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Abstract—In this paper, we propose a compact silicon (Si) elec-
troabsorption modulator based on a slot waveguide with epsilon-
near-zero indium tin oxide materials. In order to integrate the
device with low-loss Si strip waveguides, both butt-coupling and
evanescent-coupling schemes are investigated. For both cases, our
electroabsorption modulator demonstrates a high extinction ratio
and a low insertion loss over a wide optical bandwidth.

Index Terms—Integrated optoelectronics, optical modulators,
plasmonics.

I. INTRODUCTION

S AN integration platform, silicon (Si) photonics can

demonstrate single-chip, CMOS-compatible photonic in-
tegrated circuits for optical interconnect applications [1]-[3].
Significant development has been carried out in realizing low-
loss waveguides, germanium (Ge)-on-Si photodetectors, and Si
optical modulators based on p-n junctions. Conventional Mach—
Zenhder modulators, however, suffer from low efficiency, high
insertion loss (IL), and large footprint [4]. By utilizing a micror-
ing resonator, the footprint can be significantly reduced, but such
devices exhibit narrow optical bandwidth and thermal instability
[5]. Electro-absorption modulators based on tensile-strained Ge
quantum wells or bulk Ge/Si materials are promising, however
require sophisticated epitaxial growth [6], [7].

Recently, CMOS-compatible transparent conducting oxides
(TCOs) [e.g., indium tin oxide (ITO), aluminum zinc oxide, and
gallium zinc oxide] have shown promise for integrated electro-
absorptionmodulators [8]—[12]. The permittivity of TCOs can be
tuned by actively adjusting the carrier density, therefore these
materials respond to applied electric signals with absorption
modulation. The modulation speed is limited only by the RC
delay. The ITO modulator based on high-confined hybrid plas-
mon waveguides has demonstrated an extinction ratio (ER) of
5 dB with a 5-pum device length at the wavelength of 1.31 pm;
and it can be further improved to be 6.0 dB/ﬂﬂ’1 [13], [14].
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When the permittivity of the ITO material is tuned to be around
zero, which is referred as the “epsilon-near-zero” (ENZ) state,
the corresponding absorption loss can be optimized, enabling
a higher ER. A previous reported electro-absorption modula-
tor with “ENZ” ITO has shown a 3-dB ER with a 27-pm long
device at the wavelength of 1.55 pm [15]. In their work, the
ITO layer along with a thin HfO, layer are deposited on top
of a Si strip waveguide, which provides a small optical con-
finement inside the active ITO material thus limits the device
performance.

In this work, we propose a high-confinement Si slot-
waveguide modulator design based on engineered ENZ ITO
materials. First, we characterize ITO films with different carrier
concentrations and use the experimentally extracted parameters
in electromagnetic simulations to design a modulator structure.
Then, we investigate both butt coupling and evanescent coupling
of the proposed device with conventional Si strip waveguides. In
both coupling schemes, the compact electro-absorption modu-
lators designs, with device length <1.5 ym, demonstrate a high
ER over a wide optical bandwidth while maintaining relatively
low IL.

This paper is organized as follows. In Section II, the mea-
sured permittivity of the ITO samples and the corresponding
“ENZ” states are discussed. The absorption study based on a
2-D mode solver is presented in Section III. In Section IV, we
propose a butt-coupled scheme with polarization rotators con-
necting the Si strip waveguides and the ITO modulator. The
conventional evanescent coupling is also investigated. At last,
Section V concludes this work.

II. MATERIAL SYNTHESIS AND CHARACTERIZATION

The permittivity of the ITO films is described by the Drude
model [15]:
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where the plasma frequency, w,, is given by w? = Ne? /eym”,
£~ 18 the high-frequency permittivity, v is the electron scattering
rate, N is the free-carrier concentration in the material, and
m™ is the effective mass of the electron. According to (1), the
permittivity of ITO can be tuned by actively changing the carrier
concentration. With such an ITO layer embedded in a dielectric
waveguide, the light absorption can be modulated accordingly.

