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Photon extraction enhancement
of praseodymium ions in gallium
nitride nanopillars
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Lanthanoid-doped Gallium Nitride (GaN) integrated into nanophotonic technologies is a promising
candidate for room-temperature quantum photon sources for quantum technology applications. We
manufactured praseodymium (Pr)-doped GaN nanopillars of varying size, and showed significantly
enhanced room-temperature photon extraction efficiency compared to unstructured Pr-doped
GaN. Implanted Prions in GaN show two main emission peaks at 650.3 nm and 651.8 nm which

are attributed to 3P,-3F, transition in the 4f-shell. The maximum observed enhancement ratio was
23.5 for 200 nm diameter circular pillars, which can be divided into the emitted photon extraction
enhancement by a factor of 4.5 and the photon collection enhancement by a factor of 5.2. The
enhancement mechanism is explained by the eigenmode resonance inside the nanopillar. Our study
provides a pathway for Lanthanoid-doped GaN nano/micro-scale photon emitters and quantum
technology applications.

Efficient and ecological small photon emitters, e.g. nano/micro-scale light emitting diode (LED)'-® and mono-
lithic RGB emitters’~?, are required for next generation lighting and display applications. Reliable single photon
sources (SPS or single photon emitter: SPE)!°, which provide on-demand single photons are indispensable in
the field of rapidly growing quantum technologies such as quantum computing, quantum sensing, and quantum
communications (quantum internet)''~'*. For maximum utility, these sources should be room temperature,
compatible with mature fabrication processes, and able to be integrated with other photonic systems. These
demands have stimulated studies on gallium nitride (GaN)-based photon emitters and devices, which is a prom-
ising photonic platform.

Lanthanoid (Ln)-doped GaN (Ln:GaN) exhibits visible/near infrared (VIS-NIR) emission that is temperature
insensitive, sharp and stable, since the energy levels in 4f-shell which are involved in the luminescence transitions
are surrounded by filled 5s and 5p orbitals and thus isolated from free carriers in the host material. Addition-
ally, such materials utilize well-developed GaN platform, enabling integration into more complex devices'>. The
photon emission can be electrically controlled and Ln:GaN LEDs have been demonstrated'®-22. These superior
optical and opto-electronic properties are also suitable for SPS applications. Single photon emission from single
praseodymium (Pr) ions implanted in a YAG crystal at room temperature (RT)* and coherent optical and spin
control of single Pr ions have been reported?*-?’. Although these previous literatures have demonstrated the
strong potential of Pr-SPS, insulating materials have been used for the host and the electric control of photon
emissions has not been considered. In contrast, electrically controlled SPS operating at RT, which is particularly
advantageous for practical applications, is feasible by Pr:GaN. However, there is still a significant limitation
resulting from a poor light extraction efficiency due to the high refractive index of GaN (#1¢,x=2.3). Therefore,
improvement of the photon extraction efficiency is crucial for the realization of reliable Pr:GaN SPS.

An important method for improving photon extraction efficiency is through the creation of surface nano-
structures, such as waveguides, cavities, and other resonant structures. Such structures can be used to improve
photon extraction efficiency, photon emission rate, and internal quantum efficiency of the photon emitters®.
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Nanostructure fabrication can be described as bottom-up or top-down. With respect to the bottom-up approach,
selective-area growth of nanocolumns with SiN, or Ti masks is employed. Obtained nanocolumns exhibit dis-
location-free and strain relaxation properties®>?*-*. With respect to the top-down approach, lithography and
dry/wet etching techniques are mainly used and highly flexible nanostructures are available>****. Because of its
structural flexibility, the top-down is more advantageous than the bottom-up in terms of integration of lumines-
cent centers into nanostructures. By embedding quantum dots/wells into (In)GaN nanocolumns (or nanopillars,
nanorods), significant enhancements of photon extraction efficiency and internal quantum efficiency have been
reported®, and also, the feasibility for SPS applications have been demonstrated>°.

