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Realization of a tunable fiber-based double cavity system
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Tunable cavities have proven to be highly attractive systems in cavity quantum electrodynamics thanks to their
performance and flexibility. The possibility to form a cavity around any emitter while simultaneously spectrally
matching the chosen transitions makes these cavities an important tool in photonic quantum technology. In this
paper, we report on the experimental realization and theoretical description of a fiber-based resonator with two
spatially and spectrally distinct cavity modes. The careful design of the structures was performed via finite-
element simulations. Thanks to the intrinsic tunability of the system, one mode can be brought in resonance
with the second one, forming a supermode resulting in a hybridized two-mode pattern in the emission spectrum.
For its realization, we combine a monolithic bottom cavity, formed by two distributed Bragg reflectors, with a
top movable fiber mirror forming an externally tunable cavity mode. When tuning the top cavity in resonance
with the monolithic bottom one, the cavity modes exhibit a pronounced anticrossing behavior typical for mode
hybridization. Differently from a standard open cavity, when embedding single emitters—in this case, InGaAs
quantum dots—in the structure, the Purcell factor is not uniform for each wavelength. Furthermore, we find a
strong influence of the simulated Purcell factor, as well as of the measured light extraction, depending on the
placement of the emitter in the top or in the bottom cavity. The discussed two-mode cavity could be employed for
simultaneously Purcell-enhancing multiple transitions of an emitter while preserving the single-photon nature of

the emitters inside the device.
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I. INTRODUCTION

Optical microcavities [1] have proven their usefulness in
quantum optics and cavity quantum electrodynamics, both by
enhancing the performance of single emitters via the Purcell
effect [2] or by entering the strong-coupling regime [3]. Var-
ious geometries are investigated and utilized, among which
micropillar structures [4-8], photonic crystal cavities [9],
and microspheres [10] are the most prominent ones. Thanks
to highly developed semiconductor fabrication capabilities,
these optical resonators reached top performances with high
fabrication yield. Their monolithic nature provides stability
but requires a careful design when employed with single emit-
ters in order to ensure spatial and spectral matching between
the cavity resonances and the emitter. This can be ensured
utilizing deterministic fabrication techniques [11-14]. Still,
the overall number of devices is orders of magnitude lower
with respect to the available emitters in the utilized chip.

While in these monolithic cavities the modes are fixed by
the geometrical design, the advantage of open cavities lies
in their intrinsic tunability, which allows adapting the cavity
dimensions to the embedded emitter. Open cavities have been
employed together with various emitters including nitrogen
vacancy centers [15,16], quantum wells [17], and quantum
dots (QDs). In the latter case the predominant approach is
utilizing an open cavity via a silica template [18,19], coupling
the emission afterwards into an optical fiber. In this way,
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even the strong-coupling regime could be exploited [20]. A
different approach, like the one employed in this paper, is
based on the fabrication of an external mirror directly on
a fiber end facet, thus forming a fiber-based open cavity
[21] with embedded QDs as emitters [22—24]. These types
of tunable cavities have been shown to be a valid approach
to explore cavity quantum electrodynamics (cQED) reach-
ing performances comparable to those of their monolithic
counterparts.

Typically, the fundamental mode of the cavity is exploited
in the experiments while the higher-order modes are so far
away in frequency that they do not interact with the two-level
system. This means that when more transitions from the same
emitter need to be manipulated via cQED, it is not simply
possible to design a cavity that employs the fundamental and
the first-order modes, since their splitting is typically much
larger than the wavelength mismatch between different emit-
ter transitions, typically 2-3 nm for an exciton and biexciton
ina QD. A few approaches utilized coupled cavities to create a
doublet of hybridized modes (for example, coupled micropil-
lars [25], microdisks [26,27], and photonic crystals [28]): The
two modes of the respective cavities when brought together
lead to the formation of coupled modes. This approach re-
quires a fabrication processing that is even more complex than
for a single-mode cavity, in order to ensure the simultaneous
frequency matching of both modes with multiple transitions
of an emitter.
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FIG. 1. Schematic picture of the investigated double cavity struc-
tures. The device is based on two coupled cavities: one monolithic
part—the bottom cavity—formed by two distributed Bragg reflectors
(bottom and middle DBRs) with a GaAs cap spacer, and an open
cavity—the top cavity—utilizing the middle DBR of the monolithic
sample as well as a high-reflection coated end facet of an optical
fiber as the top mirror. In the proper configuration a supermode
can manifest between both cavities leading to hybridization of the
two cavity modes. Two cases are here investigated, namely, when
the quantum dot emitters are placed in the bottom [emitter position
(pos) 2] or in the top (emitter position 1) cavity, respectively. In both
configurations, the emitters, in this case quantum dots, are optimally
placed in the electric-field maximum of the respective cavity.

