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Abstract: We report for the first time and characterize experimentally the complex optical
conductivity of graphene on silicon photonic waveguides. This permits us to predict
accurately the behavior of photonic integrated devices encompassing graphene layers.
Exploiting a Si microring add/drop resonator, we show the effect of electrical gating of
graphene on the complex effective index of the waveguide by measuring both the wavelength
shift of the resonance and the change in the drop peak transmission. Due to electro-refractive
effect of graphene a giant (>10~) change in the effective index is demonstrated for the first
time on Si photonics waveguides and this large effect will crucially impact performances and
consumption of Si photonics devices. We confirmed the results by two independent
experiments involving two different gating schemes: Si gating through the ridge waveguide,
and polymer-electrolyte gating. Both the experiments demonstrate a very large phase effect in
good agreement with numerical calculations. The reported results validate the Kubo model
for the case of graphene-Si photonics interfaces and for propagation in this type of
waveguide. This is fundamental for the next design and fabrication of future graphene-silicon
photonics devices.
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1. Introduction

Silicon (Si) photonics is a technology mostly considered for miniaturization and for high
volume manufacturing of photonics integrated circuits. Si photonics includes passive
functionalities, as for instance waveguides, and active functionalities, as modulation,
switching, tuning and detection [1-5]. In the active Si photonics devices the basic
mechanisms to induce absorption or, more importantly, index change are the plasma
dispersion effect or the thermo-optical effect (the last for the index variation only). Plasma
dispersion originates from a change of the free carrier density (injection, depletion or
accumulation) in Si doped regions, in particular the index change mostly depends on hole
density variations [6]. Depending on the carrier modulation mechanism, this effect can be
used to change the refractive index of Siup to An = 10-3 for a carrier modulation of the order
of Sel7cm-3. However, such large changes are achievable only in Si waveguide based on the
injection or accumulation of free carriers. In the case of injection the index variation may be
large but the response is very slow (1ns) because limited by carrier diffusion in the depletion
region. In the case of carrier accumulation instead, the change in index is large but the
modulator is limited by the insertion loss due to polySi upper part of the waveguide [7].
Typical Si photonics phase modulators requiring >20GHz bandwidth and low insertion loss,
are based on the carrier depletion effect in reverse biased pn junction. These can be extremely
fast (<<ns) but the waveguide index change is only of order An = 10-4 at 1550nm [1]. This
lower value is mainly associated to the maximum reverse bias that can be applied to the pn
junction in order to avoid breakdown. Conversely, the thermo-optical effect can lead to a
larger effect on the index change thanks to the large thermo-optic coefficient of Si (An/AT =
1.8x107%/K) [1], however the thermo optical effect is much slower (ps scale).

Graphene is a 2D material with quite interesting dielectric properties which can be
combined as active material with Si photonics in order to provide both very efficient light
modulation and detection [8§—20]. Earlier experiments demonstrated, by a vertical illumination
method, that graphene placed on top of a Si structure (e.g. photonic crystal) can induce
changes in both absorption and index of refraction [21, 22]. Example of graphene on Si
waveguide modulators have been reported either based on experiments or based on design [8—
15, 23]. The theoretical approach is based on the Kubo model that does not specifically
include the interface with the supporting waveguide material, e.g. the silicon waveguide or its
cladding oxide. This interface may affect the diclectric properties of graphene, in fact
dangling bonds, impurities, defects, may induce a reduction in conductivity and in carrier
mobility and consequently leading to an increase of electrical resistivity and optical
background loss [24-29]. For this reason, the characterization of the real and imaginary part
of graphene on Si waveguide effective index and the theoretical fitting is important for the
design of an integrated photonic device.