On the other hand, little is known about the optical coupling of Ln ions to GaN nanostructures and its effec-
tiveness with respect to photon extraction enhancement and photon emission rate, despite the fact that studies
on Ln:GaN materials and devices have been conducted for more than two decades. Although previous work
has reported Ln-related emission from a nanopatterned GaN*’ and its enhancement!®*!, the optimization of
nanostructures based on the enhancement mechanism has not been performed. One of the greatest advantages
of Ln:GaN is the wavelength tunability from VIS to NIR by appropriate choice of Ln elements. Such dopant-
dependent wavelength variation is unavailable in InGaN quantum structures. Nanostructures to improve the
photon extraction efficiency strongly depend on both the photon emission mechanism and wavelength, and thus
some degree of optimization is required for each class of Ln:GaN device.

Here we discuss optical properties of praseodymium (Pr)-implanted GaN nanopillars of varying size and
structure, which show different photon extraction enhancement. These nanopillars are fabricated using the top-
down approach: electron beam lithography, metal deposition, and dry etching techniques. Room temperature
(RT) optical properties of individual nanopillars with different sizes are characterized by using a home-built
confocal microscopy. The photon emission saturation shows that both the excitation laser collection and the
extraction efficiency of emitted photons from implanted-Pr ions are enhanced by nanopillar structures when
compared to the photon emission at a region where no pillars are etched into the structure. To theoretically
understand the effects of pillar size and structure, we also establish the model for the photon emission enhance-
ment of GaN nanopillars with different sizes based on the eigenmode analysis, and the theoretical results verifies
the measured emission enhancement in experiment.

Experimental

The fabrication procedure of Pr-doped GaN nanopillars is summarized in Fig. 1a. Nanopillar structured sur-
face was formed on an undoped GaN epilayer with thickness of 15 um grown on n-type GaN (n-GaN) which
were implanted with 100 keV-Pr at a fluence of 1.3 x 10" cm™ at RT. The ion implantation was performed at
Takasaki Advanced Radiation Research Institute, National Institutes for Quantum Science and Technology
(QST). The peak implanted region and Pr concentration were estimated to be 24 nm from the top of pillars
and 5.3 x 10" cm ™3, respectively, according to the Monte Carlo simulation code TRIM (Fig. 1b)*?. After Pr ion
implantation, the sample was annealed at 1250 °C for 2 min under N, atmosphere (1 atm) using an infrared
furnace to remove radiation induced defects and to activate implanted Pr ions as luminescence centers. Prior
to the thermal annealing treatment, a 50 nm thick SiN cap layer was formed on the surface using a magnetron
sputtering method to suppress the deterioration of crystallinity by preferential evaporation of nitrogen*’. The
furnace temperature rose to the set temperature in 1 min, then kept at the temperature for set time, and was then
naturally cooled down to RT for about 15 min. The SiN cap layer on the samples were subsequently removed by
hydrofluoric acid treatment (HF:H,O = 1:5, 20 min). Resist film was coated on the GaN epilayer and dot arrays
(squares and circles) were formed using electron beam (EB) lithography. The pillar size (side length for squares
and diameters for circles) ranged from 100 nm to 2 um, and the grid pitch of dot arrays was 5 pm or 10 um. A
120 nm thick Ni layer was then deposited on the sample using electron beam evaporation. Following lift-oft
process, metal dot arrays are formed on the sample surface. These arrays were used as a mask for etching the
GaN epilayer by ICP (Inductively Coupled Plasma) dry etching operating at 2.0 Pa with a Cl, 30 sccm. The ICP
and bias powers were 150 W and 30 W. Finally, the metal layer was removed by acid treatment (aqua regia). The
fabricated nanopillar structures was investigated by scanning electron microscopy (SEM) as shown in Fig. 1c.
All pillars were fabricated mostly within the error of 5%. The pillar length and taper angle were measured to be
510 nm and 4 degrees, which were constant with pillar size. Also, a micro-trench structure was found around
the bottom of nanopillars, indicating the dry etching conditions could be further improved for better fabrica-
tion, although we do not believe that the micro-trench was significant for our results. A sample implanted into
nanoscale square regions was also fabricated for comparison, as shown in Fig. 1d (control sample). The EB litho-
graphic pattern was formed on the resist film and then 100 keV Pr ions were implanted at RT. The implantation
fluence was 1.0 x 10'* cm™. The resist film was removed after implantation and the thermal annealing at 1200 °C
for 1 min was performed. The side length of square implantation area ranged from 100 nm to 2 um. Detailed
optical properties of the nanoscale implantation samples have been reported elsewhere***.

