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Broad-band spatial light modulation with dual
epsilon-near-zero modes

Long Wentf, Xianghong Nan'f, Jiaxiang Li!, David R. S. Cumming3*,
Xin Hu?* and Qin Cheno'*

Epsilon-near-zero (ENZ) modes have attracted extensive interests due to its ultrasmall mode volume resulting in ex-
tremely strong light-matter interaction (LMI) for active optoelectronic devices. The ENZ modes can be electrically toggled
between on and off states with a classic metal-insulator-semiconductor (MIS) configuration and therefore allow access to
electro-absorption (E-A) modulation. Relying on the quantum confinement of charge-carriers in the doped semiconductor,
the fundamental limitation of achieving high modulation efficiency with MIS junction is that only a nanometer-thin ENZ
confinement layer can contribute to the strength of E-A. Further, for the ENZ based spatial light modulation, the require-
ment of resonant coupling inevitably leads to small absolute modulation depth and limited spectral bandwidth as restric-
ted by the properties of the plasmonic or high-Q resonance systems. In this paper, we proposed and demonstrated a
dual-ENZ mode scheme for spatial light modulation with a TCOs/dielectric/silicon nanotrench configuration for the first
time. Such a SIS junction can build up two distinct ENZ layers arising from the induced charge-carriers of opposite polar-
ities adjacent to both faces of the dielectric layer. The non-resonant and low-loss deep nanotrench framework allows the
free space light to be modulated efficiently via interaction of dual ENZ modes in an elongated manner. Our theoretical
and experimental studies reveal that the dual ENZ mode scheme in the SIS configuration leverages the large modulation
depth, extended spectral bandwidth together with high speed switching, thus holding great promise for achieving electric-
ally addressed spatial light modulation in near- to mid-infrared regions.
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Introduction electrically addressed modulation by carrier dispersion,
. . o . . the Pockels, or quantum confined Stark effect®-!°. To
Active controlling the characteristics of the optical sig- . ) )

meet the ever-increasing demands for modern photonic

nal in amplitude, phase or polarization is essential for a
broad application in diverse fields such as optical pro-
cessing, optical interconnects, adaptive optics, image
projection, optical sensing etc.!””. Tremendous efforts

have been made in the past decades towards realizing

systems, advanced modulation solutions should encom-
pass not only the high speed and efficient operation, but
also the low energy consumption and capability of large-
scale integration. Therefore, electro-optic (E-O) modula-
tion on the all-silicon or silicon compatible platform has
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continued to be at the forefront of research in this
field"!"**. The inherent weak E-O effect of silicon is the
major stumbling block to achieve efficient all-silicon
modulation. By employing a high-Q (quality factor) res-
onant configuration, the silicon modulation in the integ-
rated optics domains has been struggled to satisfy large
modulation depth and desired high speed simultan-
eously, however at the expense of limited spectral band-
width!*-"7. In contrast, it becomes even more challenging
to realize spatial light modulation relying on silicon E-O
effect. Nevertheless, several light-matter interaction
(LMI) enhancing strategies have been proposed to
achieve silicon-based spatial light modulation'’->*. For
example, the free carrier electro-refraction (E-R) effect of
silicon can be greatly enhanced by incorporating plas-
monic design into a metal-oxide-seminconductor (MOS)
capacitor configuration'*-?. However, as the resonant
plasmonic structures are always accompanied by serious
Ohmic loss, it is hardly possible to achieve large absolute
modulation depth. Alternately, the photonic-crystal
(PhC) cavity has been implemented in silicon spatial
light modulators, where the enhanced E-R serves as a
coupled  high-Q
resonance?'~?*. Despite the improved modulation depth,

