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Abstract: We investigate the coherent coupling of split-ring resonators of a metamaterial with
hydrogen-like boron acceptors in Si at cryogenic temperatures. When the resonance frequency
of the metamaterial, chosen to be in the range 7-9 THz, superimposes the transition frequency
from the ground state of the acceptor to an excited state, Rabi splitting is observed. The splitting
shows a square-root dependence on the density of the acceptors. Our experiments may help to
open a possible route for the investigation of quantum information processes employing strong
coupling of dopants in cavities.

© 2022 Optica Publishing Group

In the past decades, light-matter interaction in photonic cavities has provided a unique testbed
for the investigation of fundamental quantum physics. By coupling with the cavity photons,
electronic transitions of the material can be substantially modified, especially in the strong
coupling regime, where polariton quasi-particles are formed [1]. These new dressed states reveal
themselves by Rabi-split transitions in the absorption spectra, if the rate of energy exchange
between matter and the cavity photons is larger than the rate of energy loss of both cavity and
matter. Strong light-matter interaction was first studied with free atoms, and Rabi splitting
was reported to be at hundreds of MHz. In recent years, there is an intense interest to explore
the ultra-strong coupling regime, where the Rabi splitting reaches a substantial portion of the
resonance frequency of the cavity [2], and even the deep strong coupling regime where the Rabi
splitting is larger than the resonance frequency of the cavity [3]. A strong motivation comes
from quantum computing and quantum information processing, where coupling of the relevant
excitations in cavities plays an important role [4].

Access to these regimes with free atoms is, however, hindered by the relatively weak electron
transition dipole moments encountered there [5]. Atoms embedded in a crystalline solid-state
matrix are more suitable for such investigations. This is especially true for atoms which represent
dilute shallow dopants. Such dopants are essential ingredients of all semiconductor devices. Their
energy states can be modeled in a hydrogen-like fashion. Due to the dielectric environment and
the orbital interaction with the host material, the transition dipole moments can be several orders
of magnitude larger than those of free atoms [6]. At room temperature, the atoms are ionized,
and the electrons, respectively holes, are free to move. At low temperature, the charge carriers
are frozen in their ground states. Upon irradiation with electromagnetic radiation, the charge
carriers can be excited to higher energy states via dipole-allowed transitions. This is one reason
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why dopants exhibit great potential for applications in atomic-scale solid-state spintronics [7]
and quantum computing [8,9]. In addition, quantum devices based on dopants in Si can be
readily integrated into the current semiconductor technology. In this report, we demonstrate
strong interaction of transitions between boron acceptor states in Si with the fundamental-mode
plasmonic excitation of split-ring oscillators, observing a Rabi splitting as large as 0.4 THz.

The experiments were performed with boron-doped Si samples prepared by ion implantation
of high-resistivity Si wafers (purchased from University Wafer Inc., with the thickness of 500 um).
To create a homogenously doped surface layer of 1-um thickness, multi-energy implantation
was employed. Two specimens were prepared with boron densities of 4 x 10'® cm™ and
2% 107 cm™3. After implantation, rapid thermal annealing was carried out to remove defects in
the Si lattice generated by the implantation [10]. Fig. 1a shows the linear transmission spectrum
of an annealed sample with a boron density of 2 x 10!” cm™3, measured by Fourier transform
far-infrared spectroscopy at a sample temperature of 20 K (a reference transmission spectrum
taken at 100 K was used for background subtraction). The spectrum exhibits the expected series
of discrete transitions from the boron ground-state to excited states at 7.33 THz (ll“g — 1I7),
8.28 THz (1T§ — 2I), 9.5 THz (1T'y — 17, 1T), and 10.27 THz (1T§ — 2@, 6I%) [11].
The transition lines are well separated from each other even at this fairly high dopant density.
The widths of the lower two transition lines are 0.18 THz and 0.19 THz, respectively.
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Fig. 1. (a) Measured transmission spectrum of boron-implanted Si at 20 K (boron
density: 2 X 10Y7 cm_3). (b) Measured transmission spectrum of a metamaterial on
boron-implanted Si at 100 K. Both figures cover an x-axis range of 5 THz. The inset
shows an image taken by atomic force microscopy (AFM) of the gold pattern.

