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ABSTRACT: Electromagnetic resonators, which are based on optical

cavities or electronic circuits, are key elements to enhance and control [
light-matter interaction. In the terahertz range, current optical cavities
exhibit very high-quality factors with (1/2)* mode volumes limited by /

diffraction, wl%ereas resonant electronic circuits show low quality /////////////
factor but provide strong subwavelength effective volume (10764%).

To overcome the limitations of each type of resonator, great efforts
are being devoted to improving the performances of current methods
or to the emergence of original approaches. Here, we report on an
optical resonator based on Tamm modes newly applied to the
terahertz range, comprising a metallic layer on a distributed Bragg 00—
reflector and demonstrating a high-quality factor of 230 at ~1 THz. Frequency (THz)
We further experimentally and theoretically show a fine-tuning of the

Tamm mode frequency (over a 250 GHz range) and polarization

sensitivity by subwavelength structuration of the metallic layer. Electromagnetic simulations also reveal that teraherz Tamm modes
are confined over a 1/2 length within the distributed Bragg reflector and can be ideally coupled to both bulk materials and 2D
materials. These terahertz Tamm cavities are therefore attractive as basic building blocks of lasers, for the development of advanced
terahertz optoelectronic devices such as sensitive detectors, high-contrast modulators, narrow filters, and polarizers, as well as for
terahertz cavity quantum electrodynamics in nanostructures.
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nhancing and controlling of the interaction of terahertz to overcome the weak interaction between the atom-thick layer

light with various material systems using terahertz and normal incident light has been widely investigated. For
resonators are of paramount importance for fundamental instance, efficient graphene-based terahertz modulators have
studies of cavity quantum electrodynamics and for the been demonstrated by incorporating a graphene layer into the
development of advanced terahertz devices such as sensors, cavity of a quantum cascade laser’ or within a Fabry—Perot
low-power switches/modulators, narrow filters, sensitive resonator.'’ Moreover, recent theoretical investigations have
detectors, and lasers. Therefore, a large interest is being predicted enhanced absorption at terahertz frequencies by a
devoted to terahertz resonators. For instance, strong light- graphene monolayer coated on a one-dimensional photonic

matter coupling between the cyclotron resonances of a 2D
electron gas and terahertz photons have been reported in
terahertz resonators such as metamaterials and Fabry—Perot
cavities, opening very attractive perspectives for cavity
quantum electrodynamics."”” The enhanced coupling of
terahertz light to intersubband transitions in heterostructures
has been demonstrated in disk patch resonators’ and in
subwavelength metal—dielectric microcavities® leading to the
first generation of cavity polaritons in the terahertz frequency
range. The integration of quantum wells into subwavelength
three-dimensional resonant circuit” and into patch antenna
cavity array” significantly improves performances of terahertz
detectors. A highly sensitive, compact sensing system has been
recently demonstrated based on a silicon photonic crystal
cavity (Q > 10 000) and resonant tunneling diodes.® Also,
enhancing the interaction of terahertz light with 2D materials

crystal, caused by the excitation of optical Tamm states at the
interface between the graphene and the photonic crystal."
Designs relying on the integration of graphene into a high-
quality photonic crystal nanocavity'” and a high-quality factor
distributed feedback structure'® have also been proposed to
realize graphene-based terahertz lasers. Alternatively, corru-
gated waveguides with highly reflective photonic crystal
mirrors'* and subwavelength thick Si discs were recently
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Figure 1. (a) Schematic of the terahertz Tamm cavity, including a Si-vacuum terahertz DBR and a gold mirror. (b) Simulated (transfer matrix
method, TMM) reflection spectrum of a three Si layer—two vacuum layer DBR (black curve), alongside the corresponding Tamm cavity obtained
by adding a gold mirror (red curve). (c) Reflectivity spectra around the resonance peak of the 1 THz Tamm cavity for an increasing number of Si
layers in the DBR. The quality factors are 99, 544, and 876 for two, three, and four silicon layers, respectively. (d) Evolution versus frequency (from
0.96 to 1.04 THz) of the complex reflection coefficient of the Tamm cavity in the complex plan for an increasing number of Si layers. The black
dashed line illustrates the hypothetical critical coupling case, and the gray dotted line represents the unity circle. (e) Structure of the Tamm cavity
resonating at 1 THz superimposed to the relative electric field distribution at resonance for normal incidence, computed from TMM.

reported'® as high-quality factor terahertz resonators for
terahertz gas phase spectroscopy.

