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A novel characterization method is proposed to extract the optical frequency field-effect mobility (p,, rg) of trans-
parent conductive oxide (TCO) materials by a tunable silicon microring resonator with a heterogeneously in-
tegrated titanium-doped indium oxide (ITiO)/SiO,/silicon metal-oxide-semiconductor (MOS) capacitor. By
operating the microring in the accumulation mode, the quality factor and resonance wavelength shift are mea-

sured and subsequently used to derive the yi,,, g in the ultra-thin accumulation layer. Experimental results dem-

onstrate that the g, g of ITiO increases from 25.3 to 38.4 cm?-V-1.s7! with increasing gate voltages, which shows

a similar trend as that at the electric frequency.
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1. INTRODUCTION

Metal-oxide—semiconductor (MOS) capacitors are one of the
most prevailing electronic device structures, and have laid
the foundation of modern transistors that have transformed the
entire industry of microelectronics [1]. In recent years, MOS
devices have also gained increasing utility in photonic applica-
tions, which could pave the way for a new generation of hybrid
electronic—photonic systems [2,3]. MOS-driven silicon pho-
tonic devices in particular have rapidly become one of the most
promising building blocks for future optical interconnect sys-
tems due to their enhanced performance in electro-optic (E-O)
modulation and scalability of fabrication [4—6]. Photonic de-
vices based on the MOS structure usually operate in the accu-
mulation mode. When a negative bias voltage (V') is applied, it
induces the field effect and modifies the refractive indices of the
semiconductor materials through the plasma dispersion effect
so that an optical phase shift is induced to the guided light. In
addition to their intrinsic advantages, MOS structures provide
feasibility of heterogeneous integration with other materials
such as graphene, III-V, and transparent conductive oxides
(TCOs) on silicon photonics [7-9]. Of these heterogeneously
integrated photonic devices, an MOS device with a TCO gate
can achieve unity-order refractive index changes in the accumu-
lation layer [10]. Several ultra-efficient Si-TCO photonic devi-
ces have been reported using a Mach—Zehnder interferometer,
an electro-absorption modulator, a photonic crystal nanocavity,
and a microring resonator (MRR) [9,11-13].

Carrier mobility is one of the most pivotal properties of
semiconductors, as it can determine the performance of
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solid-state devices. Carrier mobility represents the velocity of
electrons or holes under certain electric fields, and therefore
it determines the conductivity and frequency response of elec-
tronic devices such as transistors. Thus, the high mobility of
semiconductors is critical to achieving high bandwidth and
low power dissipation [14]. For photonic devices, the impact
of carrier mobility reaches even further. As described by the
Drude model, the collision frequency [Eq. (1c)], which is
the collision process between free carriers and ionized impu-
rities in TCOs, is inversely proportional to the carrier mobility
at the optical frequency [15,16]. Furthermore, the optical loss
due to free carrier absorption is determined by the imaginary
part of the complex permittivity [Eq. (1a)], which is influenced
by the collision frequency as well. Hence, high-mobility semi-
conductors are critical to low optical loss waveguides. For in-
stance, previous research has shown that high-mobilicy TCOs
can significantly enhance the performance of photonic modu-
lators by increasing the extinction ratio, improving the energy
efficiency and quality factor (Q factor) [13,17,18].

The carrier mobility of semiconductors at electrical fre-
quency (DC or RF) is usually measured by the Hall effect.
It actually measures the bulk mobility (g ), which is the aver-
age mobility of the entire thin film layer [19,20]. For many
electronic devices, field-effect mobility () is even more criti-
cal to determining the device performance. When a bias V, is
applied to the gate, the field effect induces accumulation or
inversion layer at the surface of the semiconductor with the
insulator, forming a channel of free charges that are drastically
different than those in the bulk materials [10,21]. The carrier
mobility in the accumulation or inversion layer, which is also
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called the field-effect mobility pigg, is generally higher than gy,
because the high concentration of free carriers in the channel
layer brings an electrostatic screening effect that reduces impu-
rity coulomb scattering [22]. This phenomenon has been veri-
fied by thin-film transistors (TFTs) [23], and TFTs have been
used to measure the electric frequency ppg. The measurements
of the gate voltage, drain voltage, and drain current are used to
extract the electric frequency ppgp. For example, experimental
results show that the electric frequency ppp of TCOs increases
as the V, increases [24-28].

