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Active optical modulation in hybrid transparent-
conductive oxide/electro-optic multilayers

Riccardo Magrin Maffei, †ab Michele Magnozzi,†c Maria Sygletou, c

Stefano Colace,c Sergio D’Addato,ab Alexandr Yu. Petrov,d Maurizio Canepa,c

Piero Torelli,d Alessandro di Bona,b Stefania Benedetti *b and Francesco Bisio e

We report the room temperature, low-voltage-enabled modulation of the optical response of hybrid

transparent-conductive-oxide/ferroelectric multilayers. We have fabricated an optical multilayer

consisting of Al-doped ZnO (AZO) and BaTiO3 films deposited on a Nb-doped SrTiO3(110) substrate.

Applying a low voltage between the AZO film and the substrate, a significant variation of the system’s

optical response has been detected by means of in operando spectroscopic ellipsometry. The voltage-

induced variations have been ascribed to a combination of charge accumulation/depletion at the

insulator/semiconductor interface and the field-induced Pockels effect in the BaTiO3 layer and

successfully reproduced by an optical model including these effects. We have deduced a variation of the

refractive index in AZO in the infrared range by more than 0.1 at an applied bias of 0.2 V and by more

than 2 at an applied bias of just 3 V at room temperature, which can be strongly appealing for voltage-

modulated active optical systems.

Introduction

Transparent conductive oxides (TCOs) are a class of materials that
display optical transmittance in excess of 80% combined with
electrical resistance as low as 10�4 O cm, making them appealing
for applications in photovoltaics and optoelectronics.1–4 In parti-
cular, the ability to adjust the free carrier concentration through
the doping level and the low losses allows epsilon-near-zero
conditions to be tuned in visible light communications and
infrared (IR) telecommunication windows.5–7 While the tuning
of the electrical and optical properties of these materials by
modulating their intrinsic properties (like film thickness,8,9 or
dopant concentration10,11) is extensively exploited, a great chal-
lenge is their control by external stimuli, which would pave the
way for intriguing applications in photonic devices.

The most flexible and appealing method to perform optical
modulation is to exploit the field effect (FE) by applying an
external bias to TCO thin films within a suitable metal–oxide–
semiconductor (MOS) device.12 The electrical gating method is

simple and can be a viable approach to achieve new function-
alities in optoelectronic and photonic devices analogous to
field-effect transistors.13,14 Through FE, large permittivity var-
iations can be obtained in TCOs because of their largely inferior
carrier density with respect to classic conductors like noble
metals.

Following the application of an external electric field, an
ultrathin accumulation/depletion layer is formed at the dielectric/
conducting oxide interface.15–19 The injection or depletion of
charges within this ultrathin layer may change the local refractive
index by as much as a unity, as observed for example at the
dielectric/indium–tin oxide (ITO) interface.15 At present, the vast
majority of the studies concerning the FE-tuning of the dielectric
properties of TCOs and their applications are focused on ITO-
based systems,20–23 whereas much less attention has been dedi-
cated to alternative materials, like Al-doped ZnO (AZO),12,24–26

which are based on earth-abundant materials and are therefore
far cheaper and more sustainable than ITO. From the point of
view of active photonics applications, both materials show analo-
gous behavior, keeping in mind that the charge injection/deple-
tion phenomenon due to the field effect critically depends on the
doping level of the TCO.

In a previous publication, we have demonstrated the FE-
gating of AZO films,12 albeit in a configuration (a plane
capacitor with a 500 mm-thick SrTiO3 dielectric) requiring a
high-voltage bias and cryogenic temperatures to achieve a
sizable charge displacement. Reducing the insulator thickness
by exploiting a thin film of a high-k dielectric, like BaTiO3
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(BTO), should easily allow boosting the charge-density modula-
tion by increasing the capacitance of the system, allowing lower
bias and room temperature operation, with relevant applicative
consequences. The BTO crystal structure lacks inversion sym-
metry and shows a large Pockels electro-optic effect, a linear
variation of the refractive index in response to an applied
electric field. Furthermore, BTO is also CMOS compatible for
electro-optic modulators.27