perturbation to the critical
such a sensitive high-Q system suffers from narrow spec-
tral bandwidth (typically less than 1 nm in the PhC
structure®??) and intrinsic poor angular tolerance. The
silicon compatible platform with hybrid integration of
active medium facilitates the utilization of more efficient
E-O mechanisms for free space light modulation'?-%%,
For instance, the liquid crystal on silicon (LCoS) is the
most mature technology for spatial light manipulation
and has been widely used on both the basic researches
and practical applications®. Because of the E-O response
of the nematic liquid crystal is typically in the milli-
second scale, the main limitation of LCoS technique lies
on its slow switching speed. Fabry-Perot cavity with em-
bedded multiple quantum well layers (Ge/SiGe or III-V
MQW) have also been used to create spatial light modu-
lators on silicon?*?. The operation spectral bandwidth is
also narrow as the band-edge absorption of MQW oc-
curs at a precisely selected wavelength. Moreover, the hy-
brid integration of MQW/Si requires sophisticated, com-
plex and expensive fabrication techniques such as multi-
layer heteroepitaxy or wafer-bonding.

Recently, the epsilon-near-zero (ENZ) effect based on
the transparent conducting oxides (TCOs) has emerged
as a robust LMI enhancing scheme for all-optical switch,

https://doi.org/10.29026/0ea.2022.200093

E-O modulation, perfect absorption/thermal emission-
and, etc®*3. In particular, the onset and offset of ENZ
confinement on nanometer thick carrier
accumulation/depletion layer can be dynamically con-
trolled via classic MOS configuration on the silicon plat-
form. This makes the TCO as a compelling choice for hy-
brid integration on silicon to achieve more efficient E-O
modulation for both the waveguide integrated and free-
space optics®***. In most previous literatures, metal or
metal-like materials (e.g. ionic liquids) were used as the
gate electrodes while TCO served as the ground semi-
conductor®*-¢. The E-O response was achieved upon
tuning the carrier density of TCO to match or mismatch
the ENZ condition. In other scenarios where silicon is
used as the gate electrode’¢-%444, it is should be recalled
that an electrostatic potential across the capacitor can
also induce carrier accumulation, depletion and inver-
sion in the gate semiconductor. However, those previous
studies have normally considered TCO as the sole active
medium but seldom explored the carrier dispersion ef-
fect in the silicon gate, which may hinder the possible
contributions of the E-O or even ENZ responses from
silicon. In this work, we demonstrate that broad spectral
bandwidth modulation can be achieved in a TCOs/insu-
lator/silicon nanotrench configuration due to the coex-
istence of ENZ confinements in both thesilicon and
TCO. The nanotrench array with a high aspect ratio re-
sembles a vertically aligned waveguide system with low
optical loss in the absence of external voltage biasing
across the junction. Dual ENZ modes form alongside the
nanotrench sidewall when applying a voltage bias, be-
cause of the surface carrier accumulation at the both
sides of the junction. These highly confined modes
propagate in an elongated manner leading to very effi-
cient electro-absorption. Compared to the plasmonic
resonance strategy’’-*, the non-resonant and metal-less
configuration allows for more efficient spatial light mod-
ulation with large absolute modulation depth and broad-
band spectral operation from near- to mid-infrared.
Moreover, to the best of our knowledge, this study
presents the first evidence of such a novel phenomenon
that the ENZ-based electro-absorption effect can be
achieved in silicon and applicable for spatial light modu-
lation.

Dual ENZ-mode for broad-band E-O
modulation

As illustrated in Fig. 1(a), the proposed spatial light
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Fig. 1 | (a—b) The schematic drawing of the deep nanotech-based SIS capacitor for broad-band spectral E-O modulation. Under external voltage

biasing, the capacitor encounters charge accumulation at both sides of the SIS junction. With a sufficiently high carrier density, dual ENZ confine-

ments can be anticipatedin the nanometer thin layers which results insubstantial E-O absorption along the sidewall of the nanotrench. Herein, the

period of the nanotrench (P) is 300 nm, the width of the silicon wall is a half of the period (W=P/2), and the thickness of HfO> (tq) is assumed to

be 8 nm. The background doping level of AZO and silicon is 2x10'® and 2x10'” cm=3, respectively. (¢) The evolution of the mode loss character-

istics in the SIS nanotrenchas a function of wavelength and voltage bias. The upper plot shows two typical mode field profiles associated to with

and without a voltage bias. (d) The imaginary part of the effective mode index (neff) plotted at three selected voltages (i.e., Vp=-4, 0 and 4 V). The

inset is Paps Of the eigenmodes plotted in the spatial and spectral domains, which illustrates the localized energy absorption properties of the two

distinct ENZ modes (V=4 V).