Metamaterial patterns with unit cells consisting of metallic square-shaped split-ring resonators
(SRR) were prepared by e-beam lithography on the surfaces of the implanted Si specimens. We
designed metamaterials [12] with six different fundamental resonance frequencies to cover the
lower two impurity transition lines. An AFM image of four unit cells of one of the fabricated
metamaterials is shown in the inset of Fig. 1b. All six metamaterials have the same period,
metal stripe width and gap width of 5.2 ym, 0.6 ym and 0.6 um, respectively. Only the
length of the outer edges varies, with values of 3.0, 2.9, 2.8, 2.7, 2.6 and 2.5 um, respectively.
Transmission spectra of the metamaterial-covered doped specimens, which were recorded at a
sample temperature of 100 K, where the dopants are ionized and the impurity transitions are
absent, revealed frequencies of the fundamental resonances between 7.0 THz and 9.09 THz.
A representative spectrum of a metamaterial with a SRR edge length of 2.7 um is shown in
Fig. 1b (the spectrum was derived by subtracting a reference transmission spectrum of an equally
doped Si specimen without metamaterial pattern on it). The full width at half maximum of the
metamaterial resonance is 1.4 THz, with a Q-factor of 6. The measured resonance frequency is
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8.08 THz at 100 K, and decreases to below 8.0 THz at 20 K. Simulations with the CST Maxwell
solver, assuming the room-temperature values of the Au conductivity of 4.5 x 10® S/m and of the
Si dielectric constant of 11.9, yield a resonance frequency of 8.3 THz [11].

Figure 2a shows transmission spectra of all six metamaterial-covered Si samples with a boron
density of 2 x 10'7 cm™ at a temperature of 20 K. The positions of the boron acceptor transitions
at 7.33 THz, 8.28 THz and 9.5 THz are indicated by vertical dashed lines. The SRR resonances
are well below the highest-lying of these three transitions. One finds in the spectra of Fig. 2a,
that the frequency of this 9.5-THz transition is not affected by the presence of the metamaterial.
In contrast, the two lower transitions (at 7.33 THz and 8.28 THz) exhibit level splitting, if the
resonance frequency of the metamaterial is close to the respective acceptor transition line.
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Fig. 2. (a) Transmission spectra of metamaterial-covered doped Si with a boron density
of 2x10'7 cm™3 at 20 K. Different colors represent metamaterials of different resonance
frequencies. The legend specifies the resonance frequency of the metamaterials
measured at 100 K. The vertical dashed lines indicate transition frequencies of the
bare dopants. (b) Frequency positions of the transmission minima as a function of the
metamaterial’s resonance frequency. An avoided-crossing behavior is observed around
center frequencies of 7.40 THz and 8.29 THz (marked by dashed horizontal lines),
slightly higher than the respective transition frequencies of 7.33 THz and 8.28 THz of
the bare impurities.

Figure 2b displays the transmission minima extracted from the spectra as a function of the
resonance frequency of the metamaterial. The data points group in three features (branches)
which are characteristic for Rabi-split hybrid transitions, as one expects them to arise from the
electromagnetic coupling of the metamaterial resonators and the dopants [13]. The three branches
are plotted in different coloring: a lower branch (LB, black), a middle branch (MB, red) and an
upper branch (UB, blue). They exhibit anti-crossing signatures around frequencies of 7.40 THz
and 8.29 THz (marked by horizontal dashed lines in Fig. 2b), slightly higher than the frequencies
of the bare impurity transitions. The minimal frequency splitting (Rabi splitting) is 0.3 THz at
the lower transition line, and 0.4 THz, respectively, at the higher one. The smaller value of the
Rabi splitting at the lower transition line is attributed to a smaller transition dipole moment.

