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I Optical conductivity model for graphene

The optical conductivity (o) model is based on Kubo’s formula [1] [2].
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where 09 = ¢%/(4h) is the universal conductivity of graphene [3], w the frequency, ¢
the elementary charge, h reduced Planck’s constant, kg the Boltzmann constant, kg7 the
thermal energy, hw the photon energy and h7y the electron relaxation energy, with v being
the intra-band scattering rate. The Fermi energy (Er) is defined as [4]:

EF = 59n(ns)hVFma (5)

where v = 9.5 x 107 cm/sec is the Fermi velocity, and ng the free charge carrier density
defined as [5]:

_ CVpr
ne =g (6)

where Vpr is the voltage between the top and bottom graphene electrodes, S the surface of
the capacitor and C is the total capacitance. The total capacitance considers the top layer
graphene quantum capacitance (Cg) P), the parallel plate capacitance (Cyy) (refer to section

VII) and the bottom layer graphene quantum capacitance (Cg"”om) [6]:
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II FDTD simulations of the graphene modulators

To confirm the experimental transmission curves (Fig. 1c and Fig. 3b and c of the main text),
we simulated our double-layer (DL) graphene modulator devices with the same geometry as
the measured ones. We experimentally determined the values of mobility, intrinsic doping
(section III), contact resistance (section IV) and relative permittivity of the hBN, HfO, and
hBN-HfO2-hBN (sections V and X). We used commercial FDTD software (Lumerical) and
the optical conductivity model of graphene introduced in section I. We treat graphene as an
equivalent 3D layer of thickness hg=0.34nm [7], with the out-of-plane dielectric constant of
graphite and in-plane dielectric constant given by [8]:

io(w)

EG(OJ) =14+

weghg 9)
where € is the vacuum permittivity and o(w) is defined in section I. We determine the optical
surface conductivity as a function of the Fermi level (Eg) at room temperature for a free-
space wavelength A = 1550 nm (hw = 0.8 €V). The real part of ¢ (i.e. the absorption term)
decreases significantly for Ep > 0.4 eV, i.e. when the device reaches Pauli blocking regime
due to the lack of inter-band transitions (Er > hw/2), which results in a sharp transition (at
zero kelvin and for very high mobility of graphene). We thus defined the Pauli blocking as
the regime where Erp > 0.5 €V (see the orange-shaded region in Fig. 3b and c of the main text
or in Fig. S3b) However, at room temperature and for an electronic mobility of u = 33,000
em?V-1s! (section III) the change of absorption appears more gradual (see solid traces in
Fig. 1c and Fig. 3b, ¢ of the main text).

The cross-section of the silicon (Si) waveguide used in Fig. 1c can be seen in Fig. Sla and
the obtained mode profile is shown in Fig. S1b, with the modulator structure on top. We
repeated the same procedure for each device, where the simulated dimensions and thicknesses
of dielectric layers are determined via atomic force microscopy (AFM) inspection. We find
very good agreement with the corresponding measurements (compare solid traces with data
points in Fig. 1c and Fig. 3b and ¢ of main text).
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Supplementary Figure S1. a) Cross-section of the SOI waveguide used for the device in
Fig. 1c. The dimensions are as follows: h;=10nm (SiOy cladding), hy=220nm, hz=2um,
and w=750nm (optimized for the TM mode [9]). b) Optical mode profile of the device in
Fig. lc. The device is based on a DL graphene (red dashed lines) modulator separated by
a hBN-HfO9-hBN dielectric on top of a 750nm-wide SOI waveguide (white dashed rectangle,
see panel a). The waveguide is optimized for 1550nm wavelength and is designed to carry a
single TM mode. The color bar represents the intensity of the electric field |E?2| in arbitrary
units.



IIT Quality of the hBN-based graphene modulators

All the modulators of the main manuscript have been fabricated using the hot pickup tech-
nique [10] [11]. To characterize the fabrication method, we first analyze the quality of a
hBN-graphene-hBN stack fabricated with this technique by means of Raman spectroscopy
measurements (Fig. S2c, d). The full-width-half-maximum of the graphene 2D Raman peak
(T'yp) is uniform across the flake surface (see inset of Fig. S2¢), with a T'sp mean value of ~
18.1 em™ (Fig. S2c), characteristic of high-quality single-layer graphene [12]. The scattering
plot indicates low levels of doping and moderate strain (Fig. S2d).
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Supplementary Figure S2. a) Optical image of the hBN-graphene-hBN heterostructure
fabricated using the hot pick-up technique [10] [11]. The graphene flake (black dashed line
in top panel) is optically visible when viewed with enhanced contrast (bottom panel). b)
Four-probe longitudinal resistance (Ryx) as a function of the charge carrier density (n) of
the measured Hall bar device (see inset). c) Histogram plot of the Raman scan (see inset)
showing the full-width-half-maximum of the graphene 2D Raman peak (I';p). d) Scattering
plot of the 2D-peak versus the G-peak frequency (wsop and wg, respectively), where the color
bar represents the I'op of the recorded spectrum (inset of panel c).