In this work, we report the investigation of FE-induced
modulation of the optical response of micro-capacitors con-
stituted by epitaxial AZO/BTO/Nb:STO (NSTO) multilayer stacking.
Changes in the dielectric function have been observed via
in operando spectroscopic ellipsometry (SE), in a photon energy
range spanning in the visible and near-infrared range (NIR,
0.73–3.22 eV), while the electrical response of the capacitors has
been characterized by impedance analysis. Applying a bias to
an AZO/BTO capacitor results in the creation of an accumula-
tion/depletion zone at the AZO/BTO and BTO/NSTO interfaces,
depending on the sign of the applied potential, accompanied
by the field-induced Pockels effect in BTO. This leads to sizable
voltage-induced variations of the optical response of the device
that we interpreted through the modeling of field-induced
variations of the dielectric permittivity of the AZO, NSTO and
BTO films. We took advantage of the extreme sensitivity of SE to
thin-film properties in order to observe the voltage-induced
variation of the optical response of the system. Furthermore, we
were able to understand how the material’s optical properties
changed with the bias. We did this by modeling the charge
profile of the accumulation/depletion layers at the AZO/BTO
and BTO/NSTO interfaces, and thus quantifying the bias-
induced variations in the dielectric response of the system.

Experimental

AZO/BTO/NSTO capacitors and Hall probes were fabricated
using a two-step process consisting in (i) the epitaxial growth
of BTO and (ii) the microfabrication of the top electrode and

conductors using a combination of lithography processes and
thin film deposition using magnetron sputtering. The choice
for the SrTiO3(110) substrate is motivated by the intention to
induce the epitaxial growth of all the layers thanks to the small
lattice mismatch, reduce defects in the BTO dielectric layer,28,29

and improve the electrical response in AZO.30–32

The first step is the deposition of a 170 nm thick BTO film
onto a conductive 0.5 wt% Nb-doped SrTiO3(110) bulk substrate
via layer-by-layer molecular beam epitaxy (MBE).33 This has been
performed by evaporation of Ba and Ti in an oxygen atmosphere
at a pressure of 2 � 10�6 mbar. The quality of the epitaxial film,
deposited at 750 1C, has been monitored through reflection
high-energy electron diffraction (RHEED) during the growth,
with a deposition rate of approximately one unit cell per minute
and checked after deposition by X-ray diffraction.

The second step is the microfabrication of the capacitors,
which is accomplished by several lithographic processes. Electron
beam lithography is performed using a Zeiss Sigma scanning
electron microscope and a Raith ELPHY quantum pattern gen-
erator. Details on thin film deposition and lithography processes
are given below. A capacitor stack, as shown in Fig. 1a and b, is
composed of the conductive Nb:SrTiO3(110) substrate acting as a
common back-electrode, the BTO film serving as the dielectric,
and the AZO film on top as the active electrode.

First, an insulating, 100 nm thick SiO2 layer with square
openings which both defines the top electrode and provides
mechanical support for the conductors and bonding pads is
deposited on the BTO film by RF magnetron sputtering (300 SiO2

target, 120 W at room temperature), followed by the lift-off
process. To achieve the ideal balance between capacitor leakage
current and beam size for SE measurements, devices with
diverse capacitor sizes and shapes were evaluated. The second
process is the fabrication of the wires, made of 100 nm thick
sputtered Nb patterned by lift-off (DC sputtering, 70 W, Nb 300

target, 99.99%). To create the Al–Si bonding pads, a combi-
nation of DC magnetron sputtering and lift-off is employed,
depositing 5 nm Cr and 500 nm Al–Si layers (Cr 400 target, 125 W
DC, Al/Si 1 wt% 400 target, 500 W DC). The fabrication of the

Fig. 1 (a) View under an optical microscope of the microcapacitors fabricated via EBL. (b) Cross-section of the stacking of the layer films in the
microcapacitor of panel a.
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AZO top electrode involves co-sputtering at room temperature
from ZnO and Al targets (300 target, purity 99.99%, RF and DC,
respectively) in a 5 mTorr Ar working pressure, resulting in a
250 nm thick AZO film and a further lift-off process defines the
shape of the electrode. A precise balance of RF and DC power is
crucial for achieving the optimal doping concentration of 4 at%
in the material. Energy dispersive X-ray spectroscopy (EDX)
analysis using an FEI Quanta-200 ESEM verifies the successful
doping optimization. The epitaxial growth of AZO, facilitated by
the substrate’s structure,30,31 optimizes the electrical properties
of films.32 The film thickness was monitored in situ using a
quartz microbalance and validated using a stylus profilometer.
The final fabrication step involves wire bonding to a PCB plate.

