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Abstract

Control and manipulation of quantum states by light is increasingly important
for both fundamental research and applications. This can be achieved through the

strong coupling between light and semiconductor devices, typically observed at THz



frequencies in 2D electron gases embedded in lithographic optical cavities. Here we
explore the possibility of achieving ultrastrong coupling between conduction sub-band
states in Sij_,Ge, heterostructures and THz cavity photons fabricated with a poten-
tially silicon-CMOS-compliant process. We developed Siy_,Ge, parabolic quantum
wells with transition at wg = 3.1 THz and hybrid metal-plasmonic THz patch-antenna
microcavities resonating between 2 and 5 THz depending on the antenna length. In
this first demonstration we achieved anti-crossing around 3 THz with spectroscopically
measured Rabi frequency Qr ~ 0.7 THz (Qr/wo ~ 0.2 i.e. ultrastrong coupling). The
present group-IV semiconductor material platform can be extended to the 5-12 THz
range, where these semiconductors are transparent, as opposed to the III-V compound
semiconductors plagued by strong THz optical phonon absorption. Moreover, the in-
tersubband transition in parabolic quantum wells hosted by the non-polar Si;_,Ge,
crystal lattice is robust against carrier density and temperature variations, making the
strength of the coupling only weakly temperature-dependent from 10 to 300 K. These
results pave the way for the employment of the Si;_,Ge, material platform to perform
fundamental research in ultrastrong light-matter coupling, fully exploiting the plas-
monic character of the cavity mirror, as well as in ultrafast modulators and saturable

absorbers for THz laser research.

Introduction

The strong coupling regime of the light-matter interaction has been recently reported in many
different physical systems! and electromagnetic frequency ranges from the microwaves,?? to
the terahertz,* " the infrared®? and the visible. !>!! Strong coupling appears when a quantum
system, showing a spectrally isolated "matter” resonance, modeled with a two-level system
with transition energy hwy, is embedded into an electromagnetic cavity featuring its own
"light” resonance at frequency w.. Experimentally, the strong coupling regime is detected

through the spectroscopic observation of polariton band dispersion as a function of detuning



(wo — w,) controlled by the cavity length,%"%12 by an external field,*'3"!5 or by temperature
T.16 Anti-crossing behavior of light and ”matter” resonances is then observed, and the
light-matter coupling strength can be quantitatively assessed by measuring the frequency
difference between the upper and lower polariton bands at zero detuning, corresponding to
twice the Rabi frequency Qp of the ideal two-level system.!” Perspective applications of this
phenomenon rely on the mixed light-matter nature of polaritons, which would eventually
allow the control of quantum light through degrees of freedom that are typically employed
to control quantum matter, such as electron or spin currents, and electric or magnetic fields.
In this respect, lithographic semiconductor microcavities that feature high reproducibility,

6.7.18-20 may be favored over more

scalability of the production, and possible room-T" operation
exotic materials and configurations. The use of foundry-compatible epitaxial semiconductor
layers is also a clearly desirable feature for applications. This is even more desirable if the
material is silicon-based and/or compatible with silicon foundry technology. Especially a
material compatibility with the CMOS processes and post-processing, such as in Ge and for
SiGe alloys is of great advantage.?!

Indeed, semiconductor quantum wells (QWSs) supported by epitaxial semiconductor het-
erostructures have been consistently used in the realization of strong-coupling system due to
the possibility of designing two-level-like resonances with wy in the mid-IR and THz ranges
and strong transition dipole moment o set by the highly confined 2D (two-dimensional)
electron density nsp, to be employed as the “matter” oscillator. The cyclotron resonance of
a 2D electron gas (2DEG) confined in a QW can be strongly coupled to a 2D metasurface
of metallic split-ring resonators acting as cavities.** In general, 2DEG resonances benefit
from collective coupling enhancement because the 2DEG acts as a single quantum system, 22
therefore the normalized coupling-strength ratio Qg /wy scales with |/nsp, as outlined in the
seminal paper from Dicke.? Furthermore, nyp can be increased by remote (modulation) dop-
ing without increasing the QW volume or the energy loss. Another type of QW resonances,

not requiring a magnetic field, however with lower quality factor than cyclotron resonances,



are intersubband transitions (ISBTs) between quantum-confined states in the well (sub-
bands). After the initial demonstration in a dielectric cavity,?* the use of sub-wavelength
metal-bound microcavities and the progressive scaling of wy towards THz frequencies led to
intriguing demonstrations of ultrastrong light-matter coupling, where Qp/wy > 0.1.1719 The
collective nature of ISBTs, effectively constituting a plasmon,?? has been theoretically de-
scribed using the dipolar gauge,?® showing interesting interplay between the strong coupling
and the depolarization shift that poses as well some limitations to the normalized coupling
strength. 726

