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Electrically induced phase modulation is characterized for the first time in a waveguide-integrated
Fabry-Perot resonating cavity based both on an index- and conductivity- high-contrast amorphous
silicon/amorphous silicon carbide (a-Si:H/a-SiC:H) multistack. The device consists of a single mode
a-Si:H rib waveguide containing three insulating thin layers of a-SiC:H embedded within the core
thickness. The effective refractive index change, An.g, at the wavelength of A=1.55 um is achieved
through the application of an electric field across the stack which induces carrier accumulation at all
the a-Si:H/a-SiC:H interfaces, resulting in turn in a high interaction between the optical beam and the
accumulation layers. This configuration allows to obtain a V, x L, product of about 5.9 V cm, not far
from what observed in high performing electro-optical modulators in crystalline silicon.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The realization of on-chip optical interconnects relies on the
ability to integrate micro-optical devices with microelectronics.
High performing all-silicon electro-optical modulators have been
recently proposed and realized exploiting the free-carrier density
variation to control the optical index of the device. The carrier
concentration change is induced either by direct electrical injec-
tion [1] or by depletion [2]. Recently, hydrogenated amorphous
silicon (a-Si:H), deposited using the CMOS-compatible technique
of low temperature (120-300 °C) plasma-enhanced chemical
vapour deposition (LT-PECVD), has also emerged as a useful
material for enabling the back-end integration of passive and
active optical components [3-7]. The low temperature process
enables the substantial independency of the CMOS layer and the
photonic layer, which may take place virtually in two distinct
technological facilities, with no impact at all on the circuit design.
On the other hand, a-Si:H technology could allow the direct
fabrication of a photonic layer above a CMOS microchip as a
low cost post-processing phase. Moreover, amorphous materials
can be easily deposited with a bandgap tailored to cover a wide
energy spectrum and therefore with a refractive index varying
within a given range [8]. With these aims, the well established
a-Si:H deposition technique has been used to realize optoelec-
tronic devices based on a multistack configuration, which can be
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exploited for enhancing the free-carrier effects through a more
homogeneous distribution of the excess carriers across the
waveguide core thickness, as demonstrated in multi-SOI [9] and
a-Si:H devices [5,10-12]. In particular, in Ref. [10] a multistack
structure composed of six a-Si:H-based bi-layers were explored
for enhancing electro-optical modulation effects in an integrated
optical modulator. On the other hand, in Ref. [7] we reported the
first experimental results of an effective refractive index variation
obtained through an electrically induced carrier depletion in an
as-deposited a-Si:H p-i-n diode-based waveguiding device. In
this paper, we combine both our previous studies to realize a
three bi-layers interferometric modulator, demonstrating the
advantages of this approach with respect to the electroabsorption
approach.

2. Device structure and fabrication

A 3D schematic structure of the designed waveguide is shown
in Fig. 1. The device consists of the stack of three bi-layers, each
composed of a t,.s;.y=300-nm-thick a-Si:H layer (n,.sj:n=3.58,
Pasin ~108Qcm, band gap of ~1.8eV) and a 40 nm-thick
a-SiC:H layer (nasic:u=2.93, pasicu ~102Qcm, band gap of
~2.1 eV), deposited on a doped crystalline silicon (c-Si) substrate
(Pc-si=0.001 Q cm). Pmateriar 1S the resistivity, related to the
doping level, of the material layer. The substrate and the
1.02 um-thick stack are separated by a 1.1-pum-thick SiO, low
refractive index (nsjo,=1.45) cladding layer ensuring a good
vertical optical confinement.
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Technological flowchart is very similar to that reported in our
previous papers (Refs. [5,7,10]), however, in the following the main
steps are described. The device fabrication begins with the plasma
enhanced chemical vapour deposition of the 1.1 pm silicon oxide
on a silicon substrate. After deposition, several through circular hole
vias, with a diameter of 100 pm are opened by an HF wet etching of
SiO,. These holes allow the electrical continuity between the
substrate and the first a-Si:H layer and are positioned 200 pm far
from the waveguide centre in order not to perturb the optical field
propagation into the waveguide. The first a-Si:H layer is then
deposited from the plasma-assisted decomposition of SiH, at a
flow rate of 20 sccm (standard cubic centimetres per minute) and
an RF power Prr=4 W. This layer also completely fills the circular
hole vias. Subsequently, the a-SiC:H layer is deposited from a
gaseous mixture of SiH4 and CH,4 (25 and 35 sccm respectively,
Prr=4 W). The additional two pairs of a-Si:H/a-SiC:H are laid using
the same PECVD process parameters reported above. All deposition
steps are performed at a temperature of 200 °C. Finally, the
100-nm-thick ZnO:Al transparent conductive oxide (TCO) is depos-
ited by magnetron co-sputtering of ZnO and Al targets, at 25 °C

