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Abstract: A bridge-type photonic crystal (PhC) nanocavity based on Er,0-codoped GaAs is
employed to realize enhancement of Er luminescence. By adjusting the structural design and
measurement temperature, the cavity mode’s wavelength can be coupled to Er luminescence. The
peak emission intensity from an Er-20 defect center was enhanced 7.3 times at 40 nW pump power
and 77 K. The experimental Q-factor is estimated to be over 1.2 x 10*, and the luminescence
intensity shows superlinearity with excitation power, suggesting Er luminescence amplification.
This result would pave the way towards the realization of highly efficient single-photon emitters
based on rare-earth elements.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Rare-earth ions (REIs), particularly trivalent erbium (Er**), have attracted much interest in
quantum information science, serving as ensemble-based memories and single-photon emitters
(SPEs) [1,2]. Atomic-like defects, well-defined optically addressable spins, long coherence
times, narrow emission lines, and weak coupling to phonons, make them ideal for quantum
computing, cryptography, memory, and communication applications [3—10]. The emerging
field of nanophotonics and advancements in nanofabrication techniques have further highlighted
the potential of REIs in creating efficient optical devices for quantum information applications,
including quantum key distribution and optical quantum computation [11-13]. Above all, SPEs
based on REIs doped semiconductors have recently attracted more and more attention due to their
narrow, highly coherent transitions [14—17]. However, there is a need for material systems that
can function as spin-photon interfaces at room temperature and can be electrically and optically
excited [18]. This is because most of the host systems which have been demonstrated for REIs
have been complex oxides and other insulators, and hence there would be a huge advantage
if SPEs could be realized on compound semiconductors in terms of their compatibility with
existing, well-established compound semiconductor-based quantum information devices.

Er’* ions co-doped with oxygen in GaAs form specific luminescent centers, referred to as
Er-20 centers, which exhibit sharp luminescence peaks with ultra-high wavelength stability
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against temperature at ~1.54 um due to intra-4f-shell transitions (*I}3 /2= ;s /2) in the telecom-
munication band [6,7,19-25]. In general, REIs are characterized by partially filled 4f shells,
which are localized inside completely filled 55 and 5p shells. This screening of electrons in the 4f
shells results in luminescence with an ultra-high temperature-insensitivity, which has never been
attained by the conventional SPEs based on quantum dot systems characterized by their light
emission via band-to-band transition process [6,7,19,26]. Our group has so far established the
growth of Er, O-co-doped GaAs (GaAs:Er,O) emitting at the telecommunication wavelength
of 1.54 um and demonstrated light-emitting-diodes based on GaAs:Er,O operating at room
temperature which would be applicable for electrically injected SPEs [24,27,28]. Recently, our
group has been pursuing to couple such Er luminescence with nanocavities including photonic
crystals (PhCs) or microdisks (MDs). This is because optical nanocavities with a high quality
(Q)-factor and small modal volume can overcome the long lifetime of Er’* luminescence by
controlling the emission rate via the Purcell effect [6,12,29-34]. Our group has already realized
GaAs:Er,O microdisk resonators and L3-type 2-D PhC nanocavities, which exhibited Q-factors
of >9,000 and >5,000, respectively [35,36]. In addition, we have also obtained enhanced Eu
luminescence in Eu-doped GaN using PhCs or MDs structures, which would demonstrate the
feasibility of using high Q-factor structures to enhance the luminescence of REIs with the highest
Q-factor over 10* [37-40]. However, further increase of the Q-factor is required to further
enhance the luminescence rate of Er, and to eventually achieve the high-efficiency and stable
SPEs based on GaAs:Er.O.

In this contribution, we employ a bridge-type 1-D PhC cavity to simplify the structure, further
increase the Q-factor, reduce the mode volume, and enhance Er-related luminescence [41,42].
Numerical simulations of the PhC nanobeam cavities are carried out using the finite-difference
time-domain (FDTD) method to investigate the fundamental mode and higher-order modes from
the cavity emission. In addition, bridge-type PhC cavities with GaAs:Er,O as active components
are prepared, and optically characterized at both room and low temperature. The wavelength
of the cavity mode is coupled to the Er luminescence by adjusting the structural design and
measurement temperature. With a Q-factor of more than 12,000, a 7.3-fold enhancement of Er
luminescence is realized.