Theoretically, the light-matter coupling constant {25 is given by the matter transition rate
due to the excitation by cavity vacuum field fluctuations. If one assumes a homogeneous
average vacuum field strength F,,. in a cavity filled with a lossless medium with dielectric

constant €, one can write: 11727
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where we have first written F,,. in terms of the ratio of the transition energy hwg over the cav-

ity modal volume €V/,,,, and then we have further specified 115 in the relevant case of a 2DEG
at zero temperature embedded in a planar cavity of length L using the oscillator strength fs,
the electron effective mass m*, and the fundamental charge e. The integer number Ngw > 1
comprises the stacking of many identical epitaxial layers with identical 2DEGs in the same
cavity with homogeneous field, assuming total filling of the cavity with QWs. It turns out
that ISBTs with high 115 due to high nsp, embedded in microcavities with nanometric L
(and therefore V,,,) hence very high FE,,., provide light-matter coupling values Qr/wy among
the largest of all physical systems.! In previous work on the strong coupling of ISBTs to

18,28,29

cavities, the focus was mostly on the cavity design, trying to minimize V,,,, or to obtain

a cavity field perfectly parallel to the dipole moment of ISBTs (orthogonal to the epitaxial
plane), which has been achieved in patch antennas with a metallic ground plane,®3%3! in

double-metal gratings® and in fully etched metal-insulator-metal (MIM) cavities.?* A two-



level “matter” oscillator spectrum is provided by QWs with parabolic confinement potential
(PQWSs) that mirrors a quantum harmonic oscillator, in which empty-band excited states are

33:34 Therein, the Kohn’s theorem guarantees that the Hartree interac-

equidistant in energy.
tion term is exactly canceled out by the many-body corrections, therefore the ISBT energy
does not depend any more on the electron population. Strong coupling at THz frequencies
has been observed in I1I-V compound-semiconductor PQWs grown by many small steps of
digital alloying,” and, more recently, in extremely high-quality III-V PQWs?* obtained by
continuous variation of the alloy composition!? .

In this work we further develop Si;_,Ge, PQWs with continuously graded alloy pro-
file3536 and we embed them into suitable microcavities (fully-etched patch-antennas, or MIM
resonators) to observe the strong coupling at THz frequencies in a group-1V, silicon foundry-
compatible, material. One of the mirrors of MIM resonators is realized with a heavily doped
semiconductor layer instead of a metallic layer to allow future fabrication in silicon foundries.
Ultrastrong coupling with Qr/wy =~ 0.2 is achieved. The ultrastrong coupling condition is
observed up to room-T', with quality factor of the polariton spectral lines almost indepen-
dent on T', which is attributed to the weaker electron-phonon interaction featured by the
non-polar lattice of group IV semiconductors, if compared to the polar III-V compound
semiconductors. The coupling strength also has a very weak dependence on T, which is
entirely attributed to the variation with 7" of the SiGe dielectric constant and of the electron
density transferred in the wells from remote dopants, and not to intrinsic properties of the
light-matter interaction. The present understanding of the strong-coupling conditions in

Si;_,Ge, quantum wells may be exploited in the future to obtain photonic quantum state

manipulation at room-7" together with microelectronics integration in silicon-based devices.



Results and discussion

In an ideal PQW, mimicking a collective quantum harmonic oscillator, the spectral weight of
ISBTs is concentrated in a single absorption peak, irrespective of the Fermi energy (doping
level) and the temperature.3* The frequency position of this peak can be estimated from the

bare energy distance between any two subsequent levels in the undoped parabolic well
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where A is the energy difference between the minimum of the undoped PQW and its edge,
where the constant-composition barrier for electrons starts on both sides of the well (barrier
height, set by the maximum band offset of the heterostructure), W is the total well width
of the order of tens of nanometers, and m*, is the electron-confinement effective mass in the
growth direction z. In Figure 1 we show the schematics of the complete heterostructure,
which consists of a superlattice of 25 PQWs realized on a GeSi/Ge virtual substrate (VS)
grown on silicon substrate wafers. The PQW heterostructure has been grown epitaxially by
ultra-high vacuum chemical vapor deposition (UHV-CVD) using GeH, and SiH, gas precur-
sors, without carrier gas.® The first layer of the VS consists of a relatively thick (3 pm) Ge
buffer layer grown directly on the Si(001) wafer substrate by means of an out-of-equilibrium
growth technique,®” which allows to completely relax the heteroepitaxial strain existing with
the underlying Si substrate, while minimizing the density of extended defects generated dur-
ing the plastic relaxation process, such as the threading dislocations.®® A 2000-nm thick,
reverse-graded concentration Si;_,Ge, layer is then grown to achieve a lattice parameter a
corresponding to that of a relaxed Sig 19Geg.go alloy. This particular composition is chosen to
realize the strain compensation conditions for the PQW active layer. The PQWs are grown
by continuously varying the gas precursor concentration in the CVD reactor to obtain a
composition profile of ideal parabolic wells of thickness W = 61 nm, reaching a Ge content

x = 1 at the center of the wells and x = 0.82 at the inter-well barriers of thickness b = 16