The capacitance of the devices was determined using a
high-precision Agilent 4294A impedance analyzer, spanning
a frequency range of 100 Hz to 30 MHz. Standard Hall and
Van der Pauw measurements were also performed on a probe
specifically fabricated next to the capacitors to accurately assess
the DC electrical properties of the AZO film, namely resistivity,
charge carrier concentration, and mobility (Fig. 1a).

The optical response of the system in its unbiased state and
following the bias-induced charge injection/depletion has been
investigated by means of in operando spectroscopic ellipsome-
try (SE) versus an applied gate voltage in the range of �3 V. SE
measurements were performed by means of a J. A.Woollam M-
2000 ellipsometer (0.73–5 eV (245–1700 nm) spectral range)
with home-designed optical micro-probes, allowing ellipsome-
try spectra to be recorded over areas of around 100 mm in lateral
size. The SE acquisition range was limited to the 0.73–3.22 eV
interval during in operando acquisitions by inserting a
longpass-wavelength filter, in order to avoid the presence of
any photoinduced carriers in the AZO film. The incidence angle
was 551 for all measurements. SE returns the so-called ellipso-
metric angles C(l) and D(l), defined through the equation:

rp/rs = tanC�eiD

where rp and rs are the complex Fresnel reflection coefficients
for p and s-polarized light.34

Results and discussion
Unbiased system

AZO/BTO/NSTO capacitors and Hall probes fabricated using the
procedure discussed in the previous section have NSTO acting
as a back-electrode for the microcapacitor, BTO as the dielectric
and AZO as the active electrode, respectively, and are shown in
Fig. 1.

First, the BTO film has been grown epitaxially on the
NSTO(110) substrate. XRD is used to probe the structural
characteristics, including the quality and orientation, of the
epitaxial BTO film grown on the NSTO(110) substrate. As shown
in Fig. 2, the BTO film grows with a (110) surface orientation on
the NSTO(110) substrate, consistent with the small lattice
mismatch between the two perovskite materials.

The AZO film deposited on BTO exhibited a resistivity r of
3.2 � 10�3 O cm, a carrier density N0 of 2.1 � 1020 cm�3 and an
electrical Hall mobility m of 9.1 cm2 (V s)�1, as measured by the
probe fabricated near to the capacitors.

The capacitance and leakage currents of the capacitors were
determined using precision impedance measurements (Fig. 3).
The experimental data were effectively modeled by an equiva-
lent circuit (the inset of Fig. 3b) comprising the capacitance of
the BTO capacitor (CBTO) in parallel with a resistance due to the
leakage current (RBTO) in BTO, both connected in series with a
resistance (RAZO) representing the finite resistance of the AZO

Fig. 2 2y–o scan of the BTO film grown on NSTO(110).

Fig. 3 Impedance measurements of the MOS capacitor. (a) Absolute
value |Z| and (b) phase of the impedance (measure – red line; model –
black line).
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electrode and NSTO back-electrode, and finally in parallel with
a capacitance (CP) attributed to the electrical connections,
namely the wires and bonding pads.

The impedance magnitude (|Z|, Fig. 3a) shows the onset of a
low-frequency plateau (o1 kHz) due to the leak resistance of
BTO, followed by a capacitive regime up to 100 kHz. The
plateau around 1 MHz represents the resistive behavior
of AZO and NSTO plates, while the high-frequency region
(410 MHz) is again capacitive due to the capacitance of wires
and pads. Modeling reveals RBTO E 5 MO, CBTO E 220 pF,
RAZO E 1.7 kO, and CP E 30 pF. Assuming an ideal parallel
plate capacitor, the relative dielectric constant of the BTO film
(eBTO) is estimated to be eBTO E 235. Despite its simplified
assumptions, the model effectively captures the essential
behavior of the system, particularly in the 1 kHz to 100 kHz
capacitive region dominated by CBTO.