modulation scheme is based on a semiconductor-insulat-
or-semiconductor (SIS) nano-capacitor, in which a high
aspect ratio Si nanotrench with an ultra-thin conformal
coating of high k insulator (HfO,) is assumed to be com-
pletely wrapped by Al-doped ZnO (AZO). Both the AZO
and silicon are assumed to be n-type semiconductors
which have moderate background doping level (Np) to
guarantee low optical loss in the IR regime. Imagining
from a parallel plate capacitor (inset of Fig. 1(a)), equal
and opposite surface charges (Q;) induced by an extern-
al voltage bias (V4) is given by Qs=CsxV}, where C; is
area capacitance. To outline the basic modulation prin-
ciple of the proposed SIS nanotrench capacitor, we first
consider a simplified electrical model***” where the accu-
mulation (inversion) layer of electrons (holes) within the
semiconductors is in close proximity to the insulator
with a constant thickness of f,~1 nm (estimated by the

Thomas-Fermi screening length). The carrier distribu-
tions in the SIS capacitor with a sufficient voltage bias
(assuming V=0 is the flat-band voltage), therefore, can
be described as (Fig. 1(b)): Nac=Qs/ts+Np, the electron
concentration of the accumulation layer for one side;
Ninv=Qs/ts—Ny, the hole concentration of the inversion
layer for the other side. In the IR regime, the complex
permittivities of both silicon and AZO are concentra-
tion-dependent and can be well approximated by the free
carrier model (i.e. Drude model) according to the early
reports (see Supplementary information S1). With a suf-
ficiently high carrier density, the crossover wavelength
(i.e. ENZ point) of the surface carriers can be continu-
ously modulated in a broad IR wavelength regime for the
concentrationlevels related to the varying voltage bias
(V) in the range of -4 to 4 V (Fig. S1).

Note that, the Si/HfO,/AZO nanotrench array is
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periodically arranged with a subwavelength pitch (P<A)
in the lateral direction while the depth keeps relatively
long for the light propagation direction. Such a sub-
wavelength nano-system allows for non-resonant and
near perfect coupling with the free space incidence, and
can be considered as a homogeneous medium with its
optical properties described by the effective mode index
according to the effective-medium theory (EMT)*. We
therefore adopted the finite-difference eigenmode (FDE)
solver to calculate the mode properties of the SIS nano-
trench at different voltages (see Supplementary informa-
tion S2 for more details). As shown in Fig. 1(c), for the
case absent of any external voltage bias, the SIS capacitor
in a flat-band condition exhibits a slot mode like feature
of the electromagnetic field distribution which gives rise
to lossless characteristic throughout a broad IR
wavelength regime (1.5-5 um). In contrast, when apply-
ing a voltage across the capacitor, high carrier density
layers presented in both the AZO and silicon signific-
antly alters the light propagation/absorption properties
at the ENZ points as the IR light trends to couple with
the ENZ modes. The resulting E-A efficiency represen-
ted by the imaginary part of mode effective index (kef) is
illustrated in Fig. 1(c). There are two lossy bands with the
peak positions coinciding with the ENZ points of AZO
or silicon surface layers, which can be continuously
tuned from NIR to MIR regions. Although the densities
of surface carriers in the accumulation and inversion lay-
ers are close to each other at a given voltage bias, butthe
high-frequency permittivity term in the Drude model for
silicon is much larger than that for AZO (Supplement-
ary information S1). This fact results in two distinct ENZ
wavelengths for the biased capacitor where the silicon re-
lated ENZ mode always presents at the longer
wavelength, as clearly verified by the spectral distribu-
tion of the normalized power density of the eigenmode
absorption (inset of Fig. 1(d), defined as Py, x 5”|E|2).
Considering a reflective-type device architecture (Figure
1(a)) where the IR light passing through the effective me-
dium twice, the modulation depth can be approximated
by the Beer’s law: Mg=1-e2*WP, where « and D are the
absorption coefficient (4mkeg/A) and the thickness of the
active medium (i.e., the depth of nanotrench). For a pos-
itive bias of 4 V, the dual ENZ modulation bands
(1=1830 and 2375 nm) shown in Fig. 1(d) can lead to a
Mg up to 90% and 60% respectively with a nanotrench
depth of 1.5 pm. The nanotrench system based spatial
light modulation with an elongated LMI path allows a

larger absolute modulation depth as compared to previ-
ous plasmonic resonance-ENZ coupling strategies (typic-
ally the My is less than 20%)*!~*3.