nm. Modulation doping with electrons of the PQWs is achieved by remote-impurity doping
via PH3 codeposition in the central region of the barriers. Modulation doping is possible
because the ionized phosphorus impurity states are of higher energy than the ground state
of the PQW, and thus electrons are transferred in the donor-free well region. A scanning
transmission electron microscopy (STEM) image of a typical sample is shown in Figure 1(a),
where one can see the high quality of the structure and the absence of extended defects. In
Figure 1(b) we display a highly resolved STEM detail of the structure with the composition
profile overlaid, as obtained by the calibration of the STEM intensity profile with the sec-
ondary ion mass spectroscopy (SIMS) data. The high reproducibility of the PQW epitaxial
deposition process is clearly evident in Figure 1(c), where the individual SIMS-calibrated
STEM intensity profiles of 10 PQWs of the stack are superimposed and plotted together
with the nominal parabolic composition profile. The high accuracy obtained in the profile
of each PQW can be quantified by the relative composition profile error displayed at the
bottom of panel ¢, showing that the grown composition profile agrees with the nominal one
within 1%, for all the measured PQWs. The high reproducibility of the 25-PQW superlattice
(SL) is also confirmed by x-ray diffraction (XRD) data in Figure 1(d), showing sharp SL
peaks and a very good agreement between the simulation of the 004 Bragg reflection XRD
scan (black curve) and the experimental data (green curve). The XRD measurement also
confirms the lattice matching of the VS and the PQWs. This thorough characterization of
the heterostructure enabled us to properly calculate the electronic states of the PQWs. In
Figure 1(e) we report the bare energy profile determined by means of a multi-valley self-
consistent code in the parabolic k - p envelope function approximation®” using the parabolic
Ge composition = profile measured by SIMS/STEM as input. The resulting real potential
shape (black curve in panel (e)) is very close to an ideal parabola with Ag = 112 meV and
W = 61 nm. Consequently, using m} = 0.13 m, for the Ge conduction band minimum at
the L-point, the associated confined electron states exhibit equally spaced energy separation

AFE = 12 meV. In Figure 1(f) we report the effective energy band profile at 10 K accounting



for the Hartree potential in the case of the doped well, at the doping level used in this work.
Note that, although the energy level spacing decreases if compared to the undoped case,
the ISBT energy hwyq is still expected at the undoped value AE according to the Kohn’s

theorem.”
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Figure 1: Schematics of the grown heterostructure together with (a) False color dark-field
STEM image of the entire PQW stack. Lighter green corresponds to higher Ge content. (b)
STEM details of the PQWs stack overlaid by the composition profile obtained by SIMS-
calibrated STEM. (¢) Top: Superposition of ten different PQW STEM profiles (dark green)
and of the nominal parabolic concentration profile (light green). Bottom: relative composi-
tion error for all the ten PQW composition profiles. (d) XRD curve across the 004 Bragg
reflection of the heterostructure. With dark/light green arrows we identify the diffraction
signals from the thick Ge buffer layer and Sip;1Gegg VS, respectively. (e) Calculated con-
finement energy profile at the L point of the conduction band for an undoped PQW having
the compositional parabolic profile shown in (c) (black) together with the square modulus of
the wavefunctions, that are plotted at the energy level of the corresponding quantized state,
using m? = 0.13 m, for electrons at the L-point of the conduction band of Ge. (f) Same as
(e) for the doped PQW used in this work. The dash-dotted line represents the Fermi level
for the nominal doping density. The calculations have been preformed at 10 K

The matter resonance frequency wy was then measured by performing ISBT spectroscopy
with a Fourier-transform infrared spectrometer (FTIR) adapted to work in the THz range
(1-30 THz) (see setup sketch 2(b)), in vacuum and at temperatures 7' from 10 K to 300 K, in

linear-dichroism mode, and in transmission configuration with small focal spot of the order



of the wafer thickness (0.5 mm). Samples with doped PQWSs were metal-coated and cut into
side-coupled prism waveguides to probe the ISBT absorption in the volume occupied by the
PQWs, as sketched in Figure 2(c). ISBT spectra are calculated after baseline subtraction of
linear-dichroic ratios at several T' and reported in Figure 2(a). A single strong transmission
dip at all T" is the signature of a harmonic-oscillator absorption spectrum, better described
as a collective “bosonic matter” excitation.!” From a global fitting of the data in Figure
2(a) with an exponentially modified Gaussian function (see Supporting Information for the
fitting curves), we measured the center absorption frequency wy = 3.1 + 0.2 THz at all
T. A numerical estimate of nyp in the PQWs was obtained by solving the multi-valley
self-consistent Schrodinger-Poisson equations for the actual charge transfer of electrons from
remote (modulation) dopant impurities in the barriers to the wells. This calculation also
allows to predict the Fermi level position for the used doping density at 10 K, reported in
Figure 1(f). Due to the high density of states at the bottom of the conduction band of Ge,
the Fermi level does not considerably shift above the ground state with increasing doping,
even in the present case of moderately high doping, at odds with most III-V compound

~2.in reasonable agreement with

semiconductor PQWs. We estimate nop ~ 3 x 10 cm
the corresponding values estimated by the ISBT absorption spectral weight measured from
Figure 2(a)%” that however has high uncertainty levels at all T's. The lowest linewidth
is observed at 100 K, from which we estimate an energy loss parameter of the "matter”
resonance ['iggr = 1.0 THz, rising to 1.7 THz at room-T" mostly due to the electron-phonon
interaction. At T < 100 K, I''sgr increases again, as already observed in modulation-
doped rectangular Ge/Si;_,Ge, QWs,*? where this effect has been attributed to the interplay
between the ionized impurity density and the electron kinetic energy both varying with T’
as also observed in I1I-V compound semiconductor PQWs. 4!