In contrast to electric frequency mobility, which is limited
by ionized-impurity scattering and grain-boundary scattering,
the optical frequency mobility (u,,) is insensitive to grain-
boundary scattering. It is only determined by ionized-impurity
scattering because the average electron path length, which is in
the range of a few nanometers and under the application of a
rapidly oscillating electric field, is much smaller than the grain
size [29]. By comparing the difference between electrical and
optical frequency carrier mobility, we can observe the contri-
bution from the grain-boundary scattering and ionized-impu-
rity scattering separately [30]. The optical frequency bulk
mobility (iop,pui) of a semiconductor film on a thick substrate
is usually characterized by a spectroscopic ellipsometry [31].
However, ellipsometry cannot effectively measure the optical
frequency field-effect mobility (4, ) due to the ultrathin ac-
cumulation layer (~1 nm). The accumulation layer is only
around 0.1% of the probing wavelength used in the ellipsom-
etry, which cannot induce meaningful light—matter interaction
to calculate the film’s refractive index and thickness. Therefore,
a fundamentally different method is needed for the measure-
ment of fi,, rg in the ultra-thin accumulation layer.

(a)

Fig. 1.

In this paper, we propose a novel characterization method to
extract the po, pg of TCO materials using an MRR on a silicon-
on-insulator (SOI) wafer. This method works for all TCOs and
can even be applied to other types of semiconductor materials.
In this paper, titanium-doped indium oxide (ITiO) is used in
the experiment for pio,, pg characterization due to its potential
for high mobility. An ITiO-SiO,-Si MOS-driven MRR s fab-
ricated through heterogeneous integration, which can provide
orders of magnitude stronger light—matter interaction com-
pared with ellipsometry measurement. By operating the MRR
in the accumulation mode with negative V,, the Q factors and
resonance wavelength shift (A1) values are measured and
subsequently used to derive the i, pg in the ultra-thin accu-
mulation channel. Experimental results in this work demon-
strate that the po,pp of ITiO increases from 25.3 to
38.4 cm*-V~'-s”! with increasing negative V. This proposed
Hop,re measurement technique will provide an effective charac-
terization method for field-effect electro-optic devices, espe-
cially for heterogeneously integrated silicon photonic devices.

2. DESIGN AND PRINCIPLE

A. Design of ITiO-gated MOS MRR

To derive the p,p g of ITiO in the accumulation layer, an SOI
waveguide MRR is driven by a hybrid ITiO-SiO,-Si MOS
capacitor operating in the accumulation mode. Figure 1(a)
shows the three-dimensional (3D) schematic of the ITiO-gated
MOS MRR. The active region consists of a p-type Si (p-Si)
waveguide, a silicon dioxide (SiO,) insulation layer, and an
ITiO gate. The p-Si waveguide, which is based on a 400 nm x
250 nm rib waveguide with a 50 nm partially etched slab, also
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(a) 3D schematic of ITiO-Si-SiO, MOS-driven MRR. (b) Cross-sectional schematic in the active region. With the negative V,, itinduces

the carrier accumulation and refractive index modulation in the ITiO and Si layers. (c) Simulated results with different models: quantum-moment
model plots in dashed lines and uniform model plots in solid lines. Q factor (blue line, left y axis) and resonance wavelength shift A/ (red line, right y

axis) as a function of V,.
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serves as the bottom substrate of the MOS capacitor with the
connection to the ground metal electrodes. The SiO, covers the
p-Si MRR as the oxide layer and the ITiO layer acts as the top
gate, which is connected to the gate electrode. The optical
properties of TCO materials can be described by the Drude
model [32]:
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where ¢, is the high-frequency dielectric constant of the
material.

The plasma frequency (w,) is related to the carrier concen-
tration (NV,) by
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where e is the electron charge, g, is the vacuum permittivity,
and m* is the effective mass of charge carriers.

The plasma collision frequency (y) is related to the p,, by
(1c)
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The cross-sectional schematic in the active region of the device
is shown in Fig. 1(b). Applying a negative V', on the ITiO gate
induces electron accumulation at the ITiO/SiO, interface and
hole accumulation at the p-Si/SiO, interface. This field effect
changes the optical permittivities of ITiO and Si, which
influences the resonance wavelengths (4.,) and Q factors of
the silicon MRR. The Q factor can be written as [33]

anL\/ra
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where 7 is the self-coupling coefficient, « is the single-pass am-
plitude transmission, L is the circumference of a ring, and 7, is
the group index of the ring waveguide.