After the Raman inspection, we fabricated a Hall bar device out of the analyzed stack
(Fig. S2a, ¢, d). We extract, considering the conductance model from ref. [13], a residual
doping of n*=5.94 x 10'° cm™2 and a mobility of 103,000 and 96,000 cm?V-'s! for the electron
(red curve) and hole (blue curve) doping, respectively (Fig. S2b).

To confirm that the quality of the hBN-encapsulated graphene is conserved when fabri-
cating modulators, we characterized a modulator device fabricated over an optical waveguide
substrate (Fig. S3). To obtain the transfer characteristics of the device (Fig. S3a) the top
and bottom graphene electrodes were contacted twice (see insets in Fig. S3a for an optical
image of the device and its electrical connections). We extracted an electronic mobility as
high as 33,000 cm?V-1s! at room temperature from the resistance curve in Fig. S3a (see the
red and blue fits to the data), considering the conductance model of graphene from ref. [13].
The charge-neutrality point is located at Vo = -0.91 V (dashed vertical line in Fig. S3a),
corresponding to a Fermi energy of 0.1722 eV.

To test the electro-optical modulation capabilities of this first device, we measured the
transmission as a function of the voltage between the top and bottom graphene electrodes
(inset of Fig. S3a). We found a symmetric operation and nearly no hysteresis for multiple
sweeps in the forward and backward directions (Fig. S3b), confirming the high quality of
the graphene. During the measurements, we continuously monitored the leakage current
through the device (Fig. S3c). As observed, the hBN dielectric broke down before reaching
the Pauli blocking regime (see grey- and orange-shaded regions in Fig. S3b and c). This is
characterized by a sudden increase in current between the top and bottom graphene electrodes
(typical breakdown of the dielectric).
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Supplementary Figure S3. a) Resistance R of the bottom graphene as a function of
the voltage between the top and bottom graphene electrodes (Vpr). A source-drain voltage
Vsp = 10 mV is applied between the two terminals of the bottom graphene (see insets for
an optical image and the electrical connections, the scale bar is 10 pm). The blue and red
solid lines are fits to the data (black dots). Measurements were taken at room temperature.
b) Transmission T through the waveguide as a function of Vgr. ¢) Leakage current I as a
function of Vgr.



IV Transfer-length-method (TLM) measurements of Cr-
Pd-Au 1D edge contacts on hBN-encapsulated graphene
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Supplementary Figure S4. a) Two-probe resistance (R) as a function of charge carrier
density (n) for different channel length (L). Temperature is 300 K and the source-drain voltage
applied is 1 mV. Inset shows an optical image of the TLM device with edge-contacts. b)
Two-probe resistivity (p) versus L at fixed n. Contact resistivity (p.) is calculated from the
least-squares fitting (line) for fixed n [14]. ¢) p. (calculated as shown in panel b) as a function
of n. p. does not saturate here indicating the actual value of p. might be much lower at
higher n.



V hBN, HfO; and hBN-HfO,-hBN characterization

To characterize the hBN, HfO,, and hBN-HfO,-hBN dielectrics, we fabricated metal-insulator-
metal (MIM) capacitors with circular metal electrodes on the top and below the dielectric
under study (see insets of Fig. S5). To fabricate the MIM devices, we exfoliated the hBN
flakes and dry transferred [10] [11] onto the bottom metal electrodes. The HfO, has been
grown by atomic layer deposition (ALD) method in a Savannah G1 system from Cambridge
Nanotech. The best results were achieved using the recipe E (see table 1). All the HfO,-
based MIM devices analyzed in this section have been fabricated with this ALD recipe E. We
measured the leakage current (I) as a function of the applied electric field (E) (Fig. S5a and
c¢) and defined the breakdown field (Epp) as the electric field at a leakage current I=10nA
(see red dashed lines in Fig. Sba and c¢). As observed in Fig. S5b, d, the extracted Egp values
(black data points) do not show any significant dependence on the area of the electrodes (A).
We obtain an averaged breakdown field of 7.6 MV /cm and 5.5 MV /cm for the hBN and HfO,,
dielectrics, respectively (Fig. S5b, d).