For the cavity design we have chosen a square patch antenna with conducting ground

plane and etched sidewalls, to improve the field confinement inside the cavity. Patch antennas

have been employed successfully in mid-IR and THz strong coupling experiments with ISBT's
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Figure 2: FTIR spectroscopy characterization of the specific PQW structure used in this
work. (a) Linear-dichroic transmission spectra at various temperatures, from 7" = 10 K to
room-temperature. (b) Sketch of the optical beam path and (c) sketch of the sample in the

prism waveguide geometry.
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in QWs. %3032 The optimal cavity length L for increasing the vacuum field and therefore the
light-matter interaction strength, given by the distance between the conducting ground plane
and the top metal patch directly evaporated on the last layer of the heterostructure, has been
determined in Ref.?? from electromagnetic (EM) simulations to be between 1.5 and 2.0 pm.
Therefore, a value of L = 1.8 pm was chosen after performing similar EM simulations with 3D
finite-element commercial software (CST microwave studio, see Methods for details) for our
group-1V material system using €., = 15.5 for Sig10Geg 9o corresponding to the average Ge
concentration in the active region. In the simulations of Figure 3(c-e), the square patch side
s has been varied from 7pm to 14 pm to span the cavity resonance frequency range w. = 2.0
to 4.5 THz encompassing the wy = 3.1 THz determined from Figure 2: the predicted crossing
is found at s = 13 pm for a MIM cavity (yellow curve in Figure 3(c)). A large-area periodic
array is typically required for far-field optical experiments on microcavities: here, the period
P of the square array of patch antennas was set to P = 3s to avoid dipole coupling among
neighboring patches. For example, Todorov et al.®?* have studied the strong coupling in
similar THz square microcavity arrays, however in the limit where the spacing between
patches is smaller than s, P < 2s. Therein, both P and s influence the optical absorption
resonance frequency, while in this work we seek a condition where the spectral position of
w, is independent from P.28:30:31

In order to make the fabrication process potentially compatible with CMOS foundries,
and to eventually exploit plasmonic effects at shorter wavelengths in the future, we adopt a
cavity configuration where the lower metallic mirror is replaced by an highly doped semicon-
ductor ground plane. The ground plane was realised by heavily doping the reverse-graded
Si;_,Ge, virtual substrate (light green layer in Figure 1) and characterized experimentally
in a separate area of one of the samples, where the PQW heterostructure was fully etched
away. The dielectric function of the n*-SiGe alloy (average composition Sigo5Geggs) acting
as ground plane was determined by measuring its absolute reflectance in the 1-100 THz range

by FTIR spectroscopy for T'= 10 K and 7' = 300 K with a gold mirror reference (Figure
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3(a)), and then applying Kramers-Kroning transformations.*? The results are shown in Fig-
ure 3(b): the screened plasma frequency is found at 16 THz at both temperatures, which is
not as high as record values for pure Ge of Refs.?3% but is high enough for ground-plane
operation in the range up to 12 THz (see Figure 3). One may notice the relevant value
¢/ = =175 at 3 THz at 10 K. The 3D free electron density n = 6.5 x 10'® cm™ | estimated
with the Drude model of the reflectance (m* = 0.13m.), is well beyond the Mott transition
to a degenerate semiconductor, ensuring that the ground plane will have conducting behav-
ior at low T.%% The calculated skin depth is around 1pm, half the value of the doped layer
thickness of 2 pm.

The measured n™-Si;_,Ge, dielectric function at 300 K was then used to simulate the hy-
brid metal-insulator-doped semiconductor cavities. From the simulation, the optical overlap
compared to identical MIM cavities changed by less than 5% over the considered frequency
range. The spectral results for the cavity with undoped PQW filling are shown in Figure
3(d). The quality factors (Figure 3(g)) are now dominated by losses in the ground plane
but they are still better than the ISBT quality factor, so it is not expected that this will
be the dominant loss factor in the final device with doped PQWs. The linear dependence
(Figure 3(f)) of w. vs. s7! found in MIM cavities of Figure 3(c) is confirmed, with a global
redshift of ~ 1.5 THz, indicating that a larger area of the ground plane is involved in the EM
current patterns compared to the gold ground plane.?® The predicted crossing is now found
at s = 10 pm for the hybrid cavity. The absolute value of the absorption decreases for longer
s and lower w, due to increasing mismatch between the wavelength and L.%% Finally, the
strong-coupling conditions were simulated by introducing an anisotropic dielectric function
for the doped PQW layer (Figure 3(h)).%¢ The dielectric function parameters are calculated
from the ISBT spectra in Figure 2 and we added an optical overlap factor fqw = 0.29 that
measures the cavity volume effectively occupied by the 2D-confined electrons at 7' = 10 K
as further explained below.'® A clear splitting of the polariton dispersion as a function of s

is observed in Figure 3(e), with the lower polariton much less intense than the upper polari-

12



ton, due to the above-mentioned mismatch between the wavelength and L.%° Nevertheless,
transfer of spectral weight from the upper to the lower polariton is observed, as expected,
when approaching the predicted crossing. The numerical estimate of the Rabi frequency,
determined from half the splitting at 10 pm, is 2 = 0.55 THz, which is comparable to
both the ”light” and the "matter” loss parameters around 1 THz estimated from Figure
3(d) and Figure 2(a), respectively. Knowing what to expect, we can now proceed with the
experimental demonstration.

