10, and 15 nm, the MPA shows a
maximum attenuation (u. = 0 eV) of 0.272, 0.263, and 0.255 dB/um, respectively. Comprehensively
considering the impact of hBN thickness change on the effective mode index, gate voltage and
attenuation, the thickness of hBN is chosen to be 10 nm.

4. Results and Discussion

Based on above analysis, design parameters of EA modulator are hs; = 180 nm, wg = 220 nm,
Weiot = 70 nm, gy = 10 nm, 1 =151, V=199V, wy = 1.1 um and wy = 1.8 um. To comprehend
the modulation performance with proposed parameters, the MPA dependence on wavelength, FoM
dependence on gate voltage, power consumption and frequency response are investigated.

4.1 MPA and Im(Ny) Dependence on Wavelength

The wavelength dependence of Im(Ne¢) and MPA when 1 is 0.3 and 0.6 eV is shown in Fig. 6(a).
When X varies from 1200 to 1615 nm, Im(Ng) grows gradually from 0.00519 to 0.0071 when
e is 0.3 eV. When pc is 0.6 eV, the Im(Neg) is in the 10~* orders of magnitude. Different from
Im(Nest), MPA decreases slightly from 0.254 to 0.202 dB/um as A varies from 1415 to 1800 nm
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Fig. 7. FoM as a function of drive gate voltages when the hBN thickness is 10 nm and relaxation time
is 15 fs.

when uc is 0.3 eV. When . is 0.6 eV, the MPA value is smaller than 0.02 in the 1 x 10~2 orders
of magnitude within the wavelength range from 1200 to 1600 nm. The wavelength dependence of
normalized optical power Pgot and normalized average optical intensity /ot in the nanoscale slot is
shown in Fig. 6(b). It is clear that the Py and Iyt vary less than 10% over a wavelength span of
600 nm. The slot structure shows low wavelength sensitivity because its eigenmode can be seen
as the interaction of fundamental eigenmodes of two slab waveguides and no interference effect is
involved in the guiding and confinement mechanism [49]. The independence of MPA on wavelength
promises a broad operation bandwidth for proposed modulator.

4.2 FoM Dependence on Drive Gate Voltage

The FoM (extinction ratio/insertion loss) is adopted to access the operation of an EA modulator.
The relationship between FoM and drive gate voltage is investigated when relaxation time is 15 fs
and hBN thicknesses is 10 nm, as shown in Fig. 7. FoM grows rapidly when V'is larger than 1 V. It
can be as high as 52 when the drive gate voltage is 5.3 V. For practical room temperature working
consideration, a high FoM of 20.5 can be obtained at gate voltage of 1.91 V, which corresponds to
the upper Fermi level 0.6 eV within the operating region.

4.3 Insertion Loss and Extinction Ratio Dependence on Graphene Length

For EA modulators, the length of the device greatly affects the insertion loss and extinction ratio. We
investigate the dependence of insertion loss and extinction ratio of the proposed modulator on the
graphene length L. As shown in Fig. 8, the insertion loss, as well as the extinction ratio, increases
with the increment of graphene length at a rate of 0.01 and 0.236 dB/um, respectively, when
then = 10 nm and © = 15 fs. Here, L of 120 um is chosen to obtain an extinction ratio of 28 dB and
an insertion loss of 1.28 dB. It should be noted that the silicon slot waveguide sidewall roughness,
which will lead to scattering loss, is unavoidable in fabrication process. The sidewall roughness as
a series of non-uniform variation of waveguide width, can be seen as gratings with different periods
and modulation depths along the waveguide direction, which will couple the forward-propagating
optical mode to radiation and backward-propagating mode, inducing back-scattering loss [50], [51].
Different methods, including thermal oxidation with oxygen gas and steam, anisotropic wet etching
with tetramethylammonium hydroxide [52], and thermal annealing in hydrogen [53] have been
proposed to reduce the surface roughness of silicon waveguide. Especially, the loss of 4.6 dB/cm for
TE polarization slot waveguide has been realized by standard wet chemical wafer cleaning process
[54]. Assuming the loss coefficient of the silicon slot waveguide is around 5 dB/cm according to the
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reported results [54]-[58], for the designed 120 um-long EA graphene modulator, the loss caused
by sidewall roughness can be reduced to 0.06 dB. It contributes only 4.5% of the total transmission
loss. This low loss is supposed to have inconspicuous impact on the modulating performance
of proposed design. This low loss is supposed to have inconspicuous impact on the modulating
performance of proposed design.