An alternative strategy relies on the use of a stacked
Fabry-Perot double cavity [29-32] as has been demonstrated
utilizing quantum wells as the active medium [33]. In this
paper, we push this approach even further by replacing the
top cavity with an external tunable fiber mirror and employing
QDs as single-photon emitters. We will show the possibility to
actively tune the modes into resonance, showing the expected
hybridization and furthermore combining the aforementioned
advantage of having a tunable open-cavity structure to gain
more insight into the mode behavior.

II. DEVICE STRUCTURE

The double cavity structure consists of a monolithic part,
i.e., the sample, as well as an open tunable part, namely, the
end facet of an optical fiber coated to be highly reflective.
The sample is grown via metal-organic vapor phase epitaxy.
In detail (see Fig. 1), on top of a GaAs wafer, the bottom
distributed Bragg reflector (DBR), consisting of alternating
layer pairs of AlAs/GaAs, is deposited. The bottom cavity is
formed by adding a GaAs spacer and a second DBR struc-
ture. The second DBR will constitute the middle mirror in
the two-cavity experiments. The dimension of this cavity is
designed to be resonant with the wavelength of a possible
emitter in its active region in the absence of the top cavity.
The sample is finished by a capping layer of GaAs. The in-
vestigated geometries include In(Ga)As QDs at two different
positions: either in the bottom cavity (i.e., emitter position 2
in Fig. 1, placed between the bottom and middle DBRs) or in
the top cavity (i.e., emitter position 1, the cavity formed by the
middle DBR and the external fiber-based mirror). The emitters
are placed in such a way that the electric-field maximum of

the respective cavity coincides with the emitter position to
ensure a good emitter-cavity coupling. The top mirror of the
double cavity consists of a coated end facet of a standard
near-infrared (NIR) fiber. Focused-ion-beam milling [34] is
used to create a curved surface where alternating layers of
Ta;05/Si0, are then deposited. For an easier angular align-
ment, the fiber is prestructured with a parabolic imprint which
can be approximated by a sphere as shown in Fig. 1. The
position of the top fiber with respect to the sample can be
precisely controlled, allowing formation of a cavity around
each emitter on the sample, while further adjusting the cavity
distance to ensure spectral resonance between the cavity mode
and the emitter’s transitions. High positioning accuracy and
mechanical stability are achieved by placing the sample on
Xy, z piezoelectric positioners (attocube systems AG) with a
subnanometric resolution as described in detail in a previous
work [24]. In order to ensure emission towards the fiber and
to have good coupling conditions between the resonators, the
reflectivities of the mirrors are selected as

DBR pigdle K DBRtop < DBRuottom- (D

III. SIMULATIONS

For our simulations, we use a finite-element solver [35]
to model the double cavity and determine the modes inside
the system. The double cavity is simulated with a diameter
D =9 pm, a curved fiber mirror with ten double layers of
Tay05/Si0, and an imprint depth of v = 0.7 um, a radius
of curvature R = 14.5 um, a vacuum or He exchange gas
layer of thickness between 6 and 8 um as the top cavity, a
261-nm-thick GaAs capping layer on top of the middle
DBR, nine layers of GaAs/AlAs for the middle DBR, a
242-nm-thick GaAs layer for the bottom cavity, and
32 GaAs/AlAs pairs for the bottom mirror (see Fig. 1).
We use refractive indices of ngaas = 3.498 [36] and najas =
2.935 [36] (both adapted to 4 K), nr,,0, = 2.086 [37], and
nsio, = 1.452 [38] for the different materials. By exploiting
the rotational symmetry of the system and using cylindrical
coordinates (r, ¢, z), the calculation domain can be reduced
to the r-z plane. The cavity is embedded in a shell of perfectly
matched layers to account for the openness of the system,
i.e., the coupling to the environment. We obtain the modes
by performing an eigenmode analysis of the cavity system.
Afterwards, we can calculate the quality factor of the modes
through their complex resonance frequency v,

__ Re)
0= 2Im(v)’

To determine how much signal couples into the fiber (i),
we calculate the overlap between the electric fields in the
cavity and the eigenmode of the optical fiber. The result is
normalized to the intensity exiting the cavity to the top.