The coupling strength g of light-matter interaction is given by half the Rabi splitting of the
ensuing polariton branches. For the second transition, the value of g is hence 0.2 THz. This
value is to be compared with the linewidth y of the bare impurity transition (y = 0.19 THz).
If one assume the linewidth to be of homogeneous nature, it represents the population decay
rate of the upper state of the impurity transition. The linewidth of the metamaterial resonance,
on the other hand, represents the decay rate of the resonator mode. Fig. 1b yields x = 1.4 THz.
With these values, one finds that the condition 2g < (y + «)/2 is fulfilled, which implies that
the coupled system is not in the strong-interaction regime. Using the classification scheme of
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Ref. [14], the relationships g ~ y and g < « categorize the coupled system to be at the boundary
between the weak-coupling regime and the electromagnetically induced transparency regime.
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Fig. 3. (a) Temperature dependence of the transmission spectra of Si doped at a boron
density of 2 x 107 cm™3 and covered by a metamaterial with a room-temperature SRR
resonance at 8.56 THz. Different colors represent different temperatures, as specified
in the legend. (b) 20-K transmission spectra of metamaterial-covered doped Si with
a boron density of 4 x 101¢ cm™3, for two SRR resonances with 100-K resonance
positions as indicated in the legend.

The vertical dashed respectively dotted lines indicate the 8.28-THz transition frequency
of the bare dopants.

Figure 3a shows the transmission spectra of metamaterial-covered doped Si with a boron
density of 2 x 10'7 cm™3 at different temperatures from 80 down to 10 K. At a temperature of
80 K, the spectra exhibit only the resonance of the metamaterial with a transmission minimum at
around 8.56 THz. As the temperature decreases, the absorption features of the boron dopants
emerge: The transition lines at 7.33 THz and 9.5 THz, and a double-dip feature around the
8.28-THz transition, indicating Rabi splitting of that transition. As the resonance frequency of
the metamaterial shifts to lower frequency when the temperature is decreased further and further,
first the high-frequency dip is more pronounced, then it is the low-frequency one. At 20 K, they
are almost equally strong, indicating that the resonance frequency of the metamaterial should
be close to 8.28 THz at this temperature. The Rabi splitting amounts to 0.4 THz, as discussed
previously.

Figure 3b displays two transmission spectra measured with samples with a dopant density
of 4 x 10'® cm™3 at 20 K. Two different metamaterials are deposited onto the specimens,
with resonance frequencies at 8.08 and 8.56 THz (frequencies determined at 100 K). For the
metamaterial with a 100-K resonance at 8.08 THz, the resonance frequency of the cavity is detuned
from the transition lines, while the resonance curve of the other metamaterial superimposes with
the transition line at 8.28 THz. The transmission spectrum measured with that specimen exhibits
a Rabi splitting of 0.23 THz at 20 K. Comparing this value with that of the corresponding sample
with the higher doping density, one finds that the ratio of the Rabi splittings (0.4/0.22=1.8) is
similar to the square root of the doping densities (/2 x 1017 /4 x 1016 = 2.2). This is reasonably
consistent with the prediction of cavity quantum electrodynamics that the coupling strength
should be proportional to the square root of the number of particles involved in the coupling [12].
The difference between these two ratios may be attributed to the uncertainty of the doping density
resulting from variations of the ion beam fluences of the multi-energy ion implantation process.

In conclusion, we have achieved coherent interaction between electronic transitions of boron
acceptors in Si and metamaterial resonators. A Rabi splitting as large as 0.4 THz is observed.
However, due to the low Q-factor of the split-ring resonators of the metamaterial, the coupling
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strength is still much less than the dissipation rate of the metamaterial. In order to achieve
stronger coupling, a metamaterial with a higher Q-factor, such as toroidal metamaterial [15] or a
Fano-type metamaterial [16], should be adopted in the future. Another potential approach is
to employ a two-dimensional photonic crystal cavity which possesses a very high Q-factor (of
about 1000 [17]), such that it may even be possible to operate in the strong coupling regime while
keeping the dopant density low.
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