The cavity array fabrication was performed by electron-beam lithography and reactive-
ion etching (see Methods for details). Two nominally identical samples featuring both the
plasmonic ground plane and the doped PQW stack were used, as well as a a third identical
sample with undoped PQW stack. The PQW epitaxial stack was kept identical to that of
the samples analyzed in Figures 1 and 2, with the only difference of the heavy doping of
the n™-Si;_,Ge, virtual substrate. Cavities with different s spanning the 7 —14 pm range
around the predicted crossing at s = 10 pm were simultaneously fabricated on the same chip
in the same nanofabrication process, ensuring that the cavity walls, the etching depth and
the heterostructure parameters were exactly the same for all values of s. For the first sample
a pitch of P = 2s was used while for the second and third (undoped) sample a pitch of
P = 3s was used to experimentally check for possible effects of interacting cavities. Two
electron microscopy images of the first sample after cavity fabrication are shown in Figure
4(c,d), also showing the experimental definition of s and P. Each array was 2 x 2 mm? in

size, spaced by 1 mm. A 2 x 2 mm?

area without cavities was etched down to the ground
plane and used as the reflectance reference for the polariton spectroscopy experiment in the
1-6 THz range. These ”empty arrays” were also used for the measurements in Figure 3(a,b).

Cavity reflectance spectra R(w) can be considered as the opposite of absorption spec-
tra A(w) = 1 — R(w) due to the presence of the ground plane that prevents any trans-

mittance. % For the reflectance measurements we developed a custom-made optical insert

based on tightly-focusing ellipsoidal mirrors (sketched in Figure 5(c)) that could de-magnify
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Figure 3: (a) Normal-incidence reflectance with Drude fit and (b) the corresponding dielectric
function of the heavily doped Sig 1Geg g ground plane. (c-e) Simulated reflection spectra (S1;
parameter) of microcavities with different gold patch side s as indicated in panel (d) for
different color curves. Panel (c): ideal case of a gold ground plane; Panels (d,e): heavily
doped Sip1Gegg ground plane with active layer made of (d) undoped and (e) doped PQWs
with filling fraction fqw = 0.29. Two polariton branches are apparent in panel (e) with
avoided crossing of the intrinsic PQW resonance set at wy = 3.1 THz in the simulations. Note
the global resonance redshift and broadening between (c) and (d), and the smaller blueshift
of the upper polariton in (e) if compared to the bare cavity resonance in (d), entirely due to
the ultrastrong light-matter coupling. (f) Geometry dependence of the resonance position
for the MIM (c) and MIS (d) cavities. (g) Q-Factor of the MIM and MIS resonances over
the inverse cavity lemgth. (h) used dialectic function for the PWQ simulation
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Figure 4: Top: optical image of the 1 x 2 cm epitaxial chip: six 2 x 2 mm? fields are visible,
each of them with cavities of different s. Right: A portion of an array of patch cavities with
a unit cell dimension P = 3s; note the semiconductor ground plane contrasted to the gold
square patch. Left: detail of an individual patch cavity with s = 11 pm, where s is the width
of the metallic patch.

the FTIR spot size by 3x inside the vacuum chamber of the spectrometer. With this insert,
all cavity arrays with different s could be investigated in the same cryogenic cycle, thereby
ensuring identical conditions for all spectra in Figure 5(a,b). The reflection spectra of the
cavity arrays filled with undoped PQW stack are reported in Figure 5(a,b) for 7' = 10 K
(grey curves, identical in the two panels) and are consistent with the simulations in Figure
3(d). Turning to the polariton dispersion at 7" = 10 K (red curves for P ~ 2s in Figure
5(a) and black curves for P ~ 3s in Figure 5(b)), already at s = 7pm with large detuning
w. —wp =~ 1.4 THz, one sees a clear offset in the absorption resonance frequency of the
doped-PQW samples, which is due to the upper polariton dispersion being pushed away
from the bare cavity value by ultrastrong coupling. Even at s = 7pum the linewidth of the
upper polariton is above 1 THz, broader than that of the bare cavity resonance (I'. = 0.9
THz at w. = 4.5 THz leading to a typical bare patch antenna Q-factor of 5, decreasing to ~ 4
for doped PQWSs). This indicates that electrons in the PQWSs contribute to cavity losses.
When the cavity resonance is tuned closer to wy (s > 10 pm), a splitting in the polariton
dispersion is observed, with both upper and lower polariton clearly visible from s = 11 pm