Fig. 1. 3D not to scale representation of the multilayer rib-waveguide. Small via-
holes are present through the SiO, cladding layer, on both sides of the rib
waveguide, in order to ensure the electrical continuity between the highly doped
silicon substrate and the first a-Si:H layer.

substrate temperature. At the end of the deposition sequence, the
fingerprint of the hole vias is clearly visible on the surface.
However, as aforesaid, these holes do not affect the waveguide
propagation characteristics due to their distance from the actual
waveguiding region.

Standard technological processes have been used, i.e. optical
lithography and reactive ion etching (RIE), to realise the rib
waveguide with the TCO top contact (see Ref. [5]). Optical
simulations, carried out by means of BeamPROP tool provided
by RSoft [13], show that the designed waveguide supports only
one mode for the TE polarization once a 4-pm-wide and 160-nm-
high rib is defined. Due to the waveguide geometry, the TM mode
exhibits high losses [14] and low modulation efficiency [15];
therefore only the TE-like polarization will be considered
hereafter.

In order to exploit the effective refractive index variation for
the optical modulation, Fabry-Perot (FP) cavities were obtained
from the rib waveguide by defining two deep trenches spaced by
50 um as shown in Fig. 2. The 5-um-wide trenches are fabricated
by a RIE process performed using a mixture of 20 sccm of SFg and
20 sccm of O, with an RF power of 155 W and a chamber pressure
of 50 mTorr. This process permits the fabrication, on both ends of
the cavity, of ~1-um-deep trenches with vertical and quite good
flatness walls, that allow minimizing optical scattering losses.
The two insets of Fig. 2 show both an optical and a scanning
electron microphotograph (SEM) detail of the trenches.

3. Experimental results and discussion

We have tested the behaviour of the multistack device by
performing DC measurements on the waveguide-integrated FP cavity.

A A=1550 nm light source from a 15 mW tunable laser-diode
was fired into the device via a lensed fiber focused onto the input
facet of the waveguide, and the output light was collected by a
single-mode fiber and detected by an InGaAs photodiode.

For the L=50-um-long integrated cavity we measured, for
different samples, a free spectral range (FSR) of 7.334 +
0.003 nm. By using [16]

AZ

(D)= ST FSRODY

M

5pum

Fig. 2. Optical image (a) of the FP cavity integrated into the rib waveguide between two deep trenches spaced by 50 pm. Optical (b) and SEM (c) microphotographs of one trench.
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where A is the wavelength at each maximum of the transmission
spectrum (resonance condition), a group index ng of ~3.28 could
be calculated. From the same device, the extinction ratio of the
cavity Imax/Imin, With gy and I;; the maximum and minimum
transmitted signals in a period of the spectrum respectively, was
measured to be 1.39.

The propagation loss introduced by the waveguide was calcu-
lated by using

o-L=—In 1 \/Imax/lmin*1
R \/Imax/lmin+1

derived from the well known Airy’s formula, where R=(nez— no)?/
(Negr+ n9)®> ~0.28 is the facet reflectance, with n, being the
refractive index of air, and assuming nes~ng. In particular, we
determined a value of «=20.7 + 0.5 dB/cm. However, the calcu-
lated value of R~ 0.28 is only valid in the ideal case of perfectly
smooth mirrors, thus the evaluated value for the propagation loss
is indeed the worst case limit of the real losses introduced by the
waveguide. The overall insertion losses for the 2.5-mm-long
(W=4 um) device, including the 50-pm Fabry-Perot cavity, were
measured to be about 16 dB. This rather high value is justified by
the presence of the two 5-pm-wide air-trenches, and by the
input/output rib waveguides facets, which did not receive polish-
ing treatment in order to avoid resonance effects outside the
cavity. Thus, for an optimized device, we plan to define shorter
trenches by electron beam lithography (EBL) and improve the
input/output coupling by taper and/or oblique facets.