In this paper, we report the first complete demonstration and characterization of the
complex conductivity of graphene in a Si-photonics waveguide. We obtain an excellent
agreement with theoretical fitting based on the use of Kubo formula. This is a fundamental
result for accurate design of integrated photonic devices encompassing Graphene. The
characterization was done by means of an add/drop microring resonator based on Si ridge
waveguides integrated with a single layer of graphene placed on top of the waveguide core.
We measured peak transmissions and wavelength shift of the resonance at the through and
drop ports of the microring as a function of the graphene gating. The wavelength shift
corresponds to a change of effective index larger than 10-3, i.e. almost 30 times more than the
typical shift achievable with plasma dispersion effect in Si p-n junctions used in depletion
mode [1,6]. We remark that even though a very weak electro-refraction of Graphene on top of
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a Si-photonics waveguide has been previously observed [14], to the best of our knowledge
this is the first time that a giant change of refractive index of more than 10~ is experimentally
shown on a silicon photonics waveguide, using an effect capable for multi GHz operation.
The observation of the very large electro-refractive effect crucially impacts on the possibility
to scale in performance and consumption the Si-Photonics roadmap.

The characterization has been carried out with two different graphene gating schemes and
the results were consistent. Full characterization of absorption and index of refraction in a
large doping range (Fermi energy from 0eV up to 0.8eV) of the graphene were compared with
the theoretical model. In particular, we used a simplified closed formula for the optical
conductivity of graphene derived from the Kubo model [23,30]. The results confirm the
validity of the simplified model and provide a highlight on the relevance of the
silicon/graphene interface for the design of an optical device. In addition, measurements
indicate the quality of the graphene layer transferred on top of the Si waveguide showing a
carrier scattering time of 25fs.

2. Fabrication

-
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Fig. 1. Optical micrograph of the fabricated device (a). Detail of the microring resonator (b).
SEM image of the Graphene covered microring resonator (c). Device layout (d). Cross
sections for two different gating schemes: Si gating (e), Electrolyte gating (f).

Figure 1 shows optical micrographs of the fabricated device (a-b), a SEM image of the
microring covered with Graphene (c), the device layout (d) and schematic cross section for
two possible gating schemes: Graphene gating through the Si ridge waveguide (e) and
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Graphene gating by means of a polymer-clectrolyte (f). With reference to Fig. 1(d) and
assuming an input light propagating from left to right, we define: the input port (light in), the
through port collecting the light that does not resonate in the ring and the drop port collecting
the resonating wavelength. The microring is based on a ridge waveguide with 60nm slab and
a core cross-section 480nm x 220nm on standard silicon on insulator (SOI) platform with 220
nm Si over-layer and 2 um buried oxide (BOX). We did not include doping in the waveguide
in order to avoid intrinsic losses in the Si microring, while the slab region is highly p-doped
up to 1um distance from the core. The SiO, top cladding is thinned down to the waveguide
top edge. The graphene layer is placed on top of the Si waveguide separated by a 10nm spacer
of a high quality thermal SiO,. This way a Si-SiO,-graphene capacitor is realized in order to
access electrical gating of graphene through the Si waveguide. In particular, Si gating is
achieved through metal contacts on the Si slab and on the graphene layer as shown in Fig.
1(e). On the contrary, in the experiment with electrolyte gating, the potential was applied to
the electrolyte keeping the graphene contact at ground potential. The electrolyte consisted of
poly(ethylene oxide) and lithium perchlorate (PEO:LiClO, in ratio 9:1) and was spin-coated
(thickness ~350nm) and then baked for 10 sec at 100 °C to evaporate excess solvent.

The device was fabricated at IMEC in a standard SOI photonic platform [31]. The
microring radius is 20pum with an expected free spectral range of 4.8nm, while the distance
between the bus waveguide to the microring is 180nm. Graphene growth and transfer was
performed at Graphenea according to their standard method. Graphene was grown by
chemical vapor deposition (CVD) on copper foils and then transferred with the wet method to
our Si samples [32]. Details on Graphenea growth and transfer processes can be found in
[33].