To determine the dielectric constant (€,), we plotted the capacitance as a function of area
and extracted the relative permittivity e, using a linear fit to the data [15]. For the hBN
dielectric, we plot the capacitance scaled by the hBN thickness (Fig. S5b) to account for the
different hBN thickness of the devices. We extract a relative permittivity of 3.8 (11.93) for
the hBN (HfO,) dielectric (see red dashed linear fits in Fig. S5b and d). Our results are in
good agreement with literature [16] [17] [18].

To characterize the breakdown field of the hBN-HfO,-hBN dielectric used in the mod-
ulators in Fig. 1 and Fig. 3c of the main text and in Fig. S12 in SI, we fabricated three
capacitors with a hBN-HfO, dielectric. We note that the results of the hBN-HfO, MIM
capacitor can be directly translated to a hBN-HfO,-hBN dielectric of the same HfO, and
total hBN thicknesses. All devices (Fig. S6a) have the same 10nm-thick HfO, layer and the
total hBN thickness indicated in the inset of Fig. S6a. As expected the breakdown electric
field values scale with the hBN thickness (Fig. S6b). We evaluated a breakdown field of
Epp ~ 89 MV/cm (see black dashed lines in Fig. S6b) for the modulator device of the main
text (Fig. 1c), i.e. for a 10 nm-thick HfO, and a 17nm total hBN thickness.

To characterize the quality of the HfO5 grown over the hBN layer, we analyze the rough-
ness (Rq) extracted by atomic force microscopy (AFM) measurements (see Fig. S7). The
roughness indicates how uniform the covering of the HfO, layer is, which is crucial for the
performance of the dielectric. Furthermore, to confirm that the HfO, is suited for Pauli
blocking operation (i.e. can withstand Fermi energy > 0.5 eV for A = 1550 nm), we defined
the operation field E, for each HfO, growth recipe and compared it with their respective
Eop [19]. The comparison of all these parameters (Rq, €, E;p and E,) for the different
growth recipes, is summarized in table 1. As observed, the best results are achieved using
recipe E (see table 1).
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Supplementary Figure S5. a) and ¢) Leakage current (I) versus electric field (E) between
the top and bottom circular metal electrodes (see inset) for hBN (panel a) and HfO5 (panel
c) dielectrics. The dashed red line at I = 10 nA represents the current threshold defining
the breakdown field Egp (see panels b and d), and d corresponds to the diameter of metal
electrodes (see insets). b) and d) Experimentally determined capacitance normalized by the
dielectric thickness C.t (panel b), and capacitance C (panel d) (red-colored left axis) as a
function of the area A = m(d/2)2. The dashed red line are the linear fits used to extract €.
The black-colored right axis indicates the breakdown field E,) and the black-dashed line the
average value of Ep.



b
hBN & HfO, hBN & HfO,

18
— 14r
£
2
> -
_________________ --1--F-1 S
2 10} Egp=89MVem o -~
u -
5_ —thBN:14nm .,’//}
— then=15Nm "7 ° I
thBN: 19.5 nm }
of
O ——an o et . 1 L PR L
0 2 4 6 8 10 12 16 20
Egp (MV/cm) hBN thickness (nm)

Supplementary Figure S6. a) Leakage current (I) versus electric field (E) between the
top and bottom circular metal electrodes (see inset) for hBN-HfO, dielectrics. The HfOq
thickness is 10 nm in all three cases. The hBN thicknesses (t,pn) are indicated in the inset.
The dashed red line at I = 10 nA represents the current threshold defining the breakdown
field Egp (see panel b) and d is the metal electrode diameter. b) Breakdown field E;, as a
function of the hBN thickness. The red dashed line is a linear fit to the data and the noted
breakdown field value of E ) = 8.9 MV /cm is the expected E, ) for the modulator device in
Fig. 1c of the main text (see section X).
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Supplementary Figure S7. Atomic force microscopy (AFM) topography scans of 10 nm
thick HfO,, grown over hBN and SiO,,. The root mean square roughness values (Rq) on hBN
(analyzed for a 0.4 um? area) for recipe B, C and D are 3.33, 0.52 and 0.26nm respectively.
For more details (growth parameters) refer to table 1



Supplementary Table 1. Optimization growth of HfO-.