All this recent research work uses a wide variety of terahertz
resonators, based either on optical cavities or on electronic
circuits, each with their own advantages. For instance, optical
cavities, such as Fabry—Perot or photonic crystal cavity exhibit
very high-quality factors (>100) with (1/2)® mode volumes
limited by diffraction. In return, electronic circuits, made of
miniature metallic structures, show low quality factor (~10)
but provide strong subwavelength effective volume (10751%).
To overcome the limitations of each type of resonator, great
efforts are being devoted to improving the performances of
current methods or to the emergence of original approaches.'
Clearly, developing a terahertz resonator that associates high
quality factor and subwavelength confinement still remains an
important challenge for the realization of low-loss advanced
terahertz nanodevices and for a strong terahertz light-matter
interaction platform. Here, we report on a new optical cavity in
the terahertz frequency range based on Tamm modes,
composed of a distributed Bragg reflector at terahertz
frequencies and a metallic mirror. We demonstrate a high-
quality factor of 230 at ~1 THz. Electromagnetic simulations
reveal that Tamm modes are confined over a 4/2 length within
the distributed Bragg reflector and can be ideally coupled to
both bulk and 2D materials. Furthermore, we experimentally
and theoretically show that fine frequency tuning over >250
GHz and polarization sensitivity are achievable in the Tamm
cavity with subwavelength metal structuration. Our analysis
also shows that the polarization dependent frequency tuning is

2907

well predicted by an analytical circuit model. Moreover, the
Tamm cavity with subwavelength metallic grating acts as a
local phase probe, preventing the necessity of complex delay or
interferometric measurements.

B TERAHERTZ TAMM CAVITY

Theoretical Description. Tamm cavities have been widely
studied in the past decade in the visible and infrared
range.'”~** They are composed of a metal layer covering a
distributed Bragg reflector (DBR) made of a stack of high and
low refractive index quarter-wavelength layers. The Tamm
electromagnetic mode arises at the interface between the metal
layer and the periodic stack and is due to the metal inducing a
break of periodicity in the structure. In the infrared range, the
DBR is typically grown by molecular beam epitaxy or PECVD,
such as GaAs/AlyyGagosAs. These fabrication methods are
not directly scalable to the terahertz range, since the large
thickness of quarter-wavelength layers at terahertz frequencies
(~20 pm) is not compatible with epitaxial or PECVD
techniques, and terahertz Tamm cavity schemes have only
been proposed theoretically.”’ For the realization of Tamm
cavity in the terahertz spectral range, we use a stack of thin
silicon wafers and vacuum layers as an alternation of high and
low refractive index quarter-wave layers to form the DBR.”*
This stack ends with the high refractive index layer, a Si layer,
covered with a 100 nm thick gold layer (Figure 1a). To center
the stop-band of the DBR at 1 THz, 22 ym thick silicon layers
are required for making 1,/4ng; layers, with ng; the Si refractive
index (ng = 3.42 in the terahertz range) and 4, the vacuum
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wavelength. However, to overcome any technical issues related
to the wafer mechanical fragility, we instead use 31y/4ng; thick
Si layers (so 66 um thick Si wafers). A DBR made of 66 ym Si
and 75 um vacuum layers shows a well-known photonic stop-
band centered at 1 THz, as displayed by the black curve in
Figure 1b obtained by the transfer matrix method (TMM).
This DBR structure acts as an efficient mirror with a
bandwidth close to 0.4 THz. By depositing an additional
gold mirror on top of the DBR, we build up a zero-thickness
optical cavity, the Tamm cavity, which resonates within the
DBR stop-band. In Figure 1b, we clearly observe a sharp
Tamm mode at 1 THz (red curve), with a quality factor as
high as 544, a minimum of the reflectivity of 3% and a contrast
of the reflectivity resonance of 0.94. The use of 3 times thicker
Si wafers compared to usual 4,/4ng; layers has no influence on
the cavity resonant frequency. It only induces three small
substop-bands instead of one DBR stop-band (0.8 THz wide)
resulting in two additional resonant Tamm modes (for details
see Section S1).

We now turn to the main properties of Tamm modes. The
frequency of the Tamm modes is determined by phase
matching of a round-trip inside the cavity, similarly to common
Fabry—Perot cavities. However, since there is no space
between the two mirrors in Tamm cavity, this phase matching
condition involves only the complex reflection coeflicients of
the DBR, rpgp, and of the gold mirror, rgold.zs Hence, the phase
matching criterion reads:

arg(rppr) + arg(rys) = 27 (1)
Gold being an excellent conductor in the terahertz range, the
reflection coefficient phase of the gold mirror is very close to .
Since arg(rpgg) = 7 at the center of the DBR stop band when
the final layer (closest to the gold mirror) is of high refractive
index, the resonant frequency of the Tamm cavity falls in the
DBR center frequency, as observed in Figure 1b.*° The
fundamental frequency of the Tamm mode is then easily
predicted and designed as it matches the DBR center
frequency. This is in contrast with Tamm cavity in the visible
and NIR range, for which resonant frequency is close to stop-
band edges of the DBR as the reflection phase on metallic
mirrors for these wavelengths is ~0.87. Note that the very
slight deviation (0.1%) from the DBR center frequency seen in
Figure 1b is due to the nonperfect reflection of the gold mirror
(rgald = 0.988 at 1 THz). In return, if the final layer is of low
refractive index, arg(rpgz) = Oat the center of the DBR stop
band and the frequencies at which arg(rpgg) = 7 lie outside the
DBR stop band, preventing the existence of the Tamm mode.