The Purcell enhancement F), can be calculated by

3c3Re(Q)
F,=— 3
P 423 v3Re(V) 3)
with ¢ being the speed of light, n being the refractive in-
dex of the reference material (for the simulations we took
vacuum), and V' being the mode volume of the resonant mode,
which depends on the position and orientation of the quantum

@
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FIG. 2. Calculated quality factors of the double cavity structure
for various different cavity lengths of the upper cavity. In the anti-
crossing region the Q factor is highly sensitive to the wavelength.
Maximum Q factors of 100 000 can be achieved. Each depicted data
point corresponds to a mode-field simulation. Exemplary mode pro-
files: For (a) and (b), light is mainly confined in the upper cavity; in
(c) and (d), light is confined in the upper and lower cavities forming
a supermode; and (d) and (e) depict higher-order transverse modes.
Quality factors corresponding to (a)—(e) can be found in Table I.

emitter. The mode volume V was calculated following Sauvan
et al. [39] as an integral of the fields over the whole structure
including perfectly matched layers,

14 JED _,, 4
 eon?[E(ro)e, > @
We assume nondispersive materials. The quantum emitter is
placed at position ry and oriented in the radial direction with
unit vector e,. Calculated Q factors for different cavity lengths
and wavelengths are displayed in Fig. 2. The Q factors for the
modes shown in Figs. 2(a)-2(e) as well as the correspond-
ing incoupling efficiencies and Purcell factors are listed in
Table 1. With the help of field plots [Figs. 2(a)-2(e)], we
can discern longitudinal modes [Figs. 2(a) and 2(b)] as well
as higher-order transverse modes, i.e., Laguerre-Gauss modes
with radial index p = 1 as shown in Fig. 2(d) and p =2 as
shown in Fig. 2(e). Modes with azimuthal index / # 0 are not
considered since they do not couple to the emitter. Coupling
and anticrossing occur only between modes with the same
symmetries, not between the longitudinal and higher-order
transverse modes. While also for transverse modes an anti-
crossing behavior can be observed, the main interest is put
on the longitudinal modes due to their possible applications.
The modes mainly manifest in the upper cavity, while in
the anticrossing region, where both cavities are in resonance
[Fig. 2(c)], a supermode between both cavities is formed.
The mode splitting strongly depends on the coupling
strength. If the splitting is too high, the modal separation is
large, too. Therefore the mirrors must be designed to yield a

TABLE I. Quality factor Q, calculated incoupling efficiency Ty,
and Purcell factor F in the top and bottom cavities for selected
positions in Figs. 2 and 3. In addition to longitudinal (long.) modes,
transverse modes are listed. Here, p corresponds to the radial index
of the Laguerre-Gauss mode. The positions with asterisks correspond
to Q factors found via the experimental results. The errors stem from
the low brightness and therefore a bad signal-to-noise ratio.

Simulation results

Position  Mode type [0} Tin Fiottom Fiop

a long. 21000 0.272  0.465 5.231

b long. 44047 0.258 5779  66.457

c long. 91564 0.202  94.000 5.686

d p=1 22651 0.083  14.898 0.088

e p=2 4072 0.014  0.165 0.629
Experimental results

Position  Mode type 0

a* long. 4324 + 31

c* long. 9771 £ 1928

f* long. 6252 + 84

g* long. 7506 + 188

coupling strength that is at a critically low level, which is yet
high enough to be above the weak-coupling regime between
the top and bottom cavities. The modal splitting then can be
designed by fine-tuning this coupling strength.