Recipe| T(°C) | Purge Seed t Rq €r Eo Egp
time layer (nm)| (nm) (MV/cm) | (MV/cm)
(s)

A 250 ) - 30 - 12.77 2.8 -

B 250 ) - 10 3.33 | 10.99 3.28 2.32

C 200 20 - 10 0.52 | 54 6.66 5.71

D 250 5 2nm Si 12 2.98 | 6.74 5.34 6.76

E 250 ) 2nm SiOs | 12 0.26 | 11.93 3.02 5.5

- The purge time applies after the treatment with H,O and
Tetrakis(dimethylamido)-hafnium (TDMAH) and t represents the thickness of HfO5 and the
seed layer.

- The root mean square roughness (Rq) is analyzed in a 0.4 um? area for HfO, grown over
hBN.

- E, (Operation field) is the field required to withstand Fermi energy larger than 0.5 eV
(Pauli blocking regime with A = 1550 nm) [19].



VI Raman characterization

To quantify the degradation in graphene quality due to HfO5 growth, we compared the Raman
spectra of hBN based EA modulators (see Fig. S8a and b) and hBN-HfO5-hBN based EA
modulators (see Fig. S8c and d). Both devices show very low doping, strain and comparable
histograms (see Fig. S8b and d), with mean full-width-half maximum of the graphene 2D
Raman peak (I'yp) ~ 24.1 and 18.4 cm™, respectively, characteristic of high-quality single-
layer graphene [12]. This analysis suggested the quality of DL modulator is independent
of the dielectric between two graphene electrodes and hence, HfO5 layer does not seem to
degrade the quality of graphene.
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Supplementary Figure S8. a) and c¢) Histogram plot of the Raman scan (see inset) show-
ing the full-width-half-maximum of the graphene 2D Raman peak (I';p) of hBN based EA
modulator (panel a) and hBN-HfO5-hBN based EA modulator (panel c¢) over the waveguide.
b) and d) Scattering plot of the 2D-peak versus the G-peak frequency (wsop and wg, re-
spectively) of hBN based EA modulator (panel b) and hBN-HfO2-hBN based EA modulator
(panel d), where the color bar represents the I'sp of the recorded spectrum (inset of the panel
a and c).



To check the quality of our DL graphene EA modulator presented in the main text (see
Fig. 1), we measured the Raman spectra of the full modulator (hBN-graphene-hBN-HfOs-
hBN-graphene-hBN) over the silicon waveguide (see Fig. S9a). The analyzed data shows
scattering plot and histogram, with average values of the 2D-peak full-width-half-maxima
I'op = 27.9 ecm!, low doping and moderate levels of strain, characteristic of a high quality
graphene (see Fig. S9b) [12]. The high value of I';p in this device is due to the very thin
bottom hBN (2.9 nm) and highly rough SiOs substrate.
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Supplementary Figure S9. a) Histogram plot of the Raman scan (see inset) showing the
full-width-half-maximum of the graphene 2D Raman peak (I'ap) of the EA modulator ((hBN-
graphene-hBN-HfO5-hBN-graphene-hBN) over the silicon waveguide presented in the main
text (see Fig. 1). b) Scattering plot of the 2D-peak versus the G-peak frequency (wsop and
wg, respectively) of the same device, where the color bar represents the I'op of the recorded
spectrum (inset of the panel a).



VII Relation between Er and Vgt

To compare the breakdown of the different dielectrics, we represent the transmission curve of
the modulators as a function of the Fermi energy Er at the graphene electrodes. Represent-
ing the transmission as a function of Er instead of Vgt allows us to rule-out the different
thicknesses and relative permittivity of the compared dielectrics. Neglecting the contribution
of the quantum capacitance, we define the Fermi energy as:

Er = Sgn(ns)hVF V 7T|ns|a (10)

where h and v are defined in section I, and the charge carrier density at the graphene
electrodes ng relates to Vgr as follows:

qSns
) 11
. (11)

S is the area of the capacitor (defined by the overlap area between the top and bottom
graphene electrodes), q the elementary charge and C,, the total capacitance, defined for
modulators with a hBN-hBN dielectric as:

Ver =

L1 L dnenN, + dnBN, (12)
Cow ChNn,  ChBnN, SenpN ’

and for modulators with a hBN-HfO5-hBN dielectric as:

1 1 1 1 d d d
_ n _ rBN, + drnBN, L GHfOs (13)
Cow  Chn,  CHfo, ChBnN, SenBN Serfo,

dnBN,, dnBN, and dy o, are the thicknesses of the hBN layers and the HfO, oxide in between
the top and bottom graphene electrodes. The relative permittivity e,pny = 3.8 is experimen-
tally obtained (see section V). The relative permittivity for hafnia efro, = 9.5 is extracted
from the comparison between simulation and data (see section X). After the conversion from
Vpr to Ep, we plot the individual traces of Fig. 3b in the main text as a function of both
Er and Vgt (see Fig. S10).
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Supplementary Figure S10. Individual traces of Fig. 3b of main text plotted with duals
axis EF and VBT-