The quality factor Q of the Tamm cavity is determined by
the quality of its mirrors:

1 1 1

Q QUm Qu

@)
We use in the following the radiative coupling rate I, the
dissipation rate I'y;,, and superscripts 1 and 2 for the DBR and
the gold mirror, respectively. Due to the use of high-resistivity
silicon and vacuum, losses in the DBR are neglectable:I'},; = 0
and the contribution of the DBR is radiative only. On the other
hand, the excellent conductivity of gold at terahertz frequencies
prevents any transmission through a 100 nm gold layer (unlike
in the IR spectral range), resulting in ['%; = 0. Losses are then
due to the gold mirror only and we can express
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2xf, 27f,

Qppr = TO and ngld = TO
Fmd Fdiss (3)
with Fiad = %(1 - erBRlz) and 1—‘31'55 = %(1 - lrguldlz)!27 fO

being the cavity resonant frequency. rppy is calculated using
TMM*® and reold from Fresnel equations and the gold refractive
index.”” 7% refers to the round-trip time inside the cavity,
which is also the effective phase reflection delay described in
the Theoretical Description section. Due to the importance of
the round-trip time 7%, the use of 34,/4ng; thickness of the Si
layers as a direct influence on the quality factor: without any
influence on both mirror losses, the additional A,/2ng Si
thickness significantly increases the round-trip time inside the
cavity and hence reduces the coupling and dissipation rates.*
In the end, the quality factor for our terahertz Tamm cavity
reads

Jo

+ Féiss)

T*fo
4 2 2
(1 = lrpggl®) + (1 = 17 ot )
4)
Total absorption is achieved when the radiative coupling and

the dissigation rates are equals: it is the critical coupling
. . 31 P P . .
criterion.” Thus, the minimum reflectivity is given by

2
Rmin = [ ]
(%)

We represent in Figure lc the reflectivity spectra computed
using TMM of Tamm cavities for increasing silicon layers in
the DBR. Adding silicon/vacuum pairs to the DBR increases |
rperl and Qppp, resulting in the cavity quality factor Q to
converge to the ultimate limit of Qgy = 932. However, this
leads to a dramatically reduced peak contrast due to deviation
from critical coupling. To get more insight on this criterion, we
represent in Figure 1d the reflection coefficient of the cavity r,
computed using TMM, in the complex plane.32 Far from the
resonance, the cavity just behaves as its DBR part (gray dotted
line), having a reflection modulus Il close to 1 and a phase
varying linearly inside the stop-band.”® Hence, r follows the
unity circle, moving counterclockwise. Close to resonance, lrl
drops and r describes a smaller inner circle (counterclockwise),

Q= 2n(r1 =

rad

1 2
rrad - Fdiss
1 2
r rad + 1—‘diss

1
2L
1 2
rad diss

coupling is achieved when r = 0 is reached (dashed line circle).
The two silicon layers cavity is then said to be overcoupled
(T4 > T%,,) whereas the three and four silicon layers cavities
are undercoupled (I'},; > ['%). Undercoupling is even larger
for five and more layers cavities: each additional silicon/
vacuum pair after the fourth silicon layer typically divides the
resonance peak contrast by a factor of ~10 due to the
increasing DBR reflectivity. The three silicon layers case is
almost critically coupled: this is the reason for the excellent
contrast of the resonance represented in Figure 1c (R,,;, = 3%).
To meet the critical coupling, the tuning of I',,; must be finer.
Smaller DBR quality factor steps for an additional dielectric
pair could be achieved by reducing the refractive index contrast
between dielectric layers, using for instance polymers instead
of vacuum.