ITO samples were prepared by radio-frequency magnetron
sputtering (Denton Discovery 18) on Si substrates from an
ITO (99.99%) disc target of 4 in in diameter. The ITO target
power was 200 W, and post-deposition annealing treatments
were applied to tune the optical dispersion of the films.
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Permittivity of ITO with different carrier concentrations (N7 = 4.33 x 1020 cm =3, No = 6.67 x 1020 ecm™3, N3 = 8.31 x 102 cm ™3 and

Ny = 9.58 x 10?° cm~3), measured by spectroscopic ellipsometry. The thickness of ITO in the tested samples is 35 nm. (a) the real part of the complex

permittivity; (b) the imaginary part of the complex permittivity.

The permittivity was directly measured using spectroscopic
ellipsometry (Woollam VASE) [17]. The measured permittivity
of ITO with different carrier concentrations (extracted from the
measured plasma frequency), are shown in Fig. 1. For the ITO
samples with carrier concentrations from N; to Ny, the ENZ
wavelengths, are 1920, 1550, 1390 and 1270 nm, respectively.

With the above measurements, we have demonstrated that the
ENZ wavelength of ITO can be shifted into the near infrared
regime with a carrier concentration of ~10%° cm™3. Recent
works by E. Feigenbaum etc., [16] on the ITO material have
experimentally demonstrated that the change of the carrier con-
centration inside the thin ITO layer (AN) up to 102 cm ™ can
be achieved by carrier accumulation at the ITO/oxide interface
under a few volts applied across the metal/oxide/ITO structure.
Therefore, the permittivity of the ITO layer would be tunable
by adjusting the applied voltage. In the next section, we will use
the measured permittivity of ITO to design electro-absorption
modulators embedded with ENZ ITO materials.

III. MODE ANALYSIS AND MODULATOR DESIGN

Fig. 2(a) shows the cross-section schematic of our proposed
slot-waveguide modulator based on ITO. The structure consists
of a Si strip waveguide (of thickness £; = 220 nm) on a buried
oxide layer, an active ITO layer as thin as t;ro = 10 nm (as
demonstrated by [14]), two thin silicon dioxide (SiOs) buffer
layers (f, = 10nm) and a poly-Si capping layer (f2, = 160nm).
The width of the modulator is 500 nm. The optical intensity of
the TM modes is well confined in the slot, which effectively
enhances the overlap of the optical modes and the ITO active
medium. Some previous experimental work [13], [16] have al-
ready demonstrated that a suitable voltage applied across the
metal/SiO»/ITO structure allows to tune the permittivity of the
ITO layer by carrier accumulation at the ITO/SiO; interface,
thereby varying the optical loss of the modulator structure. The
carrier concentration layer at the ITO/SiO5 has been estimated
to be 5 £ 1 nm thick. Accordingly, we will assume that a 5-nm
thick accumulation layer can be electrically controlled in the
ITO at the interface with SiO3, and that the permittivity can be
tuned by an applied voltage.

a (Ny) =9.8 dB/um
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Fig. 2. (a) Schematic of the modulator structure and the profiles of the funda-
mental TM mode (A = 1310 nm); (b) modulator absorption loss for different
carrier concentrations based on a 2-D FDTD mode solver analysis.