VIII Dielectric breakdown of a modulator

To understand the effect of dielectric breakdown on transmission, we intentionally swept
Vpr up to high voltages. We found when Vgt reaches the breakdown of the dielectric, the
transmission drops suddenly, making the device inoperative. As an example, we add below
the complete transmission trace of the L = 24 um long device from Fig. 3b of the main text.
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Supplementary Figure S11. Transmission curve of the L = 24 pum long device in Fig. 3b
of the main text showing the effect of the dielectric breakdown on the transmission. The data
points are measurements and the solid curve is simulation.



IX Hysteresis measurements

Additional to the hBN-HfO2-hBN based modulators presented in Fig. 1 and Fig. 3c of the
main text, we characterize the hysteresis of a third hBN-HfO2-hBN based modulator (see
Fig. S12) to further support the reduced hysteresis and the symmetric operation enabled
by this 2D-3D dielectric combination. This third hBN-HfO5-hBN device shows the lowest
modulation efficiency, mainly due to its shorter length (L=15 um).
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Supplementary Figure S12. Transmission curves as a function of Vg for a DL graphene
modulator with a hBN-HfOs-hBN dielectric and a length L = 15um. The forward and
backward voltage sweeps (blue and red, respectively) show no major hysteresis.



X Evaluation of the Insertion Loss (IL)

To evaluate the Insertion Loss (IL) of our devices, we compare the measured and the sim-
ulated (see section II) transmission curves. Fig. S13 shows the simulated transmission (in
red) overlapping the experimental transmission curves of Fig. 1lc (shown in black and blue
colors for the forward and backward voltage sweeps, respectively). We emphasize that the
simulated device has the same geometry as the real device (refer to Fig. 1c), meaning a
width of the Si waveguide core of 750 nm, a core height of 220nm, a cladding thickness of
10mm, a device length of 60 um, a bottom hBN thickness of 5nm, a top hBN of 21nm, a
total hBN dielectric of 17nm, a HfO, layer of 10mm, a metal contact distance of 2680 nm,
a metal contact thickness of 48 nm and a 450 nm-wide overlap region between the bottom
and top graphene electrodes. We use a hBN relative permittivity of 3.8 (see section V) but
the HfO, permittivity has been lowered to 9.5 in order to reproduce the experimental trans-
mission curves. The HfO, quality is expected to degrade when grown over hBN (see section
V). For all the calculations throughout this work, we consider the relative permittivity of
HfO, over hBN to be ey 0, =9.5, as estimated from the comparison between simulations and
experimental transmission curves.

To evaluate the IL of our device, we first introduce the intrinsic IL. As widely accepted
in literature, the intrinsic IL of a graphene modulator is solely determined by the graphene
quality, i.e. the electronic mobility (refer to Fig. 2d and Fig. 3c, d of [20], Fig. 2b and Fig.
4b of [21], Fig. 3b, d of [9] and Fig. 6a of [19]). In our case, we experimentally proved with
a functional modulator (see section III) a graphene mobility as high as 33,000cm?/Vs at
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Supplementary Figure S13. Transmission curves as a function of Vgr and Ep for the
modulator with a hBN-HfO,-hBN dielectric in Fig. 1c. The forward and backward voltage
sweeps (black and blue, respectively) overlap the simulation trace (in red). We marked in
black the IL due to the fabrication residues along the waveguide IL ~ 28.34dB and in blue
the measured IL =~ 7.8 dB and the potential IL ~ 0.06 dB.



room temperature. This value of mobility corresponds to a scattering time of T = 1.5 ps, or
equivalently, to a scattering rate of hI'/2 = 0.45meV (evaluated at Ep = 0.4eV). In that
respect, we emphasize that these are the highest reported values for graphene modulators to
date, which corresponds to a record low intrinsic IL ~ 0.024dB (estimated from Fig. 2d
of [20]).