Experimental results of the broad-band
E-O modulation

The experimental demonstration of above dual-ENZ
modes mediated broadband modulation scheme was also
carried out. The silicon nanotrench array with a pitch of
400 nm was defined via e-beam lithography and deep sil-
icon etching process. The gate dielectric HfO, with a tar-
get thickness of 10 nm was prepared by atom layer de-
position. To ensure the growth of AZO in a well encap-
sulated manner, pulse laser deposition (PLD) was used
instead of the common sputtering method. The high
temperature PLD facilitates the migration ability of ad-
sorbed atoms on substrate and thus can offer high ability
of lateral growth on the nanostructures with high aspect
ratio, as confirmed in the Supplementary information S3.
UV lithography combined with wet etching processes
were carried out to leave a small rectangle area of AZO.
Subsequently, the front anode electrode with an opening
was defined on the AZO mesa. The opening is slightly
larger than the area of nanotrench array (60x60 pm?),
which allows us to evaluate the modulation property of
the SIS capacitor for the reflection beam. Low resistive
Ti/Au contact on the rear side of silicon substrate was
considered as the ground. Fig.2(a-b) shows the top-
down and side-view SEM images of the fabricated capa-
citor. The thin layer of AZO can be clearly observed at
the sidewalls of the nanotrenches in the Focus Ion Beam
(FIB) sample (Fig.2(b)). Note that, the relatively thick
capping layer atop of the nanotrench also points to a
preferential orientation growth tendency. This fact can
be evidenced by the X-ray diffraction results (see Supple-
mentary information S3), in which the strong (002) dif-
fraction peak with a very narrow FWHM confirms a
good quality and high c-axis orientated crystalline struc-
ture of the PLD prepared AZO.

The completed capacitors were mounted and wire-
bonded to pads on a printed circuit board (Fig. 2(c), the
upper plots). Focusing upon the dual-ENZ confinement
mechanism, the E-O modulation property of the nano-
trench SIS capacitor was examined in quasistatic meas-
urements. The reflection spectrum was acquired using a
microscope Fourier Transform Infrared Spectrometer
(FTIR, Nicolet iN10), in which non-polarized beam can
be tuned to match the active area of nanotrench capacitor.
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Fig. 2| (a) Top view SEM images of the deepnanotrenchSIS capacitor. (b) Side view SEM image of the inner structure of the SIS nano-

trenchesafter a section in the central region was milled by FIB.The etched nanowalls were slightly tapered, with the top and bottom widths ran-

ging from 110 to 185 nm and the depthestimated to be 1.3 um. (c) The photograph of fabricated device mounted on PCB (left) and the enlarged

optical microscopy image of the device area. (d) The FTIR measured reflection spectra at various voltages.

Fig. 2(c) shows the measured reflection spectra at vari-
ous biasing voltages. The reflection spectra was collected
over a broad wavenumber range (8000 to 2000 cm™)
but the short-wavelength part (marked as the shadow) of
the spectrum becomes very noisy. For all the measured
spectra, a shape and large reflection dip located at the
wavelength of 2021 nm and a small dip at 2650 nm were
observed. These features originate from the ENZ absorp-
tion or ray destructive interference, which will be valid-
ated later. At longer wavelengths, relative high reflection
amplitudes were observed. By imposing different biasing
voltages, repeatable variations of the reflection can be
clearly observed in our measurements. As revealed in
Fig. 2(c), the broadband E-O modulation behavior has
been validated qualitatively regarding on the tunable re-
flection spectra over 2500 nm to 5000 nm. Nevertheless,
we are aware of discrepancies when comparing with our
previous theoretical results. Apparently, the demon-
strated E-O modulation depth (M4~3%) is much smaller
than that of the theoretical expectations from Fig. 1(d).
The My can be doubled by employing linear-polarized
light modulation scheme, as the ENZ modes can only be
excited by incidence that is tangentially polarized to the
SIS interface plane. Another important discrepancy re-
lated to the experimental data is the monotonous in-
crease of the E-A when tuning the bias from a negative
gate voltage to a positive one, whereas the theoretical
model suggests onset of the E-A at both positive and