The phase modulation measurements relied on the shift of the
FP fringes when a bias was applied to the cavity region
(L=50 pm) between the ZnO:Al top contact and the grounded
c-Si substrate. A DC voltage generator and electrical micro-probes
were used for this purpose. Thus, the variation of the refractive
index due to the applied voltage is directly evaluated from the
change in the FP output interference pattern. In fact, the phase
variation in the Airy’s formula is given by

2r

d): /1 ngL (3)

@)

When the refractive index changes, the same phase value

occurs at all those wavelengths that satisfy the following:
2nL 2nL

Ad) =0= TAnefff 7ngA)v (4)

By comparing the transmission spectra at two different biases, it
is possible to measure A/ as the shift of the resonance wavelength,
and therefore the electrically-induced change of the effective
refractive index from Eq. (5), directly deriving from Eq. (4)

A
Angy(7) = TA ng(2) (5)

It is worth noting that, due to the presence of the insulating
layers, no static power is dissipated during the measurements, so
that no thermo-optic effect is induced.

As demonstrated in Ref. [10], the overall electro-absorption
effect in a similar a-Si:H-based structure depends both on the
optical (propagating light) and electrical (applied bias) field
distributions within the a-SiCN/a-Si:H multistack waveguide core.
In that work, the carriers profile under bias was estimated by
means of electrical simulations and the derived results were used
for optical simulations. The calculated bias-induced absorption
coefficient was found to be in good agreement with the experi-
mental data. Therefore, the phase shift of the optical beam due to
a change of the modal effective index can be derived by Eq. (3), i.e.

2
Ap = AngyL 6)

where Angy can be estimated analytically as well by considering
an integral quantity as follows:

Jo Ji’ Anx.y) Iey)dx dy
Jo Jo' Tx.y)dx dy

Al’leff & )

where I(x,y) is the guided mode intensity distribution in each
a-Si:H layer in the <{x, y)> plane orthogonal to the optical beam
propagation direction, An(x,y) is the local change in the refractive
index induced by an inhomogeneous carriers profile when an
external voltage V is applied across the multistack device, t is the
device thickness, and w is the active horizontal window where
light propagates.

The fundamental mode profile has been calculated by the
mode solver [13] showing that the optical beam is well confined
under the rib of the waveguide (Fig. 4), with nearly 93% of the TE
polarization travelling beneath the rib. Thus we can safely take
wx~ W=4 um in Eq. (7).

Moreover, two-dimensional mixed electro-optical simulations
were performed in the (x, y> plane in order to calculate numeri-
cally the effective refractive index change at different applied
voltages. First, the device was electrically modelled using ATLAS,
the device simulation package from Silvaco [17]. In particular, the
simulation tool allows to simulate internal physics and device
characterization of the device by numerically solving Poisson’s
equation and the charge continuity equations for free carriers.
Moreover, we considered the carrier trapping effects and the
releasing phenomena involving the shallow levels in the disordered
a-Si:H films [18] by modeling the defects concentration typical of
amorphous semiconductors [19,20]. As an example, Fig. 3 reports
the calculated electron and hole concentration depth profile in the
centre of one of the three insulator (a-SiC:H)-silicon, (a-SI:H)-
insulator, (a-SiC:H) structures forming the device.

Thus, for a bias of 11.5V applied across the three bi-layer
device, a carrier concentration of ~10'® cm~2 was estimated
close to the a-SiC:H/a-Si:H interface.