The optical loss of the fundamental TM mode (cv,,) of the
slot-waveguide modulator is primarily due to the free-carrier
absorption in the active ITO layer. This loss can be approximated
by the product of the optical mode confinement factor (I') and
the material absorption of the bulk ITO («y):

Q= I. ap (2)

where ay, = 2k - Im[e!/?]. The confinement factor, T, depends
on |e| and the waveguide structure (the active layer thickness, the
buffer material and thickness) [15]. As the permittivity is tuned
to induce absorption modulation, both I' and «y, are altered.
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Fig. 3. Modulator performance with different buffer materials and thicknesses.
A smaller || can enhance the electric field (£) magnitude
confined in the ITO layer due to the continuity of the normal
component of the electric displacement field (D = ¢F). There-
fore, it is important to engineer the ENZ condition so that a
minimum |¢] is achieved for a state with high optical loss. As
shown in Fig. 2(a), the electrical intensity of the fundamental
TM mode is confined in the Si0,/ITO/SiO, slot with ITO of
Ny=4.33 x 10?° cm™? , resulting in a small absorption loss
(0.6 dB/pum~") at the wavelength of 1.31 zzm. When the carrier
concentration is tuned to be N; = 9.58 x 10?°cm™3, the ¢, of
the ITO is near zero. The electrical intensity is mostly confined
only in the ENZ ITO material, thus a high absorption loss (9.8
dB/pm™1) is obtained at this state.

Utilizing the permittivity results of the ITO in Section II,
we employ a 2-D mode solver to simulate the optical
loss of the fundamental TM mode (TM;,) of the mod-
ulator. Fig. 2(b) shows the optical loss of the TM,
mode of the slot-waveguide structure with ITO carrier con-
centration N;=4.33 x 10%° cm™3, Ny = 6.67 x 10%% cm 3,
N3;=28.31 x 10*°cm™3, and N, = 9.58 x 10%° cm™3. Over
the entire optical fiber communications band, the mode absorp-
tion loss (av,, ) is fairly low for a carrier concentration of /N1, and
is relatively high for carrier concentrations of N, , N3, and Ny.
Therefore, we define the state with carrier concentration /Ny as
the ON state. As shown in Fig. 2(b), the maximum optical loss
for Ny, N3 and N, are achieved at 1.58 , 1.42, and 1.29 um,
respectively. Then, we can optimize the OFF state of the mod-
ulator for different wavelengths of operation. The performance
of the electro-absorption modulator is then determined by the
ratio of the optical loss in the ON state and OFF state where:

[67%% (Nl)
O‘m(Ni) — Oy (Nl)
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Fig. 4. The optical confinement factor (I') inside the ITO layer with a carrier

concentration of N7 = 4.33 x 1029 cm 3.

For the slot-waveguide structure, I' depends on the buffer
layer thickness and its refractive index. Therefore, we evaluate
the performance of the modulator with two different process
compatible buffer materials, SiO» and silicon nitride (SizNy),
and two different buffer thicknesses, 10 and 7 nm. The cor-
responding aon and A« are plotted in Fig. 3. The modulator
with 10-nm thick SiO» buffers demonstrates the minimum ooy,
which is only 0.55 dBum™" at the wavelength of 1.31 pm, and
1.68 dBum™! at the wavelength of 1.55 pm. The maximum
A« is achieved with 7-nm thick Siz N, buffers: 15.9 dBum™! at
1.31 pm (for carrier concentration increased from Ny to V) and
8.9 dBum™" at 1.55 pum (for carrier concentration increased
from N; to Ny). Fig. 4 demonstrates the optical confinement
factor (I') inside the active ITO layer with a carrier concen-
tration of Ny = 4.33 x 102° cmm 3. Generally, with the same
thickness, the structure with the Siz N, buffer shows higher agn
as well as higher A« since it enables a higher I'. For a given
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buffer material, the 10-nm thickness shows lower acoy and lower
A« due to a smaller I'.

For a specific application and wavelength of interest, sev-
eral parameters such as the carrier concentration for the OFF
state, and the material and thickness of the dielectric buffers
should be selected accordingly. For instance, if the target oper-
ating wavelength is 1.31 pm, then a modulator with 7-nm thick
SigNy buffers and carrier concentration tuning from Ny to Ny
would be preferred. These conditions enable a maximum A
while oy is only 0.9 dBum™! at this wavelength. If the mod-
ulator is designed to work at the wavelength of 1.55 pm, then
maintaining a low aoy is an important consideration since the
absorption loss increases as the wavelength increases. Based on
the previous experimental results and analysis in [13] and [16],
the bias voltage for our proposed modulator is estimated to be
2-4'V, which depends on the oxide buffer (its refractive index n;,
and thickness t;) and the carrier concentration change (AN). In
a future work, the required bias voltage will be studied through
ellipsometry and optical transmission measurements after fab-
ricating the proposed geometry and making contacts on the ITO
and doped-Si layer.