The value of # is related to the loss a by

2t = e, (2b)

The values of 7 and # are crucial to the Q factor. 7 is determined
by the coupling between the bus waveguide and microring and
can be adjusted by changing the waveguide gap or coupling
length [34,35]. 4 is affected by the loss from the accumulation
layers of ITiO and p-Si when the negative V, is applied.
Hence, applying a moderate V, changes # while not affecting
7. At the critical coupling (» = ) condition, the transmission at
Ares decreases to zero [33,36]. When the loss of the MRR is
fixed, the Q factor can be improved by working at the critical
coupling condition [37].

The A/ can be calculated by the change of the effective in-
dex (n4):

(2a)

Af = Ane

Ares: (3a)

Teff
As shown in Fig. 1(a), the ITiO does not cover the whole

ring. Therefore, the 7. depends on the length of the microring

covered by the ITiO electrode, which can be written as

Neff = P x 7leff active + (1 - P) X neff,coupling’ (3b)

where 7. ,ive i the effective index in the active region covered

by ITiO and the 7g coupling is the effective index in the coupling
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region without the coverage of ITiO. P is the ITiO coverage
percentage on the MRR.

To understand how the Q factor and A are affected by V/,,
we simulated an ITiO-gated MOS MRR with a radius of 6 pm
by the finite-difference-eigenmode (FDE) solver in Lumerical
MODE software. The carrier concentration distribution is si-
mulated by Silvaco and imported into Lumerical MODE. The
simulation results are plotted with dashed lines in Fig. 1(c).
When a negative Vg is applied, it increases the V., and changes
the relative permittivity [Eqs. (1a) and (1b)] of ITiO, which
will further modulate the effective index 7. of the guided
mode in the microring waveguide calculated by Lumerical.
The reduction of the real part of 7.g blueshifts the resonance
wavelength as given in Eq. (3a), while the increase of the imagi-
nary part of the 7.g increases the optical loss and reduces the Q
factor as explained in Egs. (2a) and (2b). Figure 1(c) shows the
downward trend of the Q factor and blueshift of A4 by apply-
ing the V,.

B. Model Setup

In our previous work [38], we compared the free carrier distri-
bution using the quantum-moment model and uniform model.
The results showed that a significant difference only occurs at
very large V, that can turn TCOs into the ENZ condition.
However, we are not characterizing pop, pg of TCO materials
close to the ENZ condition in this paper. Approximating
the numerical model by a uniform layer (AN) in the accumu-
lation layer can greatly simplify the analysis without sacrificing
the accuracy under a moderate V, [38,39]. To quantify the
influence of the uniform concentration, Fig. 1(c) shows the dif-
ference between the distribution and uniform concentration in
the accumulation layer. Even at the maximum V, of -12 'V, it
only induces 5% difference, which is comparable to other error
sources. Therefore, we believe that the uniform accumulation
layer approximation, as illustrated in Fig. 2(a), can provide
acceptable accuracy. The FDE module simulates the optical
field intensity (|E]*) of the bending waveguide with an
MOS structure, and the ITiO consists of the bulk layer and
accumulation layer, as shown in Fig. 2(b). The N, and the
Uyl in the bulk layer are determined by the initial condition
(V, = 0 V). At the initial condition, there is no field effect on
the ITiO, so the carrier concentration and mobility are iden-
tical in the bulk and accumulation layer (AN = 0;
Hop,FE = Hbulk)- To achieve the highest Q factor, it assumes
the initial condition is at critical coupling, so 7 equals «
at V,=0V.

When a negative V, is applied, it induces the field effect and
changes carrier concentration in the accumulation layer. We
can sweep different AN to simulate different external V.
We have already known that the electric frequency ppg in-
creases under the field effect because an electrostatic screening
effect reduces the ionized-impurities scattering when the con-
centration of accumulated free carriers increases [22]. As the
Hop,rE is also affected by ionized-impurities scattering, we ex-
pect that the po,pp also changes under the field effect.
Hence, we can sweep AN and pq, pg in the simulation, which
will induce different a, 7,, and 7. while running the FDE
solver. @ and 7, are used to calculate the Q factor with
Egs. (2a) and (2b), and the AA can be obtained from
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Fig. 2. (a) Simulation model includes the p-Si layer, SiO, layer, and
the ITiO, consisting of the bulk material and 1 nm accumulation
channel. (b) Simulated cross-sectional electric field intensity (|£]?) dis-
tribution of the ITiO-gated MOS bending waveguide with a 17 nm
SiO; layer and a 17 nm ITiO layer. (c) Q factor maps, with respect to
Hope and A, in different bulk conditions.