In practice, however, the effective IL is limited by how far the Vg voltage can be increased.
Meaning that the breakdown of the dielectric determines whether the intrinsic IL (dictated
by the quality of graphene) can be achieved (refer to Fig. S13). We point out that the
maximum voltage applied in Fig. lc of the main text (or in Fig. S13) is Vppr = 12.1V,
or equivalently Er = 0.416V (refer to section VII). This value is far from the breakdown
voltage of the hBN-HfO,-hBN dielectric (see Fig. 3c and section V). To evaluate the E7**
(i.e. the Fermi energy at the dielectric breakdown) for the device in Fig. 1lc, we studied
the dielectric characteristics of MIM capacitors with a hBN-HfO,, dielectric combination (see
section V). The maximum breakdown field of the hBN-HfO, dielectric with a 10nm thick
HfO, and a 17nm total hBN thickness (the same thicknesses as the modulator device in Fig.
lc) is Egp ~ 8.9MV/cm (see black dashed lines in Fig. S6 of section V). This breakdown
field corresponds to a maximum Fermi Energy of E%* ~ 0.57¢V (also indicated by a black
star in Fig. 3a of the main text), determined through the relation:

E;}az = hl/F\/ 7T€06T61EBD/ ) (14)

where €, is the equivalent dielectric constant of a hBN-HfO,-hBN dielectric with a 10 nm-
thick HfO, layer and total hBN thickness of 17 nm and considering the relative permittivity for
hBN and HfO, as e,pn =3.8 and e ro2 ~ 9.5, respectively (see section VII for details). This
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Supplementary Figure S14. a) Measured transmission (black data points) as a function
of Vpr for the modulator device in Fig. 3c. The incoming power was set to P;, = 0dBm.
The simulated transmission of a device with the same length as the measured modulator
(L = 44 pm) is shown by the dashed green trace. The red and blue dashed traces correspond
to the simulated transmission of a L = 54 um and L = 34 um long devices, respectively. b)
Measured transmission (black data points) shown in a) as a function of Erp. The Vpr-axis
is also indicated (in red). The transmission (black left axis) includes the fiber-to-fiber losses
of a pristine waveguide (16 dB) and the fabrication impurities deposited along the waveguide
(evaluated as 30.32dB - 16 dB =14.32 dB). The normalized transmission (blue right axis) only
considers the losses of the modulator device itself and therefore reflects the true performance
of the device.




value of E** ~ 0.57 ¢V corresponds to a VZ* ~ 24V (see black vertical dashed line in Fig.
S13) and determines a potential IL & 0.06 dB considering the normalized transmission (right-
axis in Fig. S13), i.e. neglecting the absorption due to polymer residues deposited along the
waveguide during the fabrication processes and the fiber-to-fiber losses of a pristine waveguide.
We note that the normalized transmission only considers the losses of the modulator device
itself and therefore reflects the true performance of the device.

If we include all the unwanted losses, i.e. we consider the measured raw transmission (left
axis in Fig. S13), we obtain a measured IL ~ 28.34dB (marked in black in Fig. S13). This
value is in agreement with the transmission losses of a device-free Si-based optical waveguide
that followed the same fabrication steps as the measured device (27.75dB). The IL of the mod-
ulator device in Fig. 1c is IL~ 7.8dB (marked in blue in Fig. S13, measured ER = 4.4dB),
with a potential IL as low as IL~ 0.06 dB (marked also in blue in Fig. S13), meaning a
potential ER =~ 12dB. We note that this potential IL is achievable experimentally from the
quality of our graphene devices and the robustness of the hBN-HfO,-hBN dielectric.

We repeat the same analysis for the second hBN-HfO,-hBN device (Fig. 3c). We also
compare the measured (black data points in Fig. S14) and simulated (green dashed trace in
Fig. S14) transmission curves. To highlight the agreement between simulation and data, we
plot in Fig. Sl4a the simulation curves from a longer (L = 54 um, dashed red trace) and a
shorter (L = 34 um, dashed blue trace) device. Neither the slope nor the saturation region
(Pauli blocking at high Vpr) of these simulated traces (red and green dashed traces in Fig.
S14a) match the measured transmission (black dots in Fig. S14a).

The IL of this second hBN-HfO,-hBN device is much lower compared to the device in
Fig. 1lc (compare an IL~ 0.04dB to an IL~ 7.8dB, marked in blue in Fig. S14b and
Fig. S13, respectively) since the Er (alternatively Vpr) has been pushed up to the Pauli
blocking regime, until the dielectric breakdown (E%*® = 0.54 eV, vertical black dashed line
in Fig. S14b). We emphasize that the measured IL~ 30.32dB (marked in black in Fig.
S14b) includes the fiber-to-fiber losses from the pristine waveguide (16 dB) and the polymer
residues deposited along the waveguide during the fabrication processes (evaluated as 30.32 dB
- 16 dB =14.32dB). This value (14.32dB) is in agreement with the averaged losses (~ 14dB)
measured in device-free optical waveguides that followed the same fabrication steps.