negative biasing conditions (refer to Fig. 1(d)). This fact
can be properly attributed to the large negative shifts of
the electrical neutrality of the experimental devices.

To fully understand above experimental findings,
more detailed optical and electrical investigations are
needed. Fig. 3(a) shows the Infrared Spectroscopic Ellip-
sometry (IR-SE) data of the planar AZO/HfO,/silicon
structure prepared using the same procedure as the nan-
otrench capacitor. The measurement was conducted in
the spectral range of 300-1680 nm at three angles of in-
cidence (60°, 65°, and 70°). For the wavelengths larger
than 1100 nm, the backside reflection passing through
the transparent silicon substrate is incoherent with re-
flections from the top surface. This results in depolariza-
tion of the measurement beam as shown in the Fig. 3(a).
Therefore, the optical model for the SE fitting should in-
clude the depolarization data. The optical constants the
ITO layers were analyzed based on the Drude model.
The fitting targets are the film thicknesses (roughness
layer, AZO layer and HfO,) and the Drude model’s para-
meters (free carrier density, high frequency permittivity,
and damping term). In Fig. 3(a), it is found that the
measured depolarization, Psi and Delta data can be fit-
ted very well with our optical model. The carrier concen-
tration of AZO obtained herein is 3.3x10% cm. Based
upon the derived Drude model’s parameters, in Fig. 3(b),
the complex permittivity of the as-prepared AZO can be
extrapolated towards a wide spectrum. The ENZ
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Fig. 3 | (a) The measured and fitted SE data of the planar reference structure with different incidence angles. The complete structure represen-

ted in SE model as a multilayered system (Inset of the top plot). (b) Optical constants of the PLD deposited AZO film based on the SE fitting. The

derived values for the Drude model parameters are: high frequency permittivity €.=3.806, carrier density Np=3.3x10% cm= and damping rate
y=1.39 x10' s~'. Based on the SE model, the thickness of the AZO film and HfO; is found to be 343 and 10 nm, respectively. (¢) Spectral fitting
results of the nanostrench and the planar reference devices. The thick and thin curves represent the experimental and fitted results, respectively.

Note that, the non-polarization response of nanotrench device is averaged by two orthogonal linear polarizations.

wavelength (Agnz) represented by the crossover point of
real part is found to be around 2000 nm and the corres-
ponding imaginary part is smaller than one. Now, we can
adopt the complex permittivity of AZO to mimic the op-
tical property of the nanotrench and planar reference SIS
capacitor via FDTD simulation. Most of the geometric
parameters (e.g. nanotrench depth, width, thickness of
HfO, and general morphology of AZO coating) used in
the FD'TD model can be directly measured from the SEM
images (Fig. 2(a-b)) or roughly estimated from the be-
forehand calibrated fabrication process. Although the
band bending effect may already exist in the static-state
SIS capacitor, we neglect the surface carrier accumula-
tion for the sake of simplicity. Therefore, both the AZO
and silicon are assumed to be homogenous with intrins-
ic carrier related permittivity. As shown in Fig. 3(c), the
main spectral features of the measured reflection for
both the nanotrench and planar structure can be cap-