The ellipsometry measurements of the unbiased capacitor
are shown in Fig. 4a (markers). The interpretation of those data
leaned on the measurements of the optical response of every
individual component of the system, namely the NSTO sub-
strate, and the individually and independently grown BTO and
AZO layers, in order to have available reference values of the
dielectric functions of the component layers before modeling
their behavior in the NSTO/BTO/AZO stack. We therefore first
measured the bare NSTO substrate and the BTO/NSTO system
before the fabrication of the microcapacitors. We then pro-
ceeded to measure the full AZO/BTO/NSTO system in the
unbiased state. In order to model the dielectric functions of
NSTO, BTO and AZO, we resorted to a superposition of oscilla-
tors whose functional form accounts for the different electronic
contributions to the optical response.35 In particular, so-called
PSEMI oscillators were employed to model the interband

transitions, whereas a Drude contribution was introduced into
the NSTO and AZO layers to account for the doping-induced
free-electron contribution.36,37 For the SE modeling, we used
WVASE software (J. A.Woollam, Co.).

The dielectric functions of each layer of the system are
reported in Fig. 4b. For all the materials, the dielectric func-
tions are characterized by a transparent region across the
visible and near-infrared range and by interband transitions
below 350 nm, in the near UV. NSTO and AZO exhibit a Drude
contribution in the NIR range, due to their doping. The
dielectric functions are in very good agreement with the litera-
ture, both for AZO and for NSTO and BTO.35,38 The best fit
between the model (lines in Fig. 4a) and the experimental data
for the full AZO/BTO/NSTO system was found for a BTO layer
thickness of (160 � 5) nm, an AZO layer thickness of (205 � 5)
nm and a surface roughness just below 10 nm. The angular
spread due to the focussing of the ellipsometer beam was duly
taken into account. In the fitting procedure, the NSTO and the
BTO dielectric functions obtained from the bare-substrate data
and BTO/NSTO SE measurements were left unchanged, and the
only fitting parameters were the thickness of the BTO and AZO
films and the Drude contribution of the AZO film. With these
prerequisites, we can safely state that the agreement between
the experimental data and the model is good since all the main
features of the spectra are correctly reproduced, and since this
was achieved limiting the number of free parameters in the
model to a minimum, ensuring that the physical significance of
the results is fully preserved. The good accordance between the
SE model, which considers a sharp AZO/BTO interface, and the
experimental curves confirms the good quality of the interface,
as expected due to the good epitaxial relationship between the
AZO(0001) film and the BTO(110) surface. The electrical

Fig. 4 (a) Measured and modelled ellipsometric angles D and C for the capacitor without the bias. (b) Real and imaginary parts of the dielectric function
of every layer of the capacitor as extracted from ellipsometry.
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parameters (carrier density, mobility and resistivity) of the
NSTO and AZO layers, extracted from optical measurements
(i.e. from the Drude component of the dielectric function), are
listed in Table 1. These values are reasonable for 0.5 wt%
NSTO,39 and are in accordance with Hall results for the AZO
layer, keeping in mind that the mobility measured with optical
techniques can be different from the electrical one.40

Electrically biased systems

The effect of charge accumulation/depletion on the optical
response was investigated by means of in operando spectro-
scopic ellipsometry (SE) versus an applied gate voltage VG in the
range from �3 to +3 V. We exploited the extreme sensitivity
of SE to very thin films in order to observe the voltage-induced
tuning of the dielectric function of AZO in the ultrathin
accumulation/depletion layer at the AZO/BTO interface. Then,
we modelled the charge profile of the accumulation/depletion
layer at the AZO/BTO interface and quantified the variations in
the dielectric response of the TCO.

To have an accurate estimation of the charge distribution
within the interfacial injection/depletion layers, we therefore
solved the full Poisson equation for an insulator–semiconduc-
tor interface:

d2jðzÞ
dx2

¼ eN0

e0eAZO
1� e

�ejðzÞ
KBT

� �
(1)

where f(z) is the potential in the semiconductor as a function of
the distance z from the interface and eAZO is the AZO relative
permittivity.35 The first term of the right-hand side refers to
ionized donors, while the second term refers to electrons. The
only assumption here is that donors are fully ionized, which is
reasonable at room temperature, so their concentration can be
approximated with the carrier density N0. The resulting charge
profile r(z) can be obtained according to the following equation:

rðzÞ ¼ N0e
�
ejðzÞ
KBT (2)

imposing that the total charge accumulation/depletion in AZO
balances that in BTO, i.e., the net charge at the insulator–
semiconductor interface is zero.