XI [ 348 bandwidth

The electrical bandwidth f_345 of the device can be determined as

1

 ap = ———— 15
J-san 2rRC (15)
where R and C are the total resistance and capacitance of the device.
Vin Rc Rng
Ry
C
R GND
Rng Re

Supplementary Figure S15. Equivalent RC electronic circuit of DL graphene EA modu-
lator. Here Vj, is the input voltage, R. is contact resistance, R, is gated graphene resistance,
R, is non gated graphene resistance, C is the capacitance of the device, and GND is ground.

In case of a DL graphene EA modulator (see Fig. S15), R can be defined as:

R=2(R.+ Ry + R.y) (16)
_ Pe
Re= (17)

where p,. is contact resistivity (808.5 Qum average contact resistivity of holes and electrons
side extracted from TLM measurements, see section IV) and L is the length of the contact
(60 um for the device presented in the main text).

w
Ry = 20,L (18)

and W
R,, = 19
g UngL ( )

with o = ngu (1 = 33,000 cm?V-1s! (see section III), n is evaluated at Ep = 0.4 eV (Pauli
blocking) for gated region and 0.1722 eV (intrinsic doping evaluated from hBN modulator in
supplementary section III) for the non-gated region).

One can further deduce the C' of the device by considering three capacitance in series:
top layer graphene quantum capacitance (C’g ), parallel plate capacitance (C,,), and bottom

layer graphene quantum capacitance (C¢***™) [6] [19].

1 1 1 1
6 = CtQOP + C’iox + Cé)gottom (20)
Cq is defined as
W LgksT Ep

where Er = 0.4 €V (Pauli blocking), W = 450 nm is overlap between two graphene
(capacitor width), L = 60 pum
and



Coz = @ (22)

where € is vacuum permittivity, d = dypn + drso, and €, is defined as:

dnBN +dHfO2 1
€EWBN  €HfO,

er = (dnaN +dus0,).( (23)

where dypy = 17 nm, dgfo, = 10 nm, e,pn = 3.8, €xfo, = 9.5 for the device presented
in the main text (see sections V and X).



XII High-frequency measurements setup
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Supplementary Figure S16. Set-up for measuring the EA modulator electro-optic re-
sponse of panel b, figure 2 of the main text up to 40 GHz (Vector network analyzer (VNA)
limited). The optical path (in red) is composed of a laser source (A = 1550 nm), an erbium-
doped fiber amplifier (EDFA), a fiber-polarization controller (FPC), a variable optical atten-
uator (VOA) and a high-speed photodetector (PD). The device under test (DUT) consists of
two grating couplers (GC), the optical waveguide and the graphene EAM (refer to figure 1 of
the main text). The electronic path (in black) connects VNA, DC voltage source and device
through a bias tee.



XIII Frequency response measurements

We recorded a second frequency response measurement (scan 2 in Fig. S17) from the device
in Fig. 1. Both 1 and 2 scans (scan 1 corresponds to the frequency response in Fig. 2b
of the main text) have been measured with no temporal averaging and a low intermediate
frequency filtering (IF BW) of 1kHz to 10KHz. Both measurements (Fig. S17) are without
de-embedding (i.e. without subtracting the contribution from setup).
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Supplementary Figure S17. Two different frequency response measurements (a-c¢ and
b-d) of the same device as in Fig. 1 and 2 of the main text, represented in a linear and a log
scale (panels a-b and c-d, respectively).



XIV 10 Gbps eye diagram measurement

We also measured our device at lower speeds. Fig. S18 is an eye-diagram measured at 10
Gbps for the device presented in Fig. 1, and 2 of the main text.

Supplementary Figure S18. Eye-diagram measured at 10Gbps (SNR=2.1dB). The green
arrow indicates the 0W baseline.



XV Comparison of graphene-based EA modulators

Supplementary Table 2. Static characterization comparison for graphene-based
EA modulators.