With the optimal three silicon layers structure, we compute
using TMM the electric field profile inside the cavity for the
fundamental resonant mode at 1 THz (see Figure le). The
characteristic feature of the Tamm mode appears on this

attached to the r = —1 point, of radius Critical

https://dx.doi.org/10.1021/acsphotonics.0c01254
ACS Photonics 2020, 7, 2906—2914


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01254/suppl_file/ph0c01254_si_001.pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01254?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

(c)

(a) (b)
12 30 F o
" Bragg stop band .
. - 4 Si layers Q=129
%‘ 08 %.2-0'. A =
o =] - _
‘;: 06 81513 Silayers v Q=121
o0 [}
amm mode 14
04 1.04
= Si layer .
02| “SEEER) 054 2 Silayers Q=84
ool : T . . 0.0 . . .
07 08 09 1.0 11 080 085 090 095
Frequency (THz) Frequency (THz)

1.00

105 @
Reflectivity
095
0.8
~ -
T 1.00 3
E 085 @6
> >
g £
g °
EA 075 @04
0 095 @
w ['4
065 02
001~ T r T
20 40 60 098 100 102 104
Angle (°) Frequency (THz)

Figure 2. (a) Experimental reflection spectrum of a three Si layers Tamm cavity, alongside reflection spectrum of a three silicon—two vacuum layers
DBR (FTIR measurements). The thickness of the Si layers for this cavity is 73 + 2 um. Inset: Side view photograph of a Tamm cavity, exhibiting
vacuum gaps visible to the naked eye. (b) Experimental reflection spectra of two (green), three (red), and four (blue) Si layers Tamm cavities, with
6 GHz resolution (spectra are offset by unity steps for clarity). The continuous black lines are Lorentzian fits giving quality factors of 84, 121, and
129 for two, three, and four Si layers Tamm cavities, respectively. (c) Dispersion relation versus incidence angle of the three Si layers cavity, from
reflectivity measurements. Plain and dashed lines are the theoretical prediction of the dispersion relation for TM and TE polarization from TMM,
respectively. (d) High resolution (0.6 GHz) reflection spectrum of a three Si layers Tamm cavity, measured using high resolution FTIR and
synchrotron radiation. The thickness of the Si layers for this cavity is 66 + 2 pm. The fwhm of the Tamm resonance is 4.4 GHz, corresponding to a

quality factor of 230.

electric field profile: the amplitude maximum is located at the
silicon—vacuum interface closest to the gold mirror. A second
maximum observed inside the final silicon layer is only due to
the 34,/4ng; thickness of the silicon layer and does not exist for
a Ay/4ng; thickness silicon layer. Owing to the high refractive
index contrast between silicon and vacuum used in the
terahertz DBR, the electromagnetic field is mainly confined in
the first silicon—vacuum layers pair, leading to a A4 confinement
length in the propagation direction, with Athe effective
wavelength in the medium. For a Ay/4ng thickness silicon
layer, this electromagnetic field confinement is reduced down
to A/2 (as discussed in Section S2), which is the optimal value
for propagation-based resonators.”” The particular electric field
distribution within terahertz Tamm cavities highlights their
interesting properties. First, the coupling between the electric
field and an active material is optimal for both 2D materials
(interface 2—3 in Figure 2e) and bulk materials (core of layer 2
in Figure 2e). Graphene embedded within Tamm cavities
using spacer layers has been previously theoretically studied in
the IR range.”* For Tamm cavity operating at terahertz
frequencies, as the optimal 2D material position stands on a
free silicon—air interface, the incorporation of a 2D material
within the cavity is easily achievable. Indeed, it is compatible
with direct transfer of usual fabrication techniques on silicon
chip. Large coupling with bulk material is also an interesting
feature, common to Fabry—Perot cavities but not provided by
the majority of electronic resonators that relies only on the
fringing fields that leak out from the circuit capacitor.’
Second, the Si layer can act as a gate electrode for 2D active
materials deposited at the silicon—vacuum interface (where
electric field is maximum) to control their chemical potential
without introducing any electromagnetic perturbation. Besides,
the metallic layer is well-adapted for an electrical pumping of
active bulk materials.

Experimental Characterization. We fabricate Tamm
cavities as described above by stacking ~70 um thick, double
side polished, high resistivity silicon wafers (p > 8000Q.cm)
separated by 75 pum spacers and a top gold mirror. Vacuum
spacing (layers) are created by metallic strips of precise
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thickness intercalated between Si wafers. The top gold mirror
is realized using thermal evaporation under vacuum of a 100
nm gold layer on the top silicon wafer. The assembly of the
whole structure is realized manually using tweezers in a
custom-made sample holder, that includes grooves meant to
maintain the metallic spacers and mechanical clamps ensuring
the integrity of the structure. This overall simple procedure
makes our terahertz Tamm cavity easy to fabricate. Since the
first and final layers are necessarily Si layers, an N Si layers
structure presents N — 1 vacuum layers. A side view of a
fabricated Tamm cavity made of three Si—two vacuum layers is
reported in Figure 2a. To characterize the electromagnetic
modes in the terahertz Tamm cavity, we use a Fourier
transform infrared (FTIR) spectrometer based on a Globar
thermal light source and a liquid helium cooled bolometer
detector. The spectral resolution of the FTIR spectrometer is 6
GHz.