to 14 pm. Here, the linewidths of both polaritons are much broader than those of the bare
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cavity resonances (Q-factors below 3), approaching the limit value I'isgr(10K) = 1.4 THz
(Q-factor ~ 2), indicating the strongly mixed ”light-matter” nature of the cavity resonance.
Bi-Lorentzian fitting of each reflectance spectrum were then performed to obtain the two
experimental polariton frequencies wyp and wyp (fitting curves reported in the Supporting
Information). In Figure 5(d,e) we report experimental (symbols) and simulated (segmented
curves) polariton frequencies together with the bare cavity (undoped PQW) resonances.
These two plots are not significantly different from each other, indicating that the absorp-
tion cross-section of single antennas is definitely smaller than 3s x 3s and probably even
smaller than 2s x 25,7 therefore we can confirm that we are spectroscopically studying the
single-cavity properties. The minimum polariton splitting at the avoided-crossing point was
used to estimate {25. We calculated the average of the minimum splittings in the two samples
at s = 10 pm (expected crossing point from simulations) and it gives Qg = 0.68 +0.05 THz.
Finally we compared our experimental and simulated polariton dispersions with a theoret-
ical model for the ultrastrong light-matter coupling (dipolar-coupling Hamiltonian'?). The

continuous grey curves in Figure 5(d,e) are calculated by solving the secular equation from

Ref 7,19,48

(w* = wo) (W* — wp) = fowwyw, (3)

where wy = 3.1 THz is the measured ISBT from Figure 2(a), fqw is the optical overlap factor
(i.e. the cavity volume fraction occupied by the QWs as detailed below), w. = A?C is the
simulated undoped-PQW cavity resonance from Figure 3(d) (A ~ 0.1 is a phenomenological
proportionality constant and c is the light velocity in vacuum), and w, = ,/% is
the plasma frequency of the 2D-confined electron gas.!%4® The best agreement between the
experimental data points and the model is obtained for a plasma frequency w, = 2.6 THz.
For ideal PQWs, fi5 can be taken close to 1 at all 7' (we use fi = 0.97 to account for the

few transitions with non-confined final states). Considering the sub-band state population at

T =10 K, only the ground state is significantly occupied, therefore we can write Lqow = 21
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nm from the spatial extent of the ground-state wavefunction in Figure 1(e) and fqw =
Low/(W 4 b) = 0.29. We can now provide a global estimate from the theoretical model

fitting to all data Qg = wy+/ fow/2 = 0.75 THz, which quantifies the light-matter coupling

fi2e2nap

m, we can calculate

strength in our system at 10 K. From the expression {2 =
nap = 3.2x 10" em ™2, which is in good agreement with the independently measured spectral
weight estimate in Figure 2 and with the Schrodinger-Poisson calculation of electron transfer
from remote donors. The normalized coupling-strength ratio measured at the anti-crossing
point from the theoretical polaritonic branches is 2—? ~ (.24, testifying the achievement of
the ultrastrong coupling regime. Note that, in PQWs, 2z will only depend on 7" through nsp
and wy is fairly T-independent, therefore the coupling regime should be almost T-independent
up to room-7T', as we now show.

Finally, in Figure 6 the temperature dependence of the polariton absorption spectra
for one specific cavity array (s = 12pm, P = 2s) was explored. Reflection spectra in
Figure 6(a) were taken while heating, without displacing the spot from the cavity array. A
first observation (Figure 6(b)) is the presence of the upper polariton line almost unchanged
between 300 and 10 K, with only a small redshift of wyp with decreasing T' (blue triangles).
As a matter of fact, we observe a blueshift of the undoped cavity resonance from 300 K to
10 K (orange triangles in Figure 6(b) and dotted curves in Figure 6(a)), explained by the
decrease of the dielectric constant of Ge from ~ 16 to ~ 15 triggered by the widening of
the Ge bandgap. We attribute the observed deviation of wyp from the expected blueshift
(dashed red line) to a decrease of nyop with decreasing 7' < 100 K, now sensitively measured
through Eq. 1 from the measured coupling strength 2Qz(T) = wyp(T) — wrp (where we
have assumed wpp = 2.1 THz constant at all 7). Starting from the estimate from Eq. 3
nop = 3.2 x 10 em™2 at 10 K, we get nop = 3.5 x 10 ecm=2 at 100 K. A decrease of
nop(T) with decreasing T is theoretically explained by the T-dependence of the relative
energy position of confined states in the barriers and in the PQWSs, which limits the electron

transfer from the dopant impurities to the PQWs at low T'. The latter effect is due to the
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Figure 5: (a) reflection spectra of the cavity arrays with P = 2s (red curves), the grey curves
are the reflection spectra of identical cavities fabricated on a sample with undoped PWQs.
(b) Reflection spectra of cavities filled with identical doped PQWs but P = 3s. (c) sketch
of the custom de-magnifying reflection setup and picture of the fabricated sample chip with
all cavity arrays (2 x 2 mm?). (d, e) polariton dispersion as determined by a bi-Lorentzian
fitting of the data in panels a, b respectively. The error bar for the polariton frequencies in
a single fitting routine is smaller than the symbol size.
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different thermal expansion coefficient of Ge and SiGe,*® which can be precisely simulated
as detailed in the Methods. A second observation is the decrease of the upper polariton
linewidth I'yp(7) from 300 K to 100 K, highlighted in Figure 6(c). This behavior mirrors
the T'ispr(T') seen in Figure 2, indicating that the polariton linewidth is determined by the
same intrinsic material mechanisms that define the ISBT linewidth.?® As a consequence of
line broadening, the lower polariton line goes below the detection threshold of our experiment
above 200 K. Even if the lower polariton disappears from the spectra of Figure 6(a) above
200 K, the strong-coupling condition is clearly maintained up to 300 K, as seen from the 1
THz-offset of wyp (continuous red spectrum in Figure 6(a)) from w,. measured in the undoped
PQW sample (dotted red spectrum). This is at odds with observations in III-V material
PQWs, where both polaritons merge to w, around 200 K and then disappear at room-T".%°
We can conclude that, in suitably designed and grown Si;_,Ge, PQWSs, Qg can be made
almost independent on 7" up to 300 K. We have further verified this occurrence by measuring
all cavities with different s at room-T": the offset of wyp from the corresponding w. is clearly
observed for all cavities at room-T', decreasing with increasing detuning (decreasing s) as
expected, see Supporting Information.