Figure 2 shows the Raman spectrum of graphene in the central part of the silicon
microring (left panel) and the I,p/Ig mapping in the whole area of the microring, showing
clearly that graphene is monolayer. The blue spots within the yellowish region are probably
bilayer islands and folds in the graphene. Also, observe that I,p/Ig depends on the underlying
substrate. This explains the lower values on the waveguide/ring and above and below the two
horizontal waveguides.
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Fig. 2. Left panel: Raman spectrum of graphene in the central part of the silicon microring.
Right panel: 12D/IG mapping of graphene in the area of the silicon microring.

Further device processing was done using conventional photolithography techniques. A
bilayer resist layer stack of PMMA / X845 was used for channel patterning and graphene
etch was done using conventional O,-plasmas. Graphene metal contact and Si contact were
processed in two consecutive metallization steps. A Pd (50nm) contact has been implemented
on top of the graphene layer [34], while the Si contact consists of a Ti (20nm) /Pt (20nm) /Au
(30nm) stack deposited after an HF to remove the native SiO,.
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3. Theoretical analysis

We used a commercially available mode solver to evaluate the effective index, the group
index and the optical absorption of the waveguides at a center wavelength of 1.55um for
different values of the graphene Fermi level energy. Graphene has been modeled with in-
plane dielectric constant obtained from the optical conductivity as discussed in [23], while the
out-of-plane dielectric constant has been set equal to the graphite dielectric constant. In
particular, we used the closed formula for the complex optical conductivity [30]:

G(w):%[tanhhw+zﬂc

- 2u.)
5 +tanhhw 2’ucj—io-oln{ (ho+24c) }+i40‘0 He (1

4k, T 4k, T 2 (hw_zﬂc)z.'.(szT)z 7 ho+ihy

Here o, = q°/(4%) is the universal conductivity of graphene (with q the electron charge), jic
is the Fermi level, kgT the thermal energy, 7w the photon energy and 7y the electron
relaxation energy, with y = 1/t the intraband scattering rate. The physical mechanisms
affecting the intraband scattering stems primarily from long-range scattering [35]. In this
study, we do not investigate on these mechanisms. Moreover, the intraband scattering term
(last term in Eq. (1)) sets in when the Fermi level is larger than the optical energy, i.e. for
large carrier density. In these conditions, the scattering time can be treated as a macroscopic
constant. In the numerical calculations, we considered three different state-of-the-art values of
the intra-band relaxation time t = 10fs, 50fs and 100fs in order to take into account different
qualities of graphene [30,36]. Figure 3 shows the effective index and absorption versus the
graphene chemical potential (pc) for the Si waveguides shown in Fig. 1 at 1.55um.

N
B
©
-3

—*—1=10fs
2494 | —&—1=50fs
—+—1=100fs

Effective index

Absorption [dB/cm]

0 0.1 0.2 03 04 0.5 0.6 0.7 0.8

Chemical potential [eV]

Fig. 3. Effective index (top) and absorption (bottom) of the graphene integrated Si waveguide
at 1.55pm versus chemical potential in graphene.

When the graphene Fermi level energy is below half the photon energy (0.4eV at
1.55um), we observe a strong optical absorption due to the interband transition while when
the Fermi level energy exceeds half the photon energy the optical absorption drops down and
bounds to a minimum level that is determined by the intraband scattering mechanisms.

In the proposed device, the microring transmission will be affected by the change in
effective index and absorption in two ways. The first is related to the absorption: if the single
round-trip loss is large enough, waves no longer coherently add inside the ring and the ring
resonance is suppressed [37]. In this case, light is transmitted to the through port with a
minimum insertion loss due to the light coupled from the input waveguide to the resonator,
which is absorbed in the ring path. Conversely, in the low loss condition, i.e. when the
graphene Fermi level energy exceeds half of the photon energy, the microring transmission at
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the through port and at the drop port will exhibit the expected resonances. Along with the
change in absorption, the corresponding change in refractive index will affect the resonance
as well, i.e. by tuning . the resonance wavelength will experience a shift. In particular, the
resonance wavelength is directly proportional to the effective index of the waveguide [38].
With reference to Fig. 1, when the Fermi level energy increases from the Dirac point (p. = 0
eV) the effective index increases inducing a red shift of the resonance wavelength. However,
when the Fermi energy exceeds half of the photon energy the effective index decreases and
the resonance will show blue shift towards shorter wavelengths.