IV. EXPERIMENTAL RESULTS

Following the simulation results of the previous paragraph,
two double cavity systems with the aforementioned parame-
ters were fabricated. Simulation and experimental results are
shown in Fig. 3. In one case [Figs. 3(a) and 3(b)] the emitters
feeding the cavity are placed in the top cavity, while in the
second case [Figs. 3(c) and 3(d)], the emitters are placed in the
bottom cavity. Comparing the simulation results [Figs. 3(a)
and 3(c)] for these two cases, it is evident that the mode
propagation (x and y coordinates of the data points in the
plot) is identical for both cases since the cavity geometry
and dimensions are the same. Exemplary quality factors and
expected Purcell enhancement as well as incoupling efficien-
cies for selected points are displayed in Table I. Interestingly,
the calculated intensity (color-coded z component)—given
by the Purcell enhancement times the coupling efficiency to
the fiber—is fundamentally different. Whereas in the case
where the QDs are located in the upper cavity, the Pur-
cell enhancement in the anticrossing regime is suppressed,
conversely, we find significant Purcell enhancement in the
anticrossing region when the emitters are placed in the bot-
tom cavity. This can be further supported by measurements
exploiting both discussed configurations [Figs. 3(b) and 3(d)],
where a decrease and an increase of intensity, respectively,
can be observed in the two cases. Here, the QD ensemble
is used as an internal light source [40]. We recorded spectra
for various cavity lengths with nanometric resolution. Each
horizontal line represents a spectrum, whereas the intensity is
color coded in a logarithmic scale. The anticrossing regime
around 905 nm is well pronounced. The difference in spectral
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FIG. 3. Simulations [(a) and (c)] and experimental data [(b) and (d)] for a double cavity with 32 bottom, 9 middle, and 11 top DBR pairs.
The cavity length of both the bottom and the GaAs part of the top cavity is set to the wavelength A: For In(Ga)As quantum dots emitting around
900 nm, this results in a thickness of 2260 nm. (a) and (b) show simulations for the expected intensity (product of calculated Purcell factor
multiplied by the incoupling efficiency to the fiber) and corresponding experimental photoluminescence data for emitters implemented in the
top cavity. (c) and (d) display simulation and experimental data, respectively, for emitters placed in the bottom cavity. For the measurement
data [(b) and (d)], several spectra were acquired while increasing the length of the upper cavity (Up. Cav.) with nanometric resolution. Each
horizontal line of the contour plot corresponds to a spectrum for a given cavity length. The respective intensities are color coded in a logarithmic
scale for better visibility. Longitudinal and transversal modes can be clearly distinguished by their brightness and resemble the simulation data.
Furthermore, the anticrossing regime is well pronounced. The black dashed lines are a guide to the eye for different cavity modes, g being the
longitudinal mode number, in order to determine the effective cavity length. The black arrow in (b) indicates the separation of longitudinal
modes for a single cavity (~50 nm for the given cavity length). In contrast, the simulated (c) and experimentally achieved (d) mode separation
is around 10 nm for the given geometry. The white dashed line in (d) indicates the position of the spectrum in subplot (e). Here, an exemplary
spectrum is shown, indicating once again the mode separation as well as the Q factors of the longitudinal modes forming the supermode.

Quality factors for the selected positions (a*, ¢*, f*, and g*) can be found in Table I.

position of simulation and experiment can be explained by a
different thickness of the bottom cavity of a few nanometers
between design and growth. Both longitudinal and transverse
modes are clearly visible. Since in the experiment we cannot
measure the mode-field profiles, it is not possible to dis-
tinguish longitudinal and transverse modes directly. Instead,
we identify longitudinal modes by their higher brightness
due to a better matching of their Gaussian beam profile to
the collecting fiber and therefore a better light incoupling.
Since the simulation of the mode profiles shows that in
areas far detuned from the anticrossing, the modes mani-
fest mainly in the upper cavity, we make the assumption
that fitting the standard formula for determining cavity dis-
tances Lest = gA/2 is valid and derive the according cavity
lengths in this way, attributing matching mode numbers to the
longitudinal modes.

Focusing on the behavior of the longitudinal modes, we
can demonstrate the creation of a coupled cavity system that
has two modes with a spectral separation of a few nanome-