Photon emission properties of the samples were characterized by a home-built laser scanning confocal
microscopy (CFM). A Supercontinuum wavelength-tunable pulsed laser (6 ps pulse width, 80 MHz repetition
rate) was used for excitation. Photon emission from the Pr-implanted regions was collected with an objective
lens (numerical aperture, NA =0.90) and detected by a Si avalanche photo-diode (APD). The PL spectra were
investigated by an imaging spectrometer installed in the CFM. A 650 nm band pass filter (13 nm bandwidth) was
placed in front of the APD and the spectrometer to selectively collect photons emitted from the implanted-Pr
ions. The PLE spectra ranging from 400 to 610 nm and the luminescence lifetime were also measured using the
same measurement setup. For the luminescence lifetime measurement, the repetition rate of pulsed laser was
set to be 0.1 MHz. All measurements were performed at RT.
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Figure 1. (a) Fabrication procedure for the nanopillar sample. The detail is described in the main text. (b)
Depth profile of implanted 100 keV-Pr ions in GaN at the fluence of 1.3 x 10" cm™2, calculated by the Monte
Carlo simulation code, TRIM. (c) Representative SEM images of a circular pillar with the diameter of 100 nm
(left) and the pillar array (right). The grid interval for 100 nm circular pillar is 5 um. (d) Fabrication procedure
for the nanoscale implantation (control) sample.

i = Count
20 A - (c) 651.8 nm
S (keps)
20 650.3 nm
3 ’Py—°F,
g
15 2 ’ z
% | 200 nm circular pillar
=]
3
k=
0 5
=%
100 nm x 100 nm region
(Control)
5
640 645 650 655 660
0 Wavelength (nm)

Figure 2. (a) A CFM image of the Pr-doped GaN nanopillars. Squares in green and yellow denote the 200 nm
circular and square pillar arrays with 5 um interval, respectively. The inset shows the zoom-in CFM image of a
200 nm circular pillar. The excitation laser wavelength and power were 525 nm and 20 uW, respectively. (b) A
CFM image of the nanoscale implantation (control) sample. 100 x 100 nm square implanted region arrays with
10 um interval are shown. The inset shows the zoom-in CFM image of a square implanted region. The excitation
laser wavelength and power were 525 nm and 0.5 mW (51 uW in the inset), respectively. (c) PL spectra f the
Pr-doped GaN circular pillar with 200 nm in diameter and 100 x 100 nm square implanted region.

Results and discussion

Optical properties of Pr ions in different GaN nanopillars. A representative CFM image of the Pr-
doped GaN nanopillars is shown in Fig. 2a. The obtained CFM image reproduced the nanopillar array patterns.
The inset shows the zoom-in CFM image of a 200 nm circular pillar. The observed luminescence spot was
larger than the actual size of nanopillar and the image reflected the CFM point spread function (PSF), since

Scientific Reports |

(2022) 12:21208 | https://doi.org/10.1038/s41598-022-25522-6 nature portfolio



www.nature.com/scientificreports/

(] —_ —_ [\
W o ) S

Relative Photon Emission Intensity

S

Number of Pr in Pillar (x10°)