The numerical solution of eqn (1) for our system for VG = 1, 2,
and 3 V and the resulting charge profiles, as shown in Fig. 5, are
strongly resembling exponential decays. Such exponential behavior
can be approximated in ellipsometric simulations considering
a well-defined value of the integrated charge and an exponential
z-dependent charge profile, exploiting the Debye-length approxi-
mation.12 The overall accumulated/depleted charge can be
retrieved by treating the system as a parallel-plate capacitor, where

BTO acts as the dielectric, and the NSTO substrate and the AZO
film are the two electrodes. The surface charge density se can be
written as follows:

se ¼
e0eBTOVG

d
(3)

where e0 is the vacuum permittivity, VG is the gate voltage, eBTO is
the DC permittivity of BTO and d is its thickness. The profile of the
charge density Ne (either accumulated or depleted) is assumed to
be represented by an exponential function of the distance z from
the AZO/BTO (and in the same way for the NSTO/BTO) interface,
which can be written as follows:

NeðzÞ ¼ N0 �
se
lD

� �
e
� z
lD (4)

where N0 is the charge density of AZO (NSTO) in its unbiased state
and lD is the Debye length of the AZO (NSTO). The � sign
represents the physical cases when the charge is accumulated/
depleted, respectively. From the profiles, we can estimate decay
lengths (equivalent to lD) of B1.5 nm for the AZO layer and
lD B 9 nm for the NSTO.

In addition to this, the optical model also considered
the linear electro-optic effect in the BTO layer (Pockels
effect).41 The effective refraction index neff due to the Pockels
effect can be written as follows:

neff ¼ nBTO þ
nBTO

3

2
rE (5)

where nBTO is the unbiased refractive index, E is the electric
field and r is the linear electro-optic coefficient.

Since the variations in the SE spectra due to the applied bias
are not very large, they are best appreciated looking at the so-
called difference spectra dD and dC, calculated by subtracting

Table 1 Electrical parameters in the modeling of the ellipsometry mea-
surements and from Hall measurements of the capacitor

Layer N0 (cm�3) m (cm2 (V s)�1) r (O cm)

NSTO (optical) 2.6 � 1020 6.4 3.8 � 10�3

AZO (optical) 3.4 � 1020 27.5 6.6 � 10�4

AZO (Hall) 2.1 � 1020 9.1 3.2 � 10�3

Fig. 5 Charge profile for (a) accumulation and (b) depletion at the BTO/
AZO interface as calculated from solution of the full Poisson equation.
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the unbiased data from the biased measurements. In Fig. 6, we
report the experimental difference spectra dD and dC, recorded
with an applied voltage VG = +0.2 V on AZO with respect to the
NSTO back-electrode (markers). A marked signal has been
detected even with a very low gate voltage already at room
temperature, with dD displaying a pronounced peak reaching at
around �0.51 of the shift between 1000 and 1200 nm. The dC
signal is lower than dD, always below �0.051 of the shift, yet
clearly observable. We restrict the following analysis on the
VG = + 0.2 V case in order to avoid introducing any potential
nonlinearity that might occur at higher electric fields.

The SE analysis of the biased sample essentially attempts to
reproduce the experimental difference spectra dD and dC by

computing the variations in D and C taking place upon the
application of the bias. We did not attempt to fit the difference
spectra, but merely computed the expected variations based
on the experimental data reported in the previous sections. The
solid (dashed) lines in Fig. 6 represent the calculated d-spectra
considering a value of eBTO = 235 (eBTO = 300) where both the
Pockels effect in BTO and the charge accumulation at the AZO/
BTO and NSTO/BTO interfaces are taken into account. For the
calculations, the Debye lengths were fixed at 1 nm for AZO and
9 nm for NSTO, and a variation of +0.003 of the e1 of BTO was
included. Despite the rather blunt approach, the model roughly
captures the main features of the spectra, and especially for the
dD spectra, where the wiggle around 500 nm and the peak
between 1000 and 1200 are quite well reproduced. The dC
differential has worse agreement especially in the NIR due to
larger noise, while the visible region and its structures are
reasonably fitted by the model, as for dD. In general, the
contribution of charge accumulation is minor with respect to
the Pockels effect, but still displays a non-negligible contribu-
tion, for instance helping the model to get close to the afore-
mentioned peak in the dD signal.