Eq. (3). After Q factors and Al are obtained from the
simulation, we can plot the Q factor map with respect to
Hop,re and AZ, as shown in Fig. 2(c). However, we can see that
the Q factor maps are influenced by the initial conditions,
ie, N, and py. Therefore, the final Q factor map will be
known when the initial condition is measured from the experi-
ment. Finally, we can measure the experimental Q factor and
AZ from the tunable MRR with negative V, to derive the

T =
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Hop,pe by mapping the Q factor with the simulation results.
Also, we can observe how the field effect changes the pq, pi-

3. FABRICATION AND CHARACTERIZATION

A. Fabrication Processes and Testing
The ITiO-gated MRRs are fabricated on an SOI wafer. First,

the bus waveguides, microrings, and grating couplers are
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Fig. 3. (a) Scanning electron microscope (SEM) image of the fab-
ricated passive Si-MRR with false colors. The microring has a radius of
6 pm. (b) Zoom-in SEM image of microring to show the side-wall
roughness. (c) The experimental transmission spectrum of the passive
MRR, which is fitted by the Lorentzian function, has a high Q factor
of ~13,000. (d) Optical image of the fabricated ITiO-gated MOS
MRR. The ITiO gate, which is highlighted by the white dashed line,
covers the active region of the microring except the coupling region to
the bus waveguide. The active region covers ~83% of the MRR. The
gate electrode lies on ITiO, and the ground electrodes are connected to
the p-Si microring through a partially etched Si slab.
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patterned by two steps of electron beam lithography (EBL) and
reactive ion etching (RIE), which has a 250 nm thick rib wave-
guide and a 50 nm thick slab. The MRRs have a radius of 6 pm,
as shown in Figs. 3(a) and 3(b). Further, different gaps of
MRRs are fabricated on the same SOI wafer to achieve the criti-
cal coupling condition. Figure 3(c) shows the experimental
transmission spectrum of the passive MRR. The Q factor is
obtained by the Lorentzian fitting to the experimental data,
which is a widely adopted method to quantify high-Q resona-
tors [33]. The Q factor is determined by A,/ AA_3 g. The pas-
sive MRR has a high Q factor of 13,000.

Next, a 17 nm thick SiO; layer is formed by dry oxidation at
1000°C, and a 17 nm ITiO gate is deposited by radio frequency
(RF) sputtering at room temperature, followed by a lift-off
photolithography process. The ITiO is characterized by Hall
effect measurement, which has the NV, of 2.63 x 10" ¢m™
and gy of 26.5 cm?-V~1-s7L. The SiO, layer on the Si contact
region is etched by hydrofluoric (HF) acid. Finally, the Ni/Au
electrodes are thermally evaporated and patterned by regular
photolithography. For characterization of the ITiO-gated
MOS MRRs, the input and output fibers have a tilt angle
of 8°, and the polarization controller is used to make the input
light in the TE mode. The light is coupled into and out from
the silicon bus waveguide through the waveguide grating cou-
plers. The gate voltage is applied through the GSG electrodes
from the GSG probe. Finally, the transmission spectra with dif-
ferent V, are detected by an optical spectrum analyzer.

B. Experimental Results

In this work, the initial condition of ITiO is measured, which
has the N, of (2.624 4 0.014) x 10" cm™ and g, of
26.5 £ 0.15 cm?-V~!-s71. Hence, we can build the experimen-
tal Q factor map with these parameters (V, and pyp.), and this

—_~
&
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_.L_Increasing -V,
1537.5 1538 1538.5 1539
Wavelength (nm)

0 100 200 300 400 500
AX (pm)

Q factor map can be used to derive the i, pp, with the exper-
imental results.

Figure 4(a) shows the experimental spectra of the normal-
ized transmission with different negative V,. Experimental Q
factors and A4 as a function of the V, are plotted in Fig. 4(b),
which shows that the A4 is linearly proportional to V, when
the V, is beyond -2 V. It has an average wavelength tunability
of 48.5 pm/V, and the Q factor is still higher than 4000 when
it has a cumulative A4 of 500 pm. Next, we can derive the
Hop,pe. by mapping the experimental A4 and Q factor to the
simulation results. Figure 4(c) plots the extraction of the pq, pg-