Reference Wavelength | Modulation | Extinction | Insertion | ER/IL
(nm) efficiency ratio ER | Loss IL
(dB/V) (dB) (dB)

Single-layer graphene

[22] 1530 1.27 4 NA NA

[9] 1550 1.22" 5.2 3.8 1 1.36 1
23] 1550 1 3.5 NA NA
[24] 1550 0.44" 1.2 40 1 0.03 1
Double-layer graphene

[25] 1537 1.5 6.5 4t 1.625
[26] 1550 0.13" 2 0.9 i 2.22 1
[27] 1550 1.42" 16 3.3 1 4.8 1
[28] 1550 0.4" 1.4 NA NA
21] 1550 1.37° 3 13 1 0.23 1
Dev. in Fig. 1c (L.B.) | 1550 2.2% 4.4 7.8 1 0.57 1
Dev. in Fig. 1c (U.B.) | 1550 2.2% 12 0.06 1 200 1
Dev. in Fig. 3c 1550 1.3* 7.8 0.04 1 195 1
Note:

* These values are extracted from a linear fit in a 0.5V interval.

T The reported IL and ER/IL values include the fabrication impurities deposited along the
waveguide as well as non-uniform charge distribution in the graphene and hence, cannot be
directly compared to our values.

I The reported IL and ER/IL values are attributed to the graphene EA modulator device
itself.

- The calculation of the ER/IL lower bound (LB) for device in Fig. 1c considers the
measured ER ~ 4.4dB and IL = 7.8dB. The upper bound (UB) considers the potential
ER ~12dB and IL = 0.06 dB (refer to section X for details).

- Both devices in Figs. 1c and 3c are based on a hBN-HfO5-hBN dielectric.



Supplementary Table 3.
based EA modulators.

Dynamic

characterization comparison for graphene-

Reference Footprint| EO band- | Maximum| Power Dynamic Normalized
(um?) width bit rate | con- ER (dB) dynamic
f348 (Gbps) sumption ER
(GHz) (£J/bit) (dB/pm)
Single-layer graphene
[22] 25 1.2 NA NA NA NA
[9] 37.5 5.9 10 350 2.3@2.5V | 0.046
[23] 48 5 10 NA 1.4@1.1V | 0.014
[24] 20 NA NA NA NA NA
Double-layer graphene
[25] 40 1 NA 1000 NA NA
[26] 18 35 NA 1400 NA NA
[27] 150 0.67 NA NA NA NA
[28] 25 NA NA NA NA NA
[21] 78 30 50 NA 1.3@3.5V | 0.011
Dev. in Fig. 1c | 27 > 40 40 159.9 5.2@3.5V | 0.086




XVI Optical power penalty calculations

We calculated the optical power penalty (on-state loss, loss due to on/off and eye-closure
penalty) of the modulators in Fig. 1lc and Fig. 3c of the main text. The calculations are
based on ref. [29,30] and are summarized in Table 4 together with the comparison with
state-of-the-art single- and double-layer graphene modulators.

The upper bound of the optical power penalty (OPP) for the device in Fig. 1lc (marked
UB in Table 4) has been calculated from the measured ER and IL (see section X). The lower
bound has been evaluated considering the potential IL derived in section X (IL =~ 0.06 dB).
We emphasize that the reported lower bound for the OPP value is the lowest reported value
so far, amongst all graphene-based modulators (refer to Table 4).

Supplementary Table 4. Penalty calculations for graphene-based EA modulators.

Reference On-state Loss due to | Eye-closure | OPP”
loss on/off penalty (dB)

Single-layer graphene

[9] 0.126 2.16 t -0.536 1 8.37 t
[24] ~0 i 1.16 § -0.137 1 49.2 1
Double-layer graphene

[25] 0.08971 2.73 t -0.634 811 f
[26] 0.513 § 1.29 § -0.226 1 8.24 1
[27] 0.012 1 20.4 1 -0.951 1 6.42 1
[21] 0.025 i 151 -0.332 § 19.0 §
Dev. in Fig. 1c (UB) | 0.06 1.89 1 -047 1 12.7 1
Dev. in Fig. 1c (LB) | 0.062 8.42 1 -0.88 1 3.35 1
Dev. in Fig. 3c 0.164 3.51 1 -0.72 1 3.84 1
Note:

* The optical power penalty is defined as OPP = (Pt (1) - Pout(0))/(2 x Piy), where
Pout(1), and P, (0) are the high and low levels of the optical power output extracted from
the ER and IL during static measurements. Pj, is the input optical power [29, 30].

7 The reported IL and ER/IL values include the impurities from the fabrication along the
waveguide as well as non-uniform charge distribution in the graphene and hence, cannot be
directly compared to our values.

I The reported IL and ER/IL values are attributed to the graphene EA modulator device
itself.

- The calculation of the upper bound (UB) for the OPP of device in Fig. 1lc considers the
total measured IL ~ 7.8 dB, whereas the lower bound (LB) is calculated using the potential
IL ~ 0.06dB (section X).
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