4. Experimental results

We used a tunable laser in the C-band to characterize the microring transmission spectra at
the through and drop ports of Fig. 1(a) at different gating voltages. Light was in- and out-
coupled to the chip through grating couplers provided by the chosen Si photonic platform
with an expected insertion loss of 3dB to 5dB per coupler [34]. We gated graphene with the
schemes of Fig. 1(e) and 1(f): through the Si slab and through the electrolyte. The first option
is the one enabling the integration of graphene in the Si photonics platform and it is CMOS
compatible. The second option is widely used for basic characterization purposes as it allows
very high doping of the graphene layer, i.e. Fermi energy larger than 0.6 eV. Figure 4(a) and
3(b) shows the measured spectra when gating with Si and electrolyte, respectively.

5 T T T T T 5 T T T T T
—Vg=02v —Vg=-0.6V
of —Vg=4v —Vg=12vV o} —Vg=0v —Vg=-08V
—\Vg =6V —\Vg =14V —Vg=-0.2V
= 5} . =8V 4= 5} —Vg =-04V —Vg =-1.2V
E —Vg =10V —\Vg =18V E
= -2
c c
.2 K]
(7] 0
2 k]
E -20 | k g
g g
- -25 Pt
-30
1546 1548 1550 1552 1554 1546 1548 1550 1552 1554
Wavelength [nm] Wavelength [nm]
(@) (b)

Fig. 4. Microring through and drop transmission spectra at different voltages for Si (a) and
electrolyte gating (b).

As expected by tuning the graphene Fermi energy with electrical gating the resonance
amplitude and position changes. The main differences between the two experiments are the
value of the gating voltage, and the maximum achievable tuning. In particular, in the Si gating
experiment the voltage was much larger than in the electrolyte gating experiment. This was
attributed to parasitic effects due to the non-ideal behavior of the Si-SiO,-graphene gating
capacitor. In particular, we observed leakage currents in the order of hundreds of nA, which
are responsible of large voltage drops in the Si undoped regions and in the ungated graphene,
which are highly resistive. Moreover, the leakage current increased for gating voltage larger
than 20V, this prevented from achieving the low propagation loss condition at large graphene
doping because carriers did not accumulate on the capacitor arms, but are swept away by the
leakage current. Such impairment can be avoided by reducing the series resistance of the
device. For example, a light doping of the Si waveguide and an optimized geometry for the
graphene layer will reduce the voltage drop on the undesired regions so that the voltage
applied to the device is entirely applied on the capacitor [11]. Conversely, in the electrolyte
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gated experiment we successfully reached the low propagation loss condition thanks to the
very high doping achievable with such technique [39]. In both the experiments we also
observed a slight misalignment between the through and drop transmission spectra. In the Si-
Si0O,-graphene capacitor, this was attributed to hysteresis effects in cycling the applied
voltage. Hysteresis can be avoided by suitably discharging the graphene capacitor. In the
experiment with electrolyte, the shift is caused by a small environmental temperature drift
during measurement.

5 L] L] L} L]
— = Simulation 0.7eV

OF----- Simulation 0.3eV -
—Electrolyte gating 0.2V

-5 | —Electrolyte gating 1.2V -

Transmission [dBm]

_35 ---I---l---l'---l---
1650 1552 1554 1556 1558 1560

Wavelength [nm]

Fig. 5. Experimental through and drop transmission spectra at two different gating voltage
(solid line) compared to numerical simulations (dashed lines).