4.4 Power Consumption and Frequency Response

As key parameters of EO modulators, power consumption and frequency response largely deter-
mine the application of proposed design. Therefore, an equivalent electrical circuit model is used
to investigate the frequency response of proposed modulator, as shown in the inset of Fig. 9. The
capacitance G formed by the air between the two electrodes is about 12 fF [35]. The capacitance
Cg originating from the stack of graphene-hBN-graphene includes dielectric capacitance Cp and
quantum capacitance Cq. The quantum capacitance Cq = CqoWoiL is a series capacitance, which
contributes to the reduction of total capacitance as well as the resulted faster speed. Where, Cqyo
presents the charge variation induced by gate voltage, and can be calculated by [59]

29°kT [ ( chh>]
=———In|2( 1+ cosh 9
m(live)? kT ©
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Fig. 10. The 3-dB bandwidth of proposed modulator as a function of graphene length.

where vr is the Fermi velocity of graphene, q is the electron charge, qV¢n = . is the Fermi level at
room temperature of 300 K, 7 is the reduced Planck’s constant, k is the boltzmann constant. The
average Cq is calculated to be ~1.5067 pF/cm? by integrating Cg over the applied gate voltage
ranging from 0.59 to 1.91 V and the supposed background doping level of n, =9 x 10'> cm~2 [60].
Dielectric capacitance Cp can be written as

Cp = ereowol /t (10)
The power consumption then can be estimated based on equation
Epit = C(AU)? /4 (11)

where C = C,i; + Cp + Cq is the total capacitance of the circuit. The power consumption as a
function of graphene length L is shown in Fig. 9. The power consumption linearly increases with the
graphene length. When L is 120 um, the power consumption is as low as 212 fJ/bit. However, to
ultimately confirm the graphene length, the frequency response dependence on graphene length
is supposed to be studied.

As has been reported, the 3-dB bandwidth f3qg can be evaluated by [61]

1
2nRC

The series resistance R consisting of graphene sheet resistance Rz and Py/graphene contact
resistance R¢ can be expressed as [60], [62]

faas = (12)

w 2R

R=2Rgs —%+—*
where Ry, = 100 Q-um is the contact resistance [37]. To study the impact of carrier mobility on the
3-dB bandwidth, three sheet resistance Ry,s of 69, 230, and 690 /01 that corresponds to carrier
mobilities of 10000, 3000, and 1000 cm?/V-s, respectively, have been selected in the calculation
of fzgg as a function of graphene length [32], as shown in Fig. 10. It can be seen that the carrier
mobility has a remarkable influence on the 3-dB bandwidth. A higher carrier mobility gives rise to
a larger f3q5. Besides, f3gg gradually saturates and almost remains at a certain level for all carrier
mobilities, when the graphene length is larger than 20 um. This implies the selection of graphene
length mainly depends on the power consumption, insertion loss and extinction ratio. Therefore,
when L is 120 um, for the carrier mobility of 10000 cm?/V-s, the fagg is ~117 GHz.

(13)
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5. Conclusions

In summary, a GoS waveguide EO modulator is designed and investigated. With the introduction
of silicon slot waveguide, the reciprocal action between the optical field and GFs is effectively
improved. Impact of waveguide dimensions, dielectric insulator thickness, and carrier mobility on
the performance of modulator have been investigated and discussed, too. Simulation results show
that the 120 um-long GoS waveguide EO modulator presents an extinction ratio of 28 dB and an
insertion loss of 1.28 dB at the optical wavelength of 1550 nm. The 3-dB bandwidth is around
117 GHz at a low power dissipation of 212 fJ/bit. The proposed design with a FoM of 20.5 is
footprint-compact, energy-efficient, low insertion loss and technology compatible.
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