IV. INTEGRATION OF SLOT-WAVEGUIDE MODULATOR
WITH S1 STRIP WAVEGUIDES

In this section, we present two methods to integrate the
ITO modulator with conventional Si strip waveguides. First,
we propose a butt-coupled scheme with polarization rotators
connecting the TE-loaded Si waveguides and the TM-mode
slot-waveguide modulator (1-um device length) section. This
scheme works well for a wide optical band: from 1.28 to
1.60 pm by choosing suitable carrier concentrations. Second,
the evanescent-coupling scheme is presented at the wavelength
of 1.31 pum.

A. Butt-Coupled Scheme

For on-chip optical interconnects, the proposed compact and
efficient electro-absorption modulator should be integrated with
Si strip waveguides in the Si-on-insulator platform since these
waveguides exhibit low propagation and bend loss. Based on
mode analysis, the optical loss of the TM, mode of the slot-
waveguide modulator is efficiently modulated by tuning the car-
rier concentration in the active ITO layer. Therefore, it is critical
to optimize the coupling efficiency (1) from the Si strip waveg-
uides to the TM, mode of the slot-waveguide modulator [18].

Fig. 5 shows a 3-D schematic diagram of the proposed slot-
waveguide modulator butt coupled to low-loss Si strip waveg-
uides. Here, the dielectric buffers are 7-nm thick Siz N, layers.
In such a 3-D structure, the total propagation loss depends on the
modal loss (v, ) and the coupling efficiency (1) from the strip
waveguide to the slot waveguide. The modulator performance
is given by the IL and the ER:

Iin
IL = 10log [—I t(Nl):| )
ER = 10log [%} (i=2,3,4). (6)
out i
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Fig. 5. Three-dimensional schematic of the slot-waveguide modulator (with
7-nm thick Siz N, buffers) butt coupled to Si strip waveguides.
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Fig. 6. The modulator performance of the butt-coupled structure (1.0-pm

modulator length) with the carrier concentration tuned from Nj to No, N to
N3 and Nj to Ny, respectively.

At the input, the horizontal Si strip waveguide is 220 nm thick

and 380 nm wide, which is designed for single mode operation.
The fundamental TE mode (TEj) is launched in the horizontal
Si strip waveguide, then converted to the TM; mode through a
polarization rotator [18], [19]. The polarization rotator consists
of two vertically stacked linear width tapers (9 pm in length).
The end of the polarization rotator connects to a vertical strip
waveguide (380 nm thick and 220 nm wide). The resulting TM,
mode of the vertical strip waveguide is then coupled to the TM,
mode of the slot-waveguide modulator. The modulator length
L,, is only 1 um for this design. Following propagation in the
modulation region, the light is coupled to the TM; mode of a
strip waveguide and then rotated back to the TE( strip mode
through the output rotator.

A 3-D FDTD simulation tool is employed to further eval-
uate the performance of the ITO-based Si modulators. Fig. 6
shows the modulator performance when the carrier concentra-
tion is tuned from N; to Ny, N; to N3 and N; to N4, re-
spectively. For a wavelength range from 1.53 to 1.64 pum, the
ER is greater than 5 dB while the IL is less than 2.7 dB when
the carrier concentration is tuned from Ny to No. At 1.55 pm,
the ER and IL are 5.8 and 2.0 dB, respectively. If the 7-nm
thick Si3Ny buffers are replaced by some 10-nm thick SiO,
buffers, the IL can be further reduced. When the carrier concen-
tration is tuned from N; to Ny, the ER is greater than 6.0 dB
while the IL is less than 1.3 dB for a wavelength range from
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Fig. 7. The light propagating from the front end to the back end in the butt-
couple scheme at A = 1.31 pm: (a) N = Ny;(b) N = Ny.