The reflectivity spectra of a Tamm cavity with three Si layers
(red line) and of the related DBR (black line, same structure
without the gold mirror) are shown in Figure 2a. Whereas the
DBR structure displays the usual stop-band, with a near unity
reflectivity over a bandwidth of 0.3 THz and relatively low
reflectivity outside the stop band, the reflection spectrum of
the Tamm cavity exhibits a clear resonant mode at 0.915 THz.
The resonant frequency lies in the center of the corresponding
DBR stop-band, in agreement with TMM calculation. The
quality factor deduced from these measurements is 121,
limited by spectral resolution of the FTIR. Figure 2b presents
the measured reflectivity spectra of Tamm cavities with two,
three, and four Si layers. As the number of Si layers increases
from two to three, we observe a narrowing of the resonant
peak from 11 to 7.5 GHz. Above three Si layers, the resonance
linewidth becomes relatively constant because the resonance
linewidth is too small to be resolved by the FTIR spectrometer.
This limited spectral resolution of the measurement also
reduces the contrast of the resonant peak for Tamm cavities
with three and four Si layers. The slight shifts in the resonance
frequency from one structure to the other is only due to small
variations of the Si layers thickness. Higher order resonant
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Figure 3. (a) Schematic of the subwavelength metal grating Tamm cavity. Compared to Figure la, the gold mirror has been turned into a periodic
strip grating, and an additional gold solid mirror stands at distance 4o/4 (75 um) over the structure (transparent for visibility) (b) Optical
microscope picture of the gold strip grating used as top mirror (ff = 70%) (c and d) Experimental reflection spectra of Tamm cavities for decreasing
filling factors, bottom to top, for a parallel and orthogonal polarization, respectively. X-axis represents the frequency shift, Af, with respect to the
resonant frequency of the reference Tamm cavity (ff = 1) placed on the same wafer. The curves are shifted with a constant offset for clarity. The
experimental data is indicated by dotted curves and the continuous black lines are Lorentzian fits. (e) Frequency shifts of Tamm cavities from FEM
simulations (red curve), theory (dashed black curve), and experiments (blue diamonds) as a function of the filling factor. Right scale indicates the
corresponding reflection phase shift from theory (Theoretical Description section). (f) Simulated quality factors (FEM) as a function of the filling
factor for parallel (orange) and orthogonal (blue) polarizations. Solid lines: complete cavity with additional top mirror. Dashed lines: Cavity
without top mirror. Dotted black line: maximum measurable quality factor corresponding to the resolution of our FTIR.

Tamm modes can also be observed at 2.75 and 4.57 THz (for
details see Section S3).

To characterize the in-plane dispersion properties of Tamm
modes, we perform angle resolved reflectivity measurements
from 15° to 60°. Figure 2¢c shows the modal dispersion relation
of a three Si layers Tamm cavity. We observe a parabolic
dispersion, similarly to a Fabry—Perot mode. Being excited by
free-space terahertz plane waves, the Tamm mode is radiative
and lies within the light cone. TMM calculation reveals that
the dispersion relation of Tamm modes formed by the TE and
TM polarizations are distinct with a progressive frequency
splitting between TE and TM polarizations as the in-plane
wavevector is increased (dashed and solid lines, respectively,
Figure 2c). This frequency splitting is due to the polarization
dependence of the reflections at the dielectric interfaces. Since
the light emitted from the Globar is unpolarized, the
experimental relation dispersion includes both dispersion
relations of TM and TE polarized Tamm modes. However,
due to the limited spectral resolution of the measurements, the
frequency splitting between TM and TE polarization is not
resolved at small angles. At angles larger than 40°, only the TM
Tamm mode dispersion is observed in experimental data since
the TE polarized mode peak becomes weaker and narrower.
Besides, we verify that the Tamm dispersion relation well
follows the predicted DBR relation dispersion, confirming that
the DBR stop-band center dictates the resonance frequency of
the Tamm cavity.

To experimentally determine the quality factor of a three Si
layers Tamm cavity, we perform higher resolution reflectivity
measurements using the SOLEIL synchrotron source.
Measurements at the AILES beamline are performed on a
Bruker IFS125 HR interferometer operating at 600 MHz
resolution combined with synchrotron radiation. The
reflectivity was measured at quasi normal incidence (7°) by
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means of a Helium pumped bolometer and a 50-ym thick
beamsplitter.*®