tured by our optical models (Supplementary informa-

tion S4). In order to obtain a good match to the domin-
ant reflection dip at 2020 nm, the background doping
level of AZO in our nanotrench structure is calibrated to
3.1x10%* cm=. The slightly lowered carrier concentra-
tion can be attributed to the difference in the growth kin-
etics of the AZO deposited on the nanostructured and
planar substrates. For the nanotrench case, the observed
shape dip can now be safely ascribed to the ENZ absorp-
tion of the thin AZO shell. Regarding to the high back-
ground carrier level of AZO, the E-A response from the
thin surface charge layer can differ significantly from the
situations we consider in Fig. 1. In addition, there is an
air gap between the fabricated nanotrenches. The con-
tinuity of the electric displacement at the interfaces gives
&1E1=6,E;. In the
wavelengths of 3~5 um, the unity permittivity of the air

the boundary conditions as:

gap could be smaller than that of the ENZ layers (egnz
equals the imaginary part of the materials’ permittivity at
the ENZ point). The electric field tends to be localized in
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the air gap area rather than the ENZ layer. Therefore, the
existence of the air gap in the fabricated structures could
be an important issue leading to the unsatisfactory mod-
ulation performance.

We have previously posed a conjecture that unanticip-
ated monotonous voltage-dependent E-O modulation
property encountered in our experiments is related to
the electrical neutrality shifts of the SIS capacitor. To
demonstrate this, further studies concerning the realistic
carrier tuning behavior under external voltage biasing
should be carried out, for which we resort to the capacit-
ance-voltage (C-V) measurements on the nano-capacit-
or and a planar reference (Fig. 4(a)). The two capacitors
in comparison share similar C-V profiles at the given bi-
asing voltages. Since the prepared AZO holds a suffi-
cient high background carrier density which cannot be
fully depleted at the given positive V4, the observed high
frequency C-V curves are very similar to a typical MOS

capacitor. Upon a biasing voltage of Vy,~4 V, consider-

H 50f

Measured and simulated C-V curves

O TR AT

Nanotrench capacitor (1 MHz, Exp.)

(;wr/4) o

-4.0 -2.0 0 2.0 4.0
Voltage (V)
Eignmode analysis
N 0.50
——V,==4V
——V,=0 V
- —e—V,=4V
£0.10
()]
£
= 0.05¢+
0.02 +

1500 2000 2500 3000 3500 4000 4500 5000
Wavelength (nm)

16f n

ing the 3D wraparound junction of the nanotrench scen-
ario, its capacitance per unit area is at least five-times lar-
ger than the planar capacitor. Small-signal AC device
simulation with previous developed quantum model was
also performed to fit the C-V profile of the planar capa-
citor (see Supplementary information S5 for more de-
tails). The trapped-state density on the order of 10'2 cm™
at the silicon/HfO, interface is found to be crucial for ac-
quisition of the stretch-out property of the C-V curve.
Moreover, regarding to the fact that the AZO has an
electron affinity close to the silicon (4.05 eV), the large
negative shifted C-V curve in measurement indicates the
existence of the fixed charges at the interface. Thus, we
have taken into account the above mentioned issues via
implanting of the interface model (Supplementary in-
formation S6, Table 2). Fig. 4(a) shows that the experi-
mental C-V profiles can be accurately fitted by the small-
signal AC simulation. The derived carrier density of
AZO is around 3.2x10% cm3, which appears to be in
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Fig. 4 | (a) The experimental measured high frequency C-V curves of the nanotrench and planar SIS capacitor (open symbols). The result of the

planar reference was fitted very well with our electrical model (red line). (b) Voltage bias-dependent carrier profiles near the SIS junction area ob-

tained from the TCAD modeling using the derived electrical parameters. (c) The imaginary part of the effective index of the fundamental mode

supported by the SIS nanotrench. In the PDE calculations, the spatially varied optical constants of the SIS junction were extrapolated by the

Drude model using the carrier profiles shown in (b). (d) The Paps distribution across the SIS junction at a wavelength of 3800 nm representing the

ENZ modes modulated by voltage biasing.
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reasonably good accord with the SE fitted value. Accord-
ing to our simulation, a large negative Vg, value of —-1.27
V is determined, confirming the shifted electrical neut-
rality of the SIS capacitor.