In the Si gating experiment, we observed larger optical losses respect to the electrolyte
gated experiment. This is attributed to the different experimental setups. Moreover, the two
devices are covered with different top claddings in the two experiments, leading to different
insertion losses. In particular, the grating couplers provided by the Si photonic platform were
designed for a SiO, top cladding. However, in the Si gating experiment the chip was air
cladded; while in the electrolyte gating experiment the polymer (refractive index 1.6 acted as
top cladding). Because of the difference in cladding, the grating coupler was suitable for the
electrolyte scheme but more lossy for the Si gated case.

We used the curves from the electrolyte experiments to fit the experimental data with the
numerical simulations. In fact, the larger range of achievable dopings allowed the fit between
the voltage dependent experimental curves and the simulations done versus the Fermi level
energy. Figure 5 shows the experimental through and drop port spectra at 0.2V and 1.2V
corresponding to high and low propagation loss, respectively, and the corresponding
simulated curves obtained using Eq. (1). From this numerical fitting, we could extract the
relation between the applied voltages and the chemical potential. Based on the fitting of the
experimentally obtained transmission data by the theoretical model we extracted a
capacitance of 4 uF/cm? for the electrolyte gate. In this fitting procedure, the gate capacitance
was the only open fitting parameter. The numerical model successfully fitted the experiment
with a scattering parameter of 25fs. As discussed above the drop curves exhibit a shift in
wavelength with respect to the through port because of the hysteresis effect. In particular, the
through port was measured first (for all voltages) and then the drop port in both experiments.

Figure 6 shows the expected wavelength shift at the drop port (a) and peak transmission
change (b) as a function of the graphene chemical potential compared to the extracted
experimental results of the two gating schemes. The peak transmission change is normalized
to the minimum peak transmission in both the experiments to cope with the different
experimental conditions of the optical setups. In Fig. 6(b) we reported the numerical
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simulations for different scattering parameters (10, 25 and 100fs) to show the relevant
dependence on this parameter in the transparency region. The experimental results are in good
agreement with the simulations validating the used numerical model based on Eq. (1).
Observe, in particular, the similarity between the measured resonance frequency shift of Fig.
6(a) and the simulated results of the top panel of Fig. 3.
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Fig. 6. Extracted resonance shift and effective index change (a) calculated with Eq. (2) versus
chemical potential. Peak transmission change versus chemical potential (b). In both figures, the
dashed lines represent the numerical simulations while the green diamonds and the blue dots
represent the experimental values extracted from the Si gating and electrolyte gating
experiments respectively.

This is the first time, up to our knowledge, that an experimental verification of the
refractive and absorptive properties of graphene on Si photonics waveguide have been
experimentally characterized and fitted. This is also a direct demonstration of the strong phase
effect induced by graphene on Si waveguide effective index. In fact, we demonstrated a phase
shift of 0.35 nm in the Si gating experiment and more than 1 nm in the electrolyte gating
experiment with respect to the maximum effective index at 0.4 eV. From these results, we can
extract the effective index change Anggr as [38]:

AL, -n

res g

A

where Al is the resonance shift, n, is the waveguide group index and A, is the original
wavelength of the resonance. From dispersive simulations we evaluated n, = 4.05 for the
proposed waveguide. Hence, we could evaluate the effective index change for the two
experiments: 9x10™ for the Si gating experiment and 2.6x107 for the electrolyte gating.
These results are reported on the right axes of Fig. 6(b) and are consistent with the effective
index change of Fig. 3(a) and up to 30 times larger than the typical phase shift achievable
with plasma dispersion effect in Si p-n junctions used in depletion mode [1].
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5. Conclusions

In conclusion, we experimentally observed the tuning of the complex optical properties of
graphene on Si photonic waveguides. Through the characterization of a Si microring
resonator, we experimentally verified the electrically induced change of both absorption and
refractive index of graphene. The experimental results are in very good agreement with the
numerical simulation of the proposed device performed by integrating the closed formula of
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the optical conductivity in a commercially available mode solver. The reported results set a
base of data for the next design and fabrication of future graphene-silicon photonics devices.
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