To summarize, from the spectroscopy data in Figure 6(a) the coupling parameters plotted
in Figure 6(c) were retrieved, from which an experimental demonstration of the ultrastrong-
coupling condition can be obtained at all T": it can be deduced that the normalized coupling-
strength ratio Qg/wy stays around 0.2, almost T-independent from 10 K to room-T". Note
that this experimental estimate agrees very well with theory fitting to raw polartion disper-
sion data at 10 K in Figure 5(d-e). Rabi oscillations are overdamped as Q2g/I'up ~ 0.5 at
room-T" and Qg/T'yp ~ 0.7 at 100 K: here we take I'yp as a reasonable estimate of polariton
lifetimes, which seems to be closely related to I''sgr. The polariton quality factor is consis-
tently lager than unity, i.e. wyp/T'up = 2.4 at room-T" and wyp/T'yp = 3.6 at 100 K, which
makes the present microcavities usable in THz photonics applications e.g. as amplitude

modulators.®?
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Figure 6: (a): temperature dependence of the reflectance of ultrastrongly coupled cavities
with s = 12um and P = 2s (solid curves) and comparison with undoped cavities (dashed
curves). (b): temperature dependence of the extracted upper polariton frequency compared
to predictions based on the T-dependence of the dielectric constant of Ge and to the undoped
sample (c): temperature dependence of: uncoupled intersubband resonance linewidth I'rspr;
upper polariton linewidth I'yp; intersubband resonance frequency wy; Rabi splitting 2g.
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In conclusion, we have implemented the ultrastrong light-matter coupling between the
intersub-band transitions and a microcavity in electron-doped group-1V (Si;_,Ge, ) parabolic
quantum wells, which present small effective mass of electrons and regular Fermi surface
geometry in the conduction band, comparable to the typical ones of n-type III-V semicon-
ductors. This implementation provides: 1) Almost temperature-independent light-matter
coupling up to room-temperature at wy = 3.1 THz; 2) High values of the 2D electron density
hence of the coupling, as testified by Qg/wy ~ 0.2; 3) Compatibility with silicon photonics
foundry technology, and potentially with the silicon CMOS process, because we crucially
show that, in the THz range, the typical gold mirrors of microcavities can be substituted
by doped-semiconductor ”plasmonic” mirrors. The present SiGe material platform will be
relevant in future mainstream applications in quantum technology, where photon quantum
states and integrated electronic circuits will have to interact on-chip. Due to both the CMOS
compatibility of the PQW material and the rather large dimensions of the patch antennas in
comparison to modern foundry processes, a further integration of the proposed system into
an electrical controlled sensor or manipulator is viable. Using planarization steps all patch
antennas could be electrically connected either at the 2DEG level, to read out the electron
state by electrical transport measurements, and/or at the field-effect gate level, to populate
or depopulate the PQW. This would not be possible with purely photonic or geometrical-
plasmonic resonators.%? In terms of progress in THz optoelectronics, the relevant outcome
is that our approach can be easily extended up to 12 THz, while III-V compound semicon-
ductors are inefficient above 5 THz due to optical phonon absorption in the reststrahlen
band. In particularly, using rectangular quantum wells in similar cavities and tailoring the
strong coupling condition, one should be able to develop ultrafast switches and saturable

absorbers,® to be employed in laser science in the almost unexplored 5-12 THz range.
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Methods

Quantum calculations

The electronic band structure, electron wave-functions, and ISBT absorption spectra of
the investigated samples have been calculated self-consistently, relying on a multi-valley
effective mass Schrodinger-Poisson solver. A detailed description of the model can be found
in Ref.3¥ For the T-dependence of nyp, we have taken into account the presence, at energies
comparable to the PQW sub-bands, of so-called A, states (situated along the I'—X line in
k-space ), confined in the barrier region. These levels limit the amount of charge transferred
in the PQW sub-bands originating from the L-point band edge. Moreover, to tackle the
T-dependence of the carrier density we have included in our model also the impact of the
thermal strain induced by the difference in the thermal lattice expansion coefficient of Si and
Ge. As a matter of fact, the thermal strain influences the energy separation between the A,

and L sub-bands and provides nop monotonically decreasing with decreasing 7.