The theoretical E-O modulation presented in Fig. 1 is
based on the assumption that the local change of the sur-
face carrier in semiconductors occurs in a constant thin
layer. However, the actual profiles of the surface charge
can differ significantly, which have to resort to the solu-
tion of the Poisson’s equation for the SIS capacitor un-
der electrostatic potential. Moreover, recent studies
found that it is crucial to include the quantum effect bey-
ond the classical device physics for fully understanding
of the performance of ENZ modulation in practice®*.
To this end, to acquire more realistic carrier distribu-
tions, we perform the detailed device simulations of the
SIS capacitor with the density gradient (D-G) quantum
model (Supplementary information S6). Most electrical
parameters used in our simulation are based upon the
fitting results from the above SE and C-V studies. As
shown in Fig. 4(b), with a negative bias of -4 V, the AZO
side is in electron accumulation state while the silicon
undergoes inversion that accompanied with a moderate
high density of holes. For the zero bias case, surface de-
pletion occurs in AZO and only a small amount of elec-
tron can be witnessed in silicon. At a positive bias of 4 V,
the surface of AZO is forced into a deep depletion mode
as inferred by the enlarged space-charge region. It is also
notable that a high density of electron is accumulated at
the surface of silicon. For revealing the corresponding E-
A characters of the SIS capacitor, further optical mode
analysis was performed by taking account of spatial car-
rier dispersion based on the above carrier profiles and
the Drude model. Note that, the Drude model for AZO is
modified according to the SE fitting results. The funda-
mental modes supported by the nanotrench capacitor
under different voltages were calculated separately and
the distribution of kefr and Pyps are plotted in Fig. 4(c—d).
The ke ina wavelength regime of 2500 -5000 nm in-
creases with the increasing voltage bias, which is closely
consistent with our experimental observation (Fig. 2(c)).
The corresponding E-A modulation can be qualitatively
explained from the Py distributions along with the car-
rier profiles shown in Fig. 4(b). At a negative bias of —4
V, the surface accumulation layer in AZO has a peak
electron density slightly higher than the background
doping level. Its ENZ confinement effect might be al-
most submerged by the large background ENZ absorp-

tion related to the rest neutral region of AZO, resulting
in a very limited increment of the mode loss at a short
wavelength regime of 1500-2000 nm. Although the in-
version hole was observed at the silicon surface, its carri-
er density is still not high enough for an ENZ permittiv-
ity in a mid-IR range (refer to P, plot). For the zero bi-
as condition, the electron density of the surface deple-
tion layer in AZO isgradually decreases into a lower car-
rier density towards the interface. This gives rise to an
ENZ confinement at a mid-IR wavelength as confirmed
by the P,y plot (A=3800 nm, V},=0). Finally, for the case
of positive voltage bias, both the surface electrons in the
extended space-charge area of AZO and the accumula-
tion layer of silicon hold a proper carrier profile to allow
sufficient ENZ confinements. Dual ENZ confinements in
the SIS capacitor can be clearly inferred from the Ppps
plot (A=3800 nm, V,=4 V), which therefore results in the
largest mode loss in the mid-IR range.

Transient analysis of the dual-ENZ E-O
modulation

In practice, in addition to the modulation depth and op-
eration wavelength range, another key performance in-
dicator for an E-O modulator is the modulation speed.
Although our proof-of-concept experiments were per-
formed at a quasistatic state, its high frequency property
can be partially inferred from the small signal C-V meas-
urement. As illustrated in Fig. 4(a), the C-V curves meas-
ured at a megahertz frequency are highly asymmetric,
suggesting that the fast E-O operation with negative
switching voltage will be no longer functional because of
the relatively slow carrier generation-recombination pro-
cesses for the inversion state. Although the prototype
design remains valid at positive bias conditions, the high
background carrier concentration of AZO has been
demonstrated to be unfavorable for mid-IR operation.
Paradoxically, if we consider a lightly doped AZO for im-
proving modulation depth, the carrier inversion rather
than the partially depletion takes place in AZO for the
forward-biased SIS capacitor, which again only allows for
low frequency or quasistate E-O modulation. It becomes
clear now that, for pursuing high speed and modulation
depth, the doping polarity has to be different in the two
semiconductors of SIS capacitor. Therefore, the optim-
um combination for the SIS capacitor is using p-type sil-
icon along with n-type AZO. As shown in the energy
band diagram of Fig. 5(a), when applying a negative
voltage bias, both silicon and AZO undergo carrier
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accumulation (hole and electron, respectively). Regard-
ing on the ultra-fast majority carrier transport process,
the switching speed of the capacitor is mainly determ-
ined by the RC delay time. To confirm this, transient
device simulation (Supporting information S6) was car-
ried out to investigate the carrier dynamics induced by
the fast switching. The background doping levels in AZO
and silicon are assumed to be 2x10' and 6x10'7 cm™ re-
spectively, which render the series resistance down to
several Ohms and meanwhile low background optical
absorption. No interface defect/trap model was included
in these calculations as sophisticated surface passivation
process can be properly adopted to reduce the surface
defect density. The transient carrier response upon a step
voltage signal (switch between 0 and —5.5 V) is shown in
Fig. 5(b), which suggests that the rise and fall times of the
device are 32 ns and 10 ns respectively.