Since this method is an indirect method to estimate the
Hop,iE> We need to discuss its accuracy. The major error sources
come from the experimental results in Fig. 4(b) with the sim-
ulation in Fig. 1(c). For the wavelength tunability, the experi-
ment (48.5 pm/V) matches the simulation (51.9 pm/V) with a
standard deviation of 7%. For the Q factor, we can first com-
pare it at the initial condition Ve, =0V) because it does not
have any change of AN and p,, pg in the accumulation layer.
Therefore, we can directly see the difference between experi-
ment and simulation when we use the same parameters.
The experiment matches very well with the simulation at
V,=0V, which only has an error of <1%. Even though
the Q factor error increases when a larger gate bias is applied,
it is still less than 5%. The error from the mismatch causes the
error of fio, pp (Aptop pe), which is 2.5 cm?-V-1.s7!, The other
source of errors comes from the experiment measurement. The
experimentally measured Q factors are Q % 50. This standard
deviation can cause a Ay, g of ~3 cm?-V-1.s7!. However, in
the small V, region, it can even be as large as Apg,pp of
5—10 cm?V-'s7! due to the small relative change. In
addition, the A, may have £2 pm difference during the

(b)

5000 600
4800 500
— —_—
400
.8 4600 g_
© 300 =
W 4400t ~<
o 200 <]
4200} s
4000 0
0 2 4 6 -8 10 12
Vg (V)
130
Ty
s

o 120
o

c 115

=110
® 105
©

§ 100

95
-8

T Va(v)

Fig. 4. (a) Lorentzian fitted experimental transmission spectra of ITiO-gated MOS MRR with different Ve (b) Experimental Q factor (blue line,
left y axis) and AA (red line, right y axis). (c) Hop.FE €Xtraction from experimental Q factor and A4 with errors. (d) Capacitance as a function of v, for

the ITiO-gated MOS MRR.
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measurement, which induces Aupg of 1 cm?-V~'-s7!. The

measurement errors from N, and i, are minor and cause

A of 0.7 and 1 cm?-V-'-s7!, respectively. The overall er-
op,FE % Y-

ror of Aptg, g is combined with

has never been explored. Our approach fills the gap of existing
carrier mobility characterization methods for field-effect
electro-optic devices, especially for heterogeneously integrated
silicon photonic devices.

— 2 2 2 2 2
AIMOP,FE(HH) - \/Aﬂop,FE(mismarch) + All'top,FE(Q) + Aluop,FE(Aﬂ) + A/'lop,FE(Nc) + AMDP,FE(ﬂbulk)'

Finally, the error bars are plotted in Fig. 4(c) together with the
mobility results. Figure 4(c) results show that the g1, g has a
large fluctuation in the small V, region (0 to -2 V). We can
determine the accumulation mode region (Ve <-2V) from
Fig. 4(b) since the A4 is linearly proportional to V, in the ac-
cumulation mode [39]. The flat band voltage (Vpp) is also
found to be around -2 V from the capacitance—voltage curve
of the device, as shown in Fig. 4(d). This method can only
achieve meaningful results when the field-effect is obvious.
When the V, is small (0 to -2 V), the change of the carrier
concentration is relatively minor compared to the bulk concen-
tration. Therefore, the change of the Q factor and A1 are dif-
ficult to measure accurately, which induces a large fluctuation
when V, is low. In the obvious accumulation mode region
(Vg < -2 V), when the AN becomes larger, the measurement
error does not have a significant influence. Hence, we can see
that the p, b increases steadily in the moderate to strong ac-
cumulation mode. It shows a trend of increasing i, rg from
25.3 to 38.4 cm? V!5l as the negative V, increases.
Interestingly, a similar phenomenon is also mentioned in the
TFT measurement when measuring the electric frequency
prp, and it shows a stable growth of electric frequency pipg
in accumulation mode but not in the depletion mode
[40,41]. When the larger negative V', is applied, it has a higher
Hop e in the accumulation layer, reducing the optical absorp-
tion loss. Therefore, it can help the ITiO-gated MOS MRR
maintain a good Q factor even though a larger negative V,
is applied.

4. CONCLUSION

In conclusion, we invented a new characterization method for
quantifying the ¢, pg in the accumulation channel by a tunable
ITiO-S8iO,-Si MOS-driven MRR. The proposed integrated
photonic platform provides dramatically stronger light—matter
interaction compared with the traditional ellipsometry mea-
surement. By constructing a comprehensive numerical model,
we generated the contour map of the Q factor of the MRR with
respect to fo, pg and A4 by sweeping AN and pgp g in the
simulation. Experimental results of the Q factor and A4 were
measured under the negative V, and subsequently used to de-
rive the f1o, p by mapping the data into the simulation results.
Our experimental results demonstrated that the i, pg of ITiO
increases from 25.3 to 38.4 cm?-V~!-s7! with increasing Vi
which shows a similar trend in the electric frequency pigg.
This method provides a novel pathway to precisely obtain
the in-device p,, b from an integrated photonics platform that
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