3.1 13 28 50 0 2.5 9.8 22 39
I

(b))
- &

ﬁa Square pillar i EHQ@ Circular pillar
d | K
i 0o
& o
g8

- - = =0 -=--0

e

Fit by Eq. (1) L

500 1000 1500 2000 O 500 1000 1500 2000
Side Length (nm) Diameter (nm)

Figure 3. Photon emission intensity as a function of pillar size and number of Pr in pillars: (a) square pillars
and (b) circular pillars. The excitation wavelength and power were 525 nm and 13.47 kW/cm? (100 uW),
respectively. In (a), the intensity for square implanted regions in the control sample and a fitting curve by Eq. (1)
are also shown for comparison (open triangles and line in blue). In (b), a modeled data by Eq. (2) is also drawn
as a pink dashed line. The ordinate is normalized by the value at a uniformly implanted region in the samples.

the lateral resolution (356 nm according to the Rayleigh limit) of CFM was larger than the 200 nm circular
pillar**. Figure 2b shows a CFM image of the nanoscale implantation (control) sample. The implantation area
was 100x 100 nm and the grid interval was 10 pm. The obtained CFM image reproduced the designed EB
lithography pattern, indicating the EB lithography pattern was successfully transferred to the Pr implantation
pattern. In both CFM images, the implanted-Pr ions were excited with 525 nm laser for the resonant excitation.
We revealed two resonant excitation peaks at 506 nm (2.45 eV) and 525 nm (2.36 eV) which are presumably
due to the H,-*P; transition***® from the analysis of photoluminescence excitation spectrum (see Supplemen-
tary Information for more detail). PL spectrum of the 200 nm circular pillar was also characterized as shown
in Fig. 2c. Two emission peaks at 650.3 nm and 651.8 nm are attributed to *P)-*F, transition in the 4f-shell of
Pr* (trivalent Pr) ions and the multiple peaks are caused by crystal field splitting®. A similar PL spectrum was
obtained from the control sample, indicating that the nanostructuring does not affect the PL spectrum.

Figure 3 shows the photon emission intensity from Pr ions with different pillar sizes. The data for implanted-
Pr ions without pillar structures (control sample) are also shown as blue triangles for comparison. The ordinate
is normalized by the intensity at a uniformly implanted region of the sample. The excitation laser was focused
on the center of pillars or implantation regions, and the average photon counts for 30 s were recorded. The
photon counts from implanted regions were stable for a prolonged time, with no observed photobleaching. The
background counts, which was measured at an unimplanted region, was subtracted to obtain the net photon
emission intensity from implanted-Pr ions (2.3 kcps for the nanopillar sample and 1.0 keps for the nanoscale
implantation sample). In the case of nanoscale implantation sample, the measured photon emission intensity
increases with increasing size of implantation region as the number of Pr ions excited increased. Note that the
area density of implanted Pr ions was constant (1.0 x 10 cm™2). The photon counts become constant when the
implantation region is far larger than the excitation laser spot. Assuming that the PSF is Gaussian, the fraction
of activated implanted-Pr ions is unchanged regardless of implantation area, and the photon emission intensity
is proportional to the laser intensity. In this limit, the relationship between the photon emission intensity (I) and
the side length of square implanted region (d) can be expressed as*:

I(d) aerf2<2i&> (1
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Figure 4. (a) Photon emission intensity as a function of excitation power density with different circular pillar
diameters ranging from 100 to 800 nm. Photon emission intensity at a control region where no pillars were
etched into the structure is also shown as closed gold hexagons for comparison. (b) Saturation power density
W, as a function of pillar diameters. The data for control regions are shown as blue triangles. (¢) Luminescence
lifetime as a function of pillar diameters. (d) Effective excitation cross section (0.¢) as a function of pillar
diameters. Error bars in (b—d) denote the standard deviation of the data.

where s is the standard deviation of the Gaussian. Also, when the implantation region is circular shape, the photon
emission intensity is derived as its diameter (R) in the same fashion:

I(R) o<1 — exp(—%) (2)