Based on the Drude model, the calculated transient
carrier profiles from electrical simulation were then in-
corporated to extrapolate the spatially varied material’s
permittivity in the nanotrench SIS junction. The whole
capacitor structure in the scope of EMT can be de-

scribed as the simple multilayer system where the nano-
trench layer is considered as a homogenous film with ef-
fective refraction index obtained from the 1D eigen-
mode calculation. Note that, to eliminate the unwanted
intensive interference fringes in the calculated spectra,
the thick substrate (e.g. 300 um) was assumed to be a
complete incoherent medium (for further details of the
models, see Supplementary information S7). Based upon
this semi-analytical approach, the changes of the reflect-
ance of the capacitor at different time points can be ob-
tained. The resulting transient and broad-band spectral
modulation is given in Fig. 5(c). At the saturated state,
the relative modulation depths are found to be 72% and
40% for the two dominate wavelengths associated with
surface carrier induced ENZ confinements (i.e. 2030 nm
and 3410 nm). Meanwhile, the proposed SIS device
shows a switch speed less than 50 ns, thereby holding
great promise for high speed spatial light modulation.

Conclusions

In summary, we proposed a broad-band spectral modu-
lation scheme for spatial light by using electrically

Quasistatic states of AZO/HfO,/p-Si junction

55V e- &

Equilibrium band diagram
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Fig. 5 | Transient E-O response of the AZO/HfO2/p-Si capacitor to applied switching voltage. (a) Quasistatic-state band diagram of the SIS

junction with and without an external voltage bias (left and middle plots). The evolution of carrier distribution near the SIS junction for the capacit-

or applied with gradually decreased voltages (right plot). (b—c) Transient carrier and E-O modulation of the proposed SIS capacitor. The E-O

modulation property is calculated based on an optical model using the same geometry as that of Fig. 2 (i.e., AZO fully wrapped the nanotrench

structure where the depth of the nanotrench is 1.5 pm. For the sake of reducing series resistance, the thickness of substrate is assumed to be

100 pm).
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addressed dual ENZ confinements in a deep nanotrench-
based SIS capacitor. While the free carrier electro-refrac-
tion effect in silicon is frequently used in E-O modulat-
ors, our results highlight the possibility to utilize electro-
absorption effect in silicon through similar ENZ confine-
ment scheme as the TCO materials. Based upon the
TCO/HfO,/silicon configuration, the field-effect in-
duced surface charge layers adjacent to both sides of the
SIS junction can lead to two lossy and well-confined
ENZ modesthat contribute to substantial and broad-
band light absorption along sidewalls of the deep trench.
The broad-band E-O modulation characteristics of the
SIS capacitor operated at steady-state were thoroughly
analyzed and confirmed by theoretical and experimental
studies. We demonstrated that the proposed E-O scheme
with proper device optimization allows for high speed
operation and large absolute modulation depth around
40-70% for a broad wavelength range between NIR and
MIR. Utilizing the dual ENZ confinement effect in simil-
ar TCO/silicon-based SIS structures holds great poten-
tial to enable broad-band and high-speed spatial light
modulation on the fully integrated silicon platform.
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