2. Experimental details

In this work, bridge-type PhC nanocavities based on GaAs:Er,O were fabricated. To tune the cavity
mode to couple to Er luminescence, a strategy of scanning every 1 nm for the crystal constant
(a) when fabricating the pattern was used. Since there is an air-gap underneath the bridge-type
PhCs, a sacrificial layer was used under the active layer. First, epitaxial layers of GaAs:Er,O were
grown on GaAs(~20 nm)/AlGaAs(~1um)/(001) semi-insulating GaAs substrates by low-pressure
organometallic vapor phase epitaxy at 76 Torr with triethylgallium and tertiarybutylarsine as
group III and V sources and tris(isopropylcyclopentadienyl)erbium Er(i-PrCp); for Er doping,
as shown in our previous publication [36]. A schematic of the sample structure is illustrated in
Fig. 1(a). The thickness of GaAs:Er,O was adjusted to ~250 nm to suppress the generation of
multi-modes in the vertical direction. This was achieved by wet etching using 1 mol/L citric
acid and 3% concentration of hydrogen peroxide water in a 50:3 mixture to precisely control
the thickness of the active layer. Afterward, a periodic lattice consisting of circular holes was
formed using electron beam lithography. A mask of the nanocavity design was transferred to the
GaAs:Er,0O active layer by employing an inductively coupled plasma using 18 sccm of Cl, and
12 sccm of BClj as reaction gases and 3 sccm of CHy as protective gas. Chlorine was the main
etching agent. BCl3 can remove aluminum oxide and thus achieve deeper and faster etching of
AlGaAs. CHy can passivate sidewalls by forming a polymer with the etching products [43—45].
Finally, the AlGaAs sacrificial layers were selectively removed by wet etching using hydrofluoric
acid, resulting in hollow bridge-type PhC nanocavities.
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Fig. 1. (a) Schematic diagram of the GaAs:Er,0 sample structure. (b) Schematic diagram
of a bridge-type PhC. The excitation laser is focused on the center of the bridge-type PhC,
and the generated photoluminescence is emitted from the structure. (c) Schematic diagram
of the micro-photoluminescence (u-PL) measurement setup.

In the nanocavity design, the radius of the central hole () was set to 0.3 times a, i.e., ro=
0.3a. Then, starting from the central hole and moving outward, the hole diameters were gradually
reduced, with the radius of the i/ hole (r;) being set to r; = ro(1-(i/30)*>) nm. A schematic diagram
of the bridge-type PhC is shown in Fig. 1(b). Structural characterization of the prepared samples
was carried out using scanning electron microscopy (SEM). The luminescence properties of
the samples were characterized by micro-photoluminescence (u-PL) measurements. In the
p-PL measurements, a continuous-wave He-Ne laser (633 nm) was focused on the center of the
bridge-type PhC structures to excite the Er-20 luminescence center. The resulting emission
was collected by an objective lens with a numerical aperture of 0.42 located above the sample,
dispersed with a 0.75 m monochromator, and finally detected using a liquid-nitrogen-cooled
InGaAs photodiode array. The sample was mounted on a cryostat, which is equipped with a heater
and a tube around the stage to circulate liquid nitrogen, which allows for measurements to be
carried out above room temperature and down to ~77 K. For the low-temperature measurements,
a vacuum must be created between the pipes and the stage using a rotary pump, which insulates
the pipes and prevents the formation of frost. Figure 1(c) shows the schematic diagram of the
p-PL measurement setup.
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3. Results and discussion

In order to explore and optimize the parameters of our bridge-type PhC nanocavities, finite-
difference time-domain (FDTD) simulations utilizing commercially available Ansys Lumerical
FDTD software were performed. In these simulations, the nanobeam width (Wy) was set to
1.325a. Considering the primary emission wavelength from the Er-20 luminescence center
(1538 nm) and the refractive index of GaAs (3.3), the thickness (t) of the bridge-type PhC
was set to 278 nm. An electric dipole was placed at the center of the bridge structure as the
excitation source in the FDTD simulations since this is where the excitation laser is focused in the
experiments. Figure 2(a) shows the simulated spectrum from bridge-type PhC cavity structure
with the optimized parameters determined above. In the spectrum, the fundamental mode can be
observed along with four additional higher-order modes. The cavity modes can be confirmed by
the electric field intensity distribution of the respective modes, as shown in Figs. 2(b) and (c).
The simulated mode volume is ~0.8 (A/n)? for the fundamental mode.
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Fig. 2. (a) The simulated spectrum for a bridge-type PhC cavity with 37 holes and a lattice
constant of @ =374 nm. (b,c,d,e) Calculated distributions of the electric field intensity for (b)
fundamental mode,(c) second-order mode, (d) third-order mode and (e) forth-order mode.

Based on the simulation which is stated above, several bridge-type PhC cavities with different
a are fabricated, in order to couple the cavity mode to the Er luminescence. SEM images of the
typical bridge-type PhC cavity are shown in Figs. 3(a) and (b). In Fig. 3(a), a shadow can be
observed under the structure, which confirms the air-gap underneath the structure. The circular
holes exhibit good roundness, and it is confirmed that the radii of the holes smoothly decrease
from the center hole outward. The lattice constant of the structure in Fig. 3(a) is designed to be
370 nm. Furthermore, the radius of the central hole is 114 nm, which corresponds to the design
value of 111 nm with an error of 3 nm. These fabrications errors will result in deviations between
the experimental resonant wavelengths and Q-factors and the design values; however, no major
structural defects that would inhibit the overall functionality of the cavity were observed.