The terahertz reflection spectrum of a three Si layers cavity,
reported in Figure 2(d), shows a sharp resonance at 1.01S
THz. The full-width at half-maximum (fwhm) of this Tamm
cavity mode is ~4.4 GHz corresponding to a quality factor as
high as 230. The contrast reaches 50%. We attribute the lower
experimental quality factor than predicted by ~X2 to
inhomogeneous broadening of the Tamm mode due to local
layer thickness variations (~100 nm) over the surface of the
terahertz beam (~1 mm), as discussed in Section S4. Further
developments are in progress to overcome these fabrication
issues. This high contrast value of the cavity resonance
combined with a high-quality factor, makes the Tamm cavity
especially suited to be coupled to low absorbing materials such
as graphene. Indeed, by loading the cavity with a low absorbing
material, the critical coupling and thus maximized coupling
efficiency could be achieved. Besides, with Q > 200, which lies
within the same range of those reported in the terahertz
Fabry—Perot cavity,””’ terahertz light—matter interaction is
significantly enhanced in the terahertz Tamm cavity, opening
promising perspectives for the development of advanced
terahertz optoelectronic devices such as sensitive detectors,
high contrast modulators, narrow filters, and lasers as well as
for terahertz cavity quantum electrodynamics.

B TAMM CAVITY WITH SUB-WAVELENGTH METAL
GRATING

Experimental Results. An interesting feature of the Tamm
cavity is the possibility to pattern the metallic mirror, providing
a wide range of functionalities. Here, we focus on the
patterning of the metallic mirror into a periodical gold
subwavelength (sub-1) grating and explore its potential for
tuning the frequency of the terahertz Tamm mode.”® The

https://dx.doi.org/10.1021/acsphotonics.0c01254
ACS Photonics 2020, 7, 2906—2914


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01254/suppl_file/ph0c01254_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.0c01254/suppl_file/ph0c01254_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01254?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01254?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01254?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.0c01254?fig=fig3&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://dx.doi.org/10.1021/acsphotonics.0c01254?ref=pdf

ACS Photonics

pubs.acs.org/journal/apchd5

cavity is composed of a three high-resistivity Si wafers based
DBR and a sub-4 periodic gold strip grating deposited on top
of the DBR (Figure 3a). The surface patterning of the gold
mirror was realized using simple laser lithography directly on
surface of the top Si wafer of the DBR, prior to the gold layer
deposition, followed by a lift-off in acetone (see optical
microscope image in Figure 3b). For each sub-1 metal grating
cavity, we preserve a plain gold area (without any patterning)
to provide a reference Tamm cavity (fabricated with the same
DBR). The relevant tuning parameter of this structure is the
filling factor ff, i.e. the ratio between the strip width a and the
grating period p. Thus, ff is the fraction of gold on the DBR
surface and the reference Tamm cavity corresponds to ff = 1.
In the following, p will be fixed to 75 um (1,/4), a being the
parameter actually changing. This ensures the grating to
remain subwavelength even in silicon, in which 1 = Ay/ng,
preventing any grating mode resonances within the spectral
range considered here.””*" The patterned mirror exhibits a
non-negligible transmission, which leads to a reduction of the
quality factor value (for more details see Section S5). To tackle
this issue, we add an additional full gold mirror at a distance
Ao/4 (75 um) over the strip grating mirror, used to force the
transmitted electromagnetic field back into the cavity. In the
following, we will refer as “orthogonal” and “parallel”
polarizations for electric field perpendicular and aligned to
the strips, respectively.

Parts ¢ and d of Figure 3 show the measured reflectivity of
subwavelength grating Tamm cavities (ff < 1) for different
filling factors ranging from 0.9 to 0.3 and for both parallel and
orthogonal polarizations. The reflectivity is displayed as a
function of the frequency shift from the resonant frequency of
the reference Tamm cavity (ff = 1). We observe a clear shift of
the resonant frequency as the filling factor is decreased. The
structure exhibits a total frequency tuning range >0.25 THz for
ff = 0.3, which is 50 times higher than the 4.4 GHz linewidth of
the cavity mode presented in Figure 2d. We also observe that
the resonant frequency shift, Af, evolves in opposite directions
depending on the polarization: for a parallel polarization, the
resonant frequency shifts toward lower frequencies (Af < 0),
whereas it shifts toward higher frequencies for the orthogonal
polarization (Af > 0). Moreover, the frequency tuning is not
symmetric, being more sensitive to the filling factor for the
orthogonal polarization. This highlights the difference between
physical mechanisms involved depending on the mode
polarization. Since the maximum measurable Q is limited by
the FTIR spectral resolution to <130 (dashed line Figure 3f),
we are unable to capture from these reflectivity measurements
the quality factor dependence on the filling factor.