The variation of +0.003 of the e1 of the BTO, upon +0.2 V of
applied voltage (roughly corresponding to 1.3 MV m�1), yields
an effective r coefficient r C 100 pm V�1 in very good agreement
with literature values.42 Concerning the accumulated charge,
we tested two values of eBTO, respectively, equal to eBTO = 235,
i.e. the value obtained by the impedance measurements, and
eBTO = 300, just slightly larger. The agreement with the experi-
mental data for both values is quite similar.

In spite of the necessary assumptions and approximations
due to the very complex system, we could however obtain an
estimation of the actual charge profile at the AZO interface
from the modelling. The charge profile extracted from the
modeling is shown in Fig. 7a for a +0.2 V of applied voltage.
A 6% increment with respect to the equilibrium optical carrier
density n0 = 3.4 � 1020 cm�3 can be obtained already with a
quite low gate voltage VG.

The variation of the refractive index Dn is calculated through
the following formula derived from the Drude–Lorentz

Fig. 6 Measured and modelled differentials dD and dC of the ellipso-
metric angles with a +0.2 V bias applied. The solid (dashed) lines represent
the calculated d-spectra considering a value of eBTO = 235 (eBTO = 300)
where both the Pockels effect in BTO and the charge accumulation at the
AZO/BTO and NSTO/BTO interfaces are taken into account.

Fig. 7 (a) Charge profile in the AZO film as a function of the distance from the AZO/BTO interface as extracted from the modelling of the ellipsometric
data. (b) Variations of the refractive index Dn as a function of wavelength and distance from the AZO/BTO interface.
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model15,43 and depends on both the wavelength l and the
distance from the interface. It reads

Dn ¼ �e2l2
8p2c2e0n0

Dne
m�e
þ Dph

m�p

 !
(6)

where Dne and Dph represent the excess electron and hole
densities in the accumulation layer beyond their values under
equilibrium conditions, while m�e and m�h represent their respec-
tive effective masses. In Fig. 7b, the variation of the AZO refraction
index Dn at the interface with BTO due to the evaluated charge
accumulation for +0.2 V of applied voltage is shown. At 1700 nm, a
negative variation of more than 0.1 is reached with the charge
unbalance at the AZO/BTO interface DNe = 0.2� 1020 cm�3. In the
absence of significant nonlinearities, this implies that at VG = +3 V
(experimentally achievable without breakdowns in the system)
Dn 4 2 is achievable. In parallel, with VG = +3 V, a blue shift of the
plasma frequency in AZO from l = 1985 nm to around 1400 nm
(at the interface) is expected.

Conclusions

Summarizing, we reported the realization, investigation and
modeling of the FE-induced modulation of the optical response
of micro-capacitors constituted by Al:ZnO/BaTiO3/Nb:SrTiO3

multilayer stacking. We characterized the electrical response of
the capacitors by means of impedance analysis and the optical
response of the system by means of in operando spectroscopic
ellipsometry (SE). We detected a sizable bias-induced variation of
the optical response that we ascribed to the combined effect of
charge accumulation/depletion at the AZO/BTO and BTO/NSTO
interfaces, accompanied by the voltage-induced Pockels effect in
the BTO layer. The system could be operated at room tempera-
ture, and applied voltages as low as 0.2 V were sufficient to
measure a variation of the optical response.

We have modeled the bias-dependent variation of the opti-
cal response developing a complex optical model that accounts
for exponentially graded charge injection and depletion layers
and for the electro-optical effect in the BTO ferroelectric layer.
Despite the complexity of the system and the variety of the
physical effects concurring to its FE-induced variation of the
optical response, we succeeded in modeling the optical
response of each layer involved and in introducing the main
bias-induced mechanisms that lie underneath the FE-induced
variation of the refractive index in the infrared range up to a
value of Dn of more than 0.1 at an applied bias of 0.2 V and by
more than 2 at an applied bias of just 3 V.

This work therefore demonstrates the realization of a room
temperature, low-voltage optical field-effect system and pro-
vides important clues to model and understand in detail the
behavior and the working mechanisms of optically active
systems, with relevant applications in the field of active
photonics.
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