ters [arrows in Figs. 3(c) and 3(d) as well as a cut-through
shown in Fig. 3(e) displaying a single spectrum with a mode
separation of 10 nm]. In a standard cavity with a similar
geometry, the mode separation is ~50 nm as depicted by the
black arrow in Fig. 3(b). The mode separation of a double
cavity structure strongly depends on the coupling strength
of the resonators. A narrower separation can be achieved by
increasing the number of mirror pairs of the middle DBR and
therefore its reflectivity. This can be seen in Fig. 4, where
the number of mirror pairs for the middle DBR is increased
from 9 to 12 pairs and the mode separation is decreased to
5.5 nm. Careful design of the cavity geometry, especially
its reflectivities, could allow achieving mode separations of
around 3 nm, thus opening the path for various interesting
experiments such as cavity-enhanced generation of entangled
photons or twin photons where the modes can be matched
to the biexciton or exciton transitions of an emitter. Further-
more, the separated modes can enhance both transitions with a
high-quality factor.
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FIG. 4. Measurement data of an open cavity with 30 pairs of bottom DBRs, 12 pairs of middle DBRs, and 11 pairs of top DBRs. The
bottom cavity is fabricated with a GaAs layer corresponding to 2.4A, while the top GaAs layer is chosen to be 11 for an emitter of 2 = 900 nm
in vacuum. The cavity is formed around a preselected InGaAs quantum dot placed in the top cavity. (a) Vertical scan of the fiber similar to the
ones in Fig. 3. The bright vertical lines correspond to transitions of the embedded emitter. (b) For comparison, an artificial spectrum constructed
out of the sum of the individual spectra in (a) is shown as a red line, and a reference spectrum of the quantum dot before placing it inside the
cavity is shown in black. While the spectral features of the emitter transitions are still observable, the intensity distribution is modified due to
a different light enhancement in the cavity structure. The brightness variation is consistent with the simulations in Fig. 3(a), where the Purcell
enhancement is expected to be low in the anticrossing region and high outside. A small offset in wavelength arising from the usage of two
different gratings has been accounted for. (c) Hanbury Brown and Twiss measurement performed for the quantum dot transition at 905.5 nm,

revealing a second-order correlation value of g (0) = 0.11 £ 0.02.

In order to observe two consecutive modes with a similar
spectral separation in a standard cavity, it would be necessary
to increase the distance between the mirrors significantly,
therefore increasing the mode volume. This results in a con-
siderable decrease in the achievable Purcell enhancement. To
reach a mode separation similar to that depicted by the arrow
in Fig. 3(d), the cavity length of a single cavity would be
around 40 pm.

While the measurements up to this point have been con-
ducted having off-resonant cavity feeding by the wetting layer
and also by multiple QDs, in the following, one single QD is
selected, and the cavity is formed around this QD. For this
purpose, a state-of-the-art deterministic lithography machine
[13] has been employed to preselect QDs emitting in the
wavelength range of the measured anticrossing. Performing
a similar scan of the cavity length as in Fig. 3, we collected
the data shown in Fig. 4(a). The main difference from pre-
viously shown data can be found in the bright vertical lines,
which correspond to transitions of the individual emitter. As
demonstrated in our previous work [24], realizing markers via
deterministic lithography and gold deposition enables us to
find again the selected emitter even though the only source of
information is the signal from the fiber itself. This becomes
evident when comparing the spectrum of the emitter outside
the cavity with the sum of the spectra in Fig. 4(a). This
comparison is shown in Fig. 4(b): A clear correspondence in
the observed resonances of the emitter between both measure-
ment conditions can be seen. The intensity mismatch between
the spectrum outside and the cumulative spectrum inside the
cavity is due to the expected suppression of the signal in
the anticrossing regime, when the QD is located in the top
cavity (position 1 in Fig. 1). This behavior is also theoretically
expected [see Fig. 3(a)].

To further prove the validity of the realized single-
emitter-based cavity in quantum optical implementations, we
performed a Hanbury Brown and Twiss measurement on
one excitonic transition (905.5 nm). A value of the second-
order correlation function of g2(0) = 0.11 & 0.02 shows a low
probability of creating multiphoton events.

V. CONCLUSION

In this study we designed, simulated, and implemented a
tunable fiber-based open cavity showing two spectrally close
resonances arising from two-mode hybridization. The spec-
tral separation of the modes is of the order of only a few
nanometers. This effect, which in monolithic cavities requires
a precise control of the fabrication conditions, here is achieved
by actively tuning the two modes into resonance. This is
enabled by the combination of a double DBR monolithic
structure with a high-reflectivity external fiber mirror. Inter-
estingly, positioning the emitters in the bottom or top cavity
modifies the expected Purcell enhancement, which experi-
mentally manifests in a modification of the observed intensity
for the two different configurations. Finally, thanks to the high
level of control of the experimental conditions, a deterministi-
cally preselected QD is placed into the tunable cavity, showing
the possibility of employing this novel double mode structure
in quantum implementations.
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