It is known that the refractive index change (An) in silicon due
to injection or depletion of free carriers can be derived to a first
order approximation from the classical Drude model also for
a-Si:H [21]:
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Fig. 3. Estimated electron and hole concentrations along a vertical section
positioned at the center of the rib waveguide. The applied voltage is 11.5 V across
the whole three bi-layers structure.
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Fig. 4. Fundamental mode profiles, for TE polarization, respectively at 0V (a) and 11.5 V (b). The calculated effective index variation is Angy=1.48 x 10~%.

where e is the electron charge, 4 is the optical beam wavelength,
& is the permittivity of free space, and m, and my, are the effective
masses of electrons and holes, respectively (m.=0.5mq, my=
1.0mg, me=9.1 x 10731 kg [21]).

Therefore, the newly calculated two-dimensional inhomoge-
neous refractive index profile, at several bias points, was fed into
the optical simulator in order to evaluate the free-carrier disper-
sion effect on the optical propagation. In particular, a uniform grid
size (1 nm along the vertical axis and 10 nm along the horizontal
direction) was employed for both electrical and optical simula-
tions. In Fig. 4 we report the TE fundamental mode together with
the modal effective index values, respectively at 0 V (Fig. 4a) and
11.5V (Fig. 4b), from which we calculated an effective index
variation, Anegy, of 1.48 x 10~

In our experiments, the measured An.yincreases with the bias
signal as shown in Fig. 5 because more and more carriers are
accumulated at the opposite sides of each insulating film [5], thus
leading to a large interaction between the optical beam and the
accumulation layers. In fact, the thin a-SiC:H insulating layers
break the conduction among the a-Si:H films so that the device
effectively behaves as a series of capacitors. We observed, the
occurrence of breakdown phenomena, most probably in
the a-SiC:H dielectric layers, for applied voltages higher than
~12-13V, thereby limiting the field-induced effects. By compar-
ing the optical spectra of the cavity at zero bias and at 11.5 V, we
calculated a red shift of the spectrum of A1~0.071 nm, from
which the induced An.y (Eq. (5)) of the guided mode was
estimated to be 1.51 x 10~ in very good agreement with simula-
tion results.

To evaluate the phase modulation efficiency, a figure of merit
is usually adopted, defined as the product V, x L,, where V, and
L, are respectively the bias voltage and the device length required
to obtain a phase shift of 7 of the guided optical wave. The smaller
this product, the more efficient will the modulator be. With the
measured Anegr, we get Vit x Lmt=5.9 V cm, not far from what was
observed in high performing electro-optical modulators in crys-
talline silicon [1,2,6,16].

As already discussed in Ref. [5], we expect that the dynamic
behaviour of the device limits its application to integrated spatial
light switches, e.g. digital optical switches (DOS) [22]. This limit
comes from the characteristic times of the carriers trapping and
releasing phenomena involving the shallow levels in the disor-
dered a-Si:H films [20,23]. In fact, each time a bias is applied, a
transient takes place during which the already existing carriers
are swept toward the semiconductor/insulator interfaces,
together however with many other carriers, newly generated
with their own characteristic time constant. The same applies at
bias removal, when evolution of the carrier population is largely
dominated by recombination. This is similar to what happens in
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Fig. 5. Experimental effective index variation vs. bias voltage ranging from 0 to
11.5 V. The error bars refer to different measurements on L=50-pum-long inte-
grated FP cavities.

the channel of a-Si:H TFT’s, for which cut-off frequencies of 1 MHz
have been reported [24].

4. Conclusion

We demonstrated that effective electro-optical phase shift at
A=1.55 pum can be produced in a multistack waveguiding struc-
ture based on the CMOS-compatible technology of a-Si:H. The
introduction of insulating layers in the waveguide core results in
an enhancement of the free carrier accumulation effect at the
multiple a-Si:H/a-SiC:H interfaces inducing, therefore, a high-
effective index variation. The structure allows to achieve a
refractive index variation due to free carrier variation in the
waveguide core of 1.51 x 10~% at 11.5V, in good agreement with
mixed electro-optical simulation results. As a consequence,
the voltage-length product for inducing a phase variation
A¢=m in an optical travelling wave was determined to be
VixL;=59Vcm, not far from what was observed in high
performing electro-optical modulators in crystalline silicon.
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