To quantitatively establish how the quality factor of the
Tamm cavity evolves with the filling factor of the
subwavelength metallic grating, we calculate the reflection
spectra of the subwavelength grating Tamm cavities for various
ff using FEM simulations (COMSOL Multiphysics). Figure 3e
reports the frequency shift, Af, as a function of ff, extracted
from calculation (dashed blue lines) and experimental data
(red diamonds) for parallel and orthogonal polarizations. The
good agreement between simulated and experimental Af for
each polarization validates our calculation. We then extract
from the calculation the quality factor of the Tamm modes as a
function of the filling f actors of the subwavelength gratings as
represented in Figure 3f by the solid lines. We observe that the
quality factor of 550 is remarkably almost constant for the
orthogonal polarization from ff = 1 down to ff = 0.5. Thus, a
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high-quality factor is preserved for a large range of frequency
tuning. The role of the top mirror to preserve high quality
factor by compensating the high transmission of gold strip
gratings for this polarization is evidenced by the blue dashed
line in Figure 3f. Indeed, the quality factor calculated without
top mirror shows a large drop as soon as gaps are opened
between strips (as soon as ff # 1). Below ff = 0.5, the quality
factor with top mirror for this orthogonal polarization drops
rapidly due to the decreased reflectivity of the DBR at stop-
band edges. In return, for the parallel polarization, the quality
factor with top mirror is slowly reduced as ff is decreased but
remains as high as 180 for ff of only 0.1. Similar evolution for
filling factors close to 1 is observed without top mirror, but it
drops relatively faster at ff < 0.8. Simulation shows that the
main dissipation process, in this parallel case and for ff > 0.8, is
ohmic losses from currents in the strips (see Section S6),
whereas grating transmission contribution to losses becomes
dominant for lower fl. This important contribution of ohmic
losses explains why the top mirror is not as efficient to
maintain a high-quality factor for this parallel polarization.

Note that the maximum frequency tunability is limited by
the spectral bandwidth of the DBR stop-band: since the DBR
is not an efficient reflector outside of its bandwidth, there is no
existence of a Tamm mode outside of it. The DBR bandwidth
can be expressed as™

fy — nL]
ny + np (6)
fo being the stop-band center frequency. Because of the high
refractive index contrast between Si (ny = 3.42) and vacuum
(n, = 1), the terahertz DBR stop-band is particularly large,
higher than 0.7 THz for a Ay/4ng layers structure. Such high
refractive index contrast is not possible for 4,/4 ng; layers in the
visible and near-IR range, making the terahertz Tamm cavity
especially well-suited for this frequency tuning functionality.
Note that as mentioned previously, in our case, the DBR stop-
band is split in three substop-bands due to the use of 34,/4ng;
thick Si wafers. The center substop-band, centered at 1 THz, is
narrower, but still provides a full tunability over 0.35 THz.
Theoretical Description. To get insight into the different
physical mechanisms involved in the frequency tuning for both
polarizations, we develop a theoretical description of the
Tamm cavity with subwavelength metal grating, based on an
equivalent circuit model as described in Figure 4a). The
resonance condition of a Tamm cavity is given by eq 1. The
reflection phase of the DBR, arg(rpgr) is composed of the
propagation contribution in the last Si layer (layer 2 in Figure
le), 2kejqye, and the reflection phase of the rest of the DBR
(from 2 to 3 interface in Figure le). Thus, inside the stop-band
of center frequency f, arg(rpg) can be approximated at first
order by*°

arg(rDBR) = _ZﬂT(f_f()) + O((f_fo)3) - Zkelayer (7)

where 7 is the phase reflection delay at the last vacuum—Si
interface of the rest of the DBR (from 2 to 3 interface in Figure
le). For the last Si layer of 34,/4ng; thickness (layer 2 in Figure
le), 2key,, = 37 + 37 (f — fo)To, with Ty = 1/f,, being the
DBR central period. Then

ag(rone) = 7 = 20( = )+ 22| + 0(¢ - 1)
(8)
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Figure 4. (a) Schematic of the equivalent circuit model analogy. Vacuum is modeled as a transmission line of characteristic impedance Z,, the
impedance of free space (377 Q), and silicon by a transmission line of impedance Zg = Z, X ng. An incoming wave inside silicon is partially
reflected on the shunt impedance or strip grating and partially transmitted in vacuum. (b) Evolution of the reflection coefficient of the
subwavelength strip grating in the complex plane versus filling factor and frequency (0.7 to 1.3 THz). Dotted diameters illustrate symmetry
relations between grating of opposite polarizations and complementary filling factors. (c and d) Tamm mode electric field profiles for ff = 0.5 strip
grating cavities for parallel (f = 0.941 THz) and orthogonal (f = 1.102 THz) polarization, respectively. Field lines in part c represents the local
magnetic field direction and intensity. They are a signature of the magnetic field created by induced current in the strip in blue region around the

strips.