p-PL measurements were performed on the sample with a designed lattice constant of
a=374nm at room temperature. The excitation power was 100 uW, and the integration time
was 60 s. In Fig. 4(a), two cavity peaks can be observed in the spectrum of the bridge-type PhC
within the range of 1520 nm to 1560 nm. Despite the cavity modes not being in resonance with
the Er emission, all Er-related emission peaks from the bridge-type PhC sample are enhanced at
room temperature as compared to the bulk sample. The increase in all emission peaks at room
temperature is a result of the increase in surface area caused by the structure, and thus an increase
in the light extraction efficiency. To calculate the resonator Q-factor at room temperature, the
spectra were fitted using a Lorentz function. The full width at half maximum (FWHM) of the
resonance peak at 1539.6 nm was determined to be 0.13 nm. From this value, the resonator
Q-factor of 1.2 x 10* was obtained. However, since the wavelength resolution of the p-PL setup
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Fig. 3. (a), (b) SEM images of the fabricated bridge-type PhC. (a) SEM image of the overall
bridge-type PhC. (b) Local details of the bridge-type PhC. The structure was fabricated with
air-gap formed underneath and fabrication errors were effectively controlled.

used in this research is ~0.12 nm, and the FWHM described above is close to this resolution, the
actual FWHM may be smaller than 0.12 nm. Thus, the Q-factor of this structure is considered to
be more than 1.2 x 10*. In addition, it is noted that the relative intensity difference between the
first- and second-order modes in the experimental results is different from that in the simulation,
which is likely due to the fabrication error [46].

a =374 nm Bulk

He-Ne laser Bridge-type PhC
Power : 100 pW

Room Temperature|

AN~ 0.13 nm
€

PL Intensity (a. u.)

1530 1540 1550 1560
Wavelength (nm)

Fig. 4. The p-PL spectra at room temperature, lattice constant of 374 nm (designed value),
and excitation power of 100 uW for bulk (black) and cavity mode (red). All luminescence
peaks were enhanced and a Q-factor of more than 1.2 x 10* was obtained at 1539.6 nm.

In order to couple the cavity mode to Er luminescence, we tune the wavelength corresponding
to the cavity mode by fabricating different PhCs with different lattice constant a in the same
fabrication run and adjusting the temperature for measurements. The emission spectra of the
bridge-type PhC nanocavity sample and a bulk sample are shown in Fig. 5(a). The u-PL spectrum
of the bulk material shows the typical emission from the Er-20 center at 1538 nm, while that of
the PhC nanocavity shows two sharp, intense peaks originating from the fundamental mode and
a higher-order mode of the bridge-type PhC cavity. The designed value for lattice constant of
the cavity decreased from 374 nm to 371 nm at 77 K, which blue-shifted the fundamental mode
of the bridge-type PhC cavity to be in resonance with the primary emission peak of the Er-20
center. The emission intensity of this peak is enhanced 7.3-fold at a pump power of 40 nW. The
linewidth of the fundamental cavity mode is also about 0.13 nm by being fitted using Lorentz
function. Therefore, the experimental Q-factor is also estimated to be larger than 1.2 x 10%.
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Fig. 5. (a) The p-PL spectra at 77 K, the lattice constant of 371 nm, and excitation power
of 40 nW for bulk (black) and cavity mode (red). The Er luminescence at 1538 nm was
enhanced by a factor of 7.3 with a Q-factor of more than 1.2 x 10*. (b) The PL intensity of
emission from cavity mode (red) and bulk (black) at different excitation powers with lattice
constant of 371.25 nm and temperature of 77 K. The superlinearity of the Er luminescence
on the excitation power resulting from bridge-type PhC was observed.

Since the linewidth of the emission was already determined to be within the resolution of
our detection system, we would like to analyze the reason for the enhancement. We measured
the excitation intensity dependence of the bridge-type PhC nanocavity emission to confirm if a
nonlinear increase was observed. Peak intensities were determined from the PL spectra of bulk
and nanocavity samples at various excitation densities. Figure 5(b) shows a logarithmic plot
of the peak intensity of the 1538 nm cavity peaks from the bulk and nanocavity samples. The
slope of the curve is superlinear in the range of 5-20 nW, having an exponent of greater than 1,
while that of the bulk is nearly linear. After an excitation power of ~100 nW, the slope flattens,
which is likely due to the saturation of the Er-20 centers. We observed a superlinear behavior
that is similar to our previous result on Er ions in GaAs with MDs [35]. The reason for such a
superlinear behavior is likely to be the amplification of Er luminescence emission.

4. Conclusion

In conclusion, we have completed the fabrication of a bridge-type PhC cavity using Er,O co-doped
GaAs as the active layer and quantitatively analyzed its characteristics. When the cavity mode
is detuned with Er emission, all Er emission peaks are enhanced. The cavity mode can be
coupled with Er luminescence by controlling the lattice constant a and the temperature. When
the cavity is resonant with Er luminescence, an enhancement of up to 7.3 times occurs at the
fundamental mode. In the luminescence spectrum, cavity mode yields an emission linewidth
of ~0.13nm, which is close to the resolution limit of our experimental setup, suggesting an
estimated experimental Q-factor exceeding 1.2 x 10*. Furthermore, the luminescence intensity
of bridge-type PhCs exhibits superlinearity in relation to excitation power, potentially indicating
amplification of Er luminescence. This analysis of the enhancement of the optical properties of
rare-earth luminescence centers may contribute to the application of Er-20 centers as SPEs for
quantum information technology.
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