Material growth

Samples were deposited by means of UHV CVD in a cold-wall reactor using ultrapure silane
and germane without carrier gases. N-type doping was achieved by co-depositing phosphine.
The active layer stack composed by 25 identical PQWs (thickness W = 61 nm) separated
by Sip.18Gegge barriers (thickness b = 16 nm) was grown on top of relaxed Si;_,Ge, virtual
substrate (VS) having low threading dislocation densities (TDD = 3 x 10% ¢cm™2).%* The
VS growth on a Si(100) substrate leverages a reverse grading technique in which a Ge film
is deposited directly on the Si substrate using a multi-temperature approach, followed by a
compositional graded Si;_,Ge, buffer layer.3” The final Ge content in the buffer y matched
the average Ge content of the active stack to ensure the strain compensation condition and
avoid the plastic relaxation of the active region. In samples used to fabricate the microcavity

arrays the last two micrometers of the VS were doped with a nominal P density Np = 1 x 10
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cm 3. The parabolic compositional profile Si;_,Ge, with z in the range between 0.8 — 1

of the wells was obtained by changing the SiH; gas flow and maintaining the GeH, one
constant during the growth, using calibrated mass flow controllers. The deposition pressure
varied consequently, and we estimated an average growth rate of 6 nm/min. The growth
temperature for the active stack was set at 460°C. N-type modulation doping was achieved by
co-depositing phosphine to a thickness of 5 nm in the center of the SiGe barriers. The nominal
P density in the doped region of the barriers was 8 x 10'7 cm 3. The structural properties of
the samples were evaluated by means STEM, XRD, and SIMS. STEM measurements have
been performed using a FEI Titan microscope (FEI Company, Hillsboro, Oregon, USA)
operating at 200 kV. It was equipped with aberration-corrected magnetic lenses to obtain
electron probes with a diameter in the range of 1 —2 A and beam currents of 200 pA. A
CEOS CESCOR corrector was used to achieve a resolution of 0.8 A . Images were recorded
using a high-angle annular dark field (HAADF) detector (FEI Company, Hillsboro, Oregon,
USA). Room-temperature XRD measurements were achieved by using a Rigaku SmartLab
instrument with a rotating anode and line-focus geometry, featuring a Ge(400) x 2 channel-
cut beam collimator. ToF-SIMS V from I[ONTOF was employed for the measurement of the

compositional profiles. The depth profiles were acquired using 0.5 — 1 keV a Cs™ ion beam.

Infrared and Terahertz spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was performed with a vacuum Bruker Ver-
tex 70v spectrometer (Bruker, Ettlingen, Germany)) equipped with a helium-flow cryostat
(Janis Research company, Woburn, Massachusetts (USA)), a wide-band silicon beamsplit-
ter, a globar source and a pyroelectric detector with integrated preamplifier. For the ISBT
measurements of Figure 2 performed in side-illuminated single-pass waveguide configuration,
the lateral facets of our 2.5 mm long samples were cut at a 70° angle relative to the growth
plane, and the top surface close to the QW stack was coated with a metal bilayer (Ti/Au 10

nm/80 nm), to align the electric field of the radiation propagating through the active region
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almost parallel to the ISBT dipole moment (i.e., TM polarized). The dichroic transmission
spectra T'(w) = Try(w)/Tre(w) were measured with a computer-controlled wire-grid polar-
izer, ensuring that polarization-independent spectral features unrelated to ISB transitions
were suppressed. For the dielectric function determination of Figure 3, a quasi-normal in-
cidence setup was employed, with incidence angle around 10° and a gold-coated surface as
reference for determining the absolute reflectance R(w). The latter quantity was processed
via Kramers-Kronig tranformations, using a Hagen-Rubens extrapolation for w — 0 and
a Drude-Lorentz extrapolation beyond the non-transparency range above the plasma edge
for w — o00. The resulting complex dielectric function € is calculated from the complex
reflectance 7 = R(w) - ¢*“) via the standard Fresnel formulas. For the cavity measurements
of Figures 5 ad 6 a high-numerical aperture reflectance setup was built using ellipsoidal mir-
rors with magnification factor x 3. The baseline-corrected reflectance of the cavity arrays
was measured by using the bare doped-Ge ground plane as the reference. The cryostat cold
finger was displaced vertically with a vacuum manipulator to change the spot position from
a cavity array to another and to the reference during the same cryogenic cycle. 4096 scans

1

at 10 kHz scanning speed and spectral resolution of 4 cm™ were averaged for each cavity.

Longer acquisition times did not lead to better signal-to-noise ratio below 30 cm™! probably

due to the 1/f noise of the DTGS detector.

Electromagnetic simulations

The finite element simulations have been carried out with CST microwave studio® employing
the frequency domain solver. The highly doped mirror layer has been modeled with a user-
defined dispersion employing the measured dielectric function data reported in Figure 3(b).
The intersubband resonance has been modeled with the dielectric function from Ref.® and

the metal is lossy gold from CST library.
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Device fabrication

In a first step the metal patches were produced via electron beam evaporation and a lift-off
process using an electron beam lithography (EBL) (Raith VOYAGER) and PMMA (Poly
methyl methacrylate) as resist. First 10 nm Ti were evaporated functioning as an adhesion
layer directly followed by 80 nm of Au to form the top side mirror. The lift-off was performed
without an ultra sonic bath to avoid damages to the mirrors. After a second EBL step the
etching of the microcvavity was performed by an inductively coupled plasma - reactive ion

etching (ICP-IRE) SF4-Ar step.
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