This expression exhibits an effective phase reflection delay

=T+ %TO for the whole DBR considered for our Tamm

cavity, which is also the round trip-time inside the cavity. Using
TMM, we calculate 7 = 0.30 ps and T = 1 ps. The phase of the
reflection on the subwavelength periodic strip grating arg-
(rgmt,.ng) can be expressed by modeling strip gratings as shunt
impedance analytically derived from the actual strip grating
geometry (Figure 4a)."' ~* In this model, is expressed as

Z(ng — 1) — 1
r., . = —
g8 4+ Z(ng + 1)

rgmting

)

where Z is the reduced impedance (actual impedance
normalized by vacuum impedance Z,) of the strip grating.
Depending on its polarization, the interaction of light with the
metallic strip grating is completely different giving rise to
distinct electric field distribution and two distinct values for Z.
For a polarization parallel to the strips axis, the incident wave
induces currents along the strips and creates magnetic field
(black looped field lines around the strips, Figure 4c), whereas
a polarization orthogonal to the strips induces charge and
hotspots at strip edges, resulting in electric field between the
strips (Figure 4d). These two pictures illustrate how the strip
grating behaves as an inductance (Z;,4) or capacitor (Zc,,,) for
a parallel or orthogonal polarization. For a perfect metal, which
is a reasonable approximation for gold in the terahertz range,
these reduced impedances are given by*

j% In[ sm(lnff)] and

. 1 A 1

= _]m;ﬁ
Inf —1
“{3) (10)

where p is the strip grating period. These formulas only involve
geometric parameters. The calculated real and imaginary part
of the reflection coeflicient of the strip grating for different
filling factors are plotted on a Smith chart (see Figure 4b). All
values lie on a circle whose intersections with the real axis
correspond to the limit case encountered: if ff = 1, the incident
wave is reflected on a perfect mirror (Z = 0) and Torating = —1;
on the opposite, ff = 0, there is no gold on the silicon surface

Zind

‘capa
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(Z = o0, there is no shunt) and the reflection coefficient is real,
given by Fresnel equations: fgrting = A

ng + 1
two points, increasing frequency lead to clockwise evolution
along the circle for both polarizations. For perfect metals, Z is
purely imaginary and the reflection phase can be reduced to a

simple expression at first order:

. Between these

Si

ag(yrating) = 7 — 21 Im(Z) + O(Im(2)*) (11)
The Taylor expansion is done for Im(Z) close to 0, i.e., for ff
close to 1. It is finally possible to derive using the phase
matching criterion an analytical expression for the resonant
frequencies of the strip grating Tamm cavity in the capacitive
and inductive cases:

1

f;"d - f01 find(ﬂ) and
T R)
fg fg 2 ¢ ﬁuapa(ﬁ)
= D4l 4 2
o = 331 ) )
with:
1
Bff) = 2n ln[sm(”ﬁ)]and
2
_ n 1
ﬂfﬂlm T (1+n) [ ]
ln;ﬂ
ms(ng] (13)

The validity of these formula is highlighted in Figure 3e by the
good agreement between the predicted resonant frequencies
(dashed black curve) with the resonant frequencies obtained
from FEM simulations (red curve) and the experimental
results (blue points) down to ff ~ 0.5. Small deviations at ff
close to 1 can be explained by the lossless nature of the
analytical model, whereas FEM simulations takes into account
actual complex refractive index of gold from.” This analysis is
powerful for the design of subwavelength grating Tamm cavity
by predicting with simple analytical expression the resonant
frequencies for both polarizations.
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From this model, we emphasize that the Tamm cavity
resonant frequency shift is a direct signature of the reflection
phase shift Ag = arg(ryum,) — 7 due to the subwavelength
structuration of the metallic layer given by

31, ;
so =2 e+ P0G
Ag is then proportional to the Tamm cavity frequency shift (f
— fo), as long as the resonant frequency does not reach the
DBR stop band edges. From our experimental measurements,
we can thus estimate the corresponding experimental reflection
phase shifts A@ (right scale in Figure 3e). The cavity can be
seen as a local phase probe, preventing the necessity of
complex delay or interferometric measurements. This method
could easily be extended to other metamaterial systems that
can be processed on thin Si wafers.

B CONCLUSION

In conclusion, we report on a new Tamm cavity in the
terahertz spectral range made of a distributed Bragg reflector
and a metallic mirror, with a high-quality factor of 230 at ~1
THz. Electromagnetic simulations reveal a mode confinement
of /2 within the DBR and an ideal coupling of the Tamm
modes to both bulk and 2D materials. By a subwavelength
structuration of the metal layer, a fine-tuning of the Tamm
mode over >250 GHz is achievable while preserving a
relatively high-quality factor. Moreover, the Tamm mode
becomes polarization sensitive. These terahertz Tamm cavities
are very promising as basic building blocks of lasers, as basic
components for the development of advanced terahertz devices
such as sensitive detectors, high-contrast modulators, polar-
ization-sensitive absorbers, and narrow filters, and for terahertz
cavity quantum electrodynamics in nanostructures such as
those based on 2D materials.
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