1.25 to 1.42 pm. Especially, at 1.31-um wavelength, the IL is
0.93 dB, which is only slightly higher than the mode absorption
loss «a,;, (N7) =0.86 dB. This indicates an efficient coupling
from the TE(; mode of the Si strip waveguide to the TM, mode
of the slot-waveguide modulator for the ON state. The corre-
sponding ER here is 11.75 dB. Fig. 7 shows the light propagation
from the front end to the back end (including the polarization
rotators on both sides) at 1.31 um with carrier concentrations
of N; and Ny, respectively. The normalized transmission at the
output are 81.4 % in Fig. 7(a) and 5.4 % in Fig. 7(b).

B. Evanescent-Coupled Scheme

In the previous section, by incorporating polarization rotators,
the slot-waveguide modulator was connected with TE-loaded
Si strip waveguides and other passive/active components that
operate for TE-polarized light. Alternatively, the slot-waveguide
modulator can be evanescently coupled to TM-loaded Si strip
waveguides, therefore we investigate such a structure in this
section.

As shown in Fig. 8, the ITO-based modulator layers are posi-
tioned on top of a Si strip waveguide (220 nm thick and 400 nm
wide). Compared with butt coupling, evanescent coupling is less
efficient, however, it simplifies the fabrication. Fig. 9(a) shows
the performance of the slot-waveguide modulator with 10-nm
thick SiO, buffers as a function of the device length (L,,) at
the wavelength of 1.31 um. In this case, the carrier concentra-
tion is tuned from N; to Ny. When the device length increases,
the ER increases gradually while the IL experiences periodic
variation. To achieve a high ER and a low IL, we set L,, =
1.5 pm. For a wavelength of 1.31 pm, the ER and IL are 10.1
and 1.5 dB, respectively. The performance of the modulator
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Fig. 8. Three-dimensional schematic of the slot-waveguide modulator (with
10-nm thick SiO» buffers) evanescently coupled to Si strip waveguides.
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Fig. 9. (a) ER and IL versus modulator length (L, ) at 1.31-pm wavelength

in the evanescent-coupled scheme; (b) modulator performance with L,, =
1.5 pm for a wavelength range from 1.25 to 1.65 pm.

with L,, = 1.5 pm over a broad wavelength range is shown in
Fig. 9(b). The ER is greater than 6.0 dB while the IL is less than
1.7 dB for a wavelength ranging from 1.25 to 1.39 ym.

V. CONCLUSION

In this paper, a compact broadband modulator design
based on engineered ENZ ITO materials has been presented.
By assuming electrically tunable permittivity of the active
ITO layer between the states with carrier concentrations
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of N;=4.33 x 10 cm ™3,  Ny= 6.67 x 10 cm?,
Ny = 831 x 102°cm™ and Ny= 9.58 x 10*°cm™3, the
optical loss of the proposed slot-waveguide modulator has been
modulated with high efficiency. We have also discussed two
methods that integrate our modulator with Si Strip waveguides.
In the first method, using a butt-coupled scheme with a 1.0-um
device length, our modulator has demonstrated a high ER
above 6.0 dB and an IL below 1.3 dB for a wavelength ranging
from 1.25 to 1.42 pm. By adjusting the carrier concentration,
the broadband modulation has been demonstrated when the
wavelength is around 1.55 pm. In the second method (i.e., the
evanescent coupling scheme with a 1.5-um device length), an
ER greater than 6.0 dB and an IL less than 1.7 dB have been
achieved for a wavelength ranging from 1.25 to 1.39 pm.
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