The calculation result of Eq. (1), shown as a solid blue line in Fig. 3a, is well fitted to experimental data for
the square implantation regions (open blue triangle) and we obtain s =172 nm. The FWHM (24/21n (2)s. ) is
calculated to be 405 nm, being slightly larger than the Rayleigh limit (356 nm). This is thought to be due to mis-
alignment of the confocal system. A curve by Eq. (2) when s=172 nm is drawn as a pink dashed line in Fig. 3b. In
both cases, the photon emission intensity monotonically decreased with decreasing size of implantation regions
(side length and diameter). On the other hand, in the case of nanopillar samples, the photon emission intensity
never followed the Egs. (1) and (2), and the photon emission intensity was the highest when the pillar size was
around 500-650 nm. In addition, it was found that the pillar size where the highest intensity was obtained
depended on the excitation laser intensity, which will be discussed in the next paragraph. These rests cannot
be interpreted by the above explanation based on the Egs. (1) and (2), and indicate that the photon emission
rate and/or the photon extraction efficiency was enhanced by the nanopillar structures. In the case of >1 um
pillars, little enhancement appeared, and this is thought to be related to the net laser spot diameter, which will
be discussed in the next section.

To explore photon emission properties in <1 pum pillars where emission enhancement appeared, excitation
laser power dependence and luminescence lifetime were investigated. Figure 4 shows the excitation laser power
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dependence of photon emission intensity from circular pillar with different diameters. The data obtained from
a control region where no pillars were etched into the structure is also shown for comparison as closed gold
hexagons. The ordinate is the photon counts from implanted-Pr ions with the background subtracted. In all cases,
the photon emission intensity increased with increasing excitation power density and showed the saturation
behavior. The saturation behavior of photon emission intensity can be expressed as:

I (1+%)_1 3)

where I, W, and W, are the photon counts from Pr’*, the laser power density, and the saturation power density,
respectively'>**. The calculated results, shown as solid lines in Fig. 4(a, are well fitted to the experimental data.
When comparing to the data for control region, the 600 nm pillars showed the hhest photon emission intensity
regardless of excitation power density and the photon emission intensity was reduced with decreasing the pillar
diameters at less than 600 nm. Interestingly, as the pillar diameter was reduced, the saturation of photon emis-
sion intensity appeared at lower excitation power density. In other words, the saturation power density, W, was
reduced with decreasing pillar diameters as shown in Fig. 4b.

Different values of the saturation power density are attributed to the different excitation cross sections and/
or the different transition lifetimes. The saturation power density can be expressed as:

ECX
Wo = ga )

where E,, 0.4 T, are the excitation photon energy, the effective excitation cross section, and the luminescence
lifetime, respectively. The luminescence lifetime of Pr** was characterized by the time-resolved photolumines-
cence (TRPL) spectroscopy on the CEM system, at a repetition rate of 0.1 MHz (the minimum rate we could
access). Photon emission from Pr** ions excited by previous pulses is also included in the TRPL spectrum as the
excitation pulse interval (10 us) is comparable to (or longer than) the expected luminescence lifetime. In this
case, the decay component for Pr** ions was represented by the sum of series of exponential decay function*:

I(t) = A1 ) exp (—%) +Azexp<—£> +B
k

xp <_ 7

(5)

where I(t) is the photon counts at the time ¢, 7, the residual defect luminescence lifetime (~ ns), t; the excitation
pulse repetition rate (10 ps), and B the background photon count including system noise. A, and A, are the fit-
ting parameters reflecting the photon emission intensities from the Pr’* ions and the residual defects, resptively.
Note that the first term becomes Ajexp(—t/t;) when fg >> 7). The relevance of Eq. (5) was confirmed by com-
parison to another conventional TRPL measurement system. Figure 4c shows the luminescence lifetime of Pr**
as a function of pillar size. The luminescence lifetime was 13.8 ps on average, being independent of pillar size
and structure. In other words, no significant change was found in photon emission rate from Pr ions by pillar
size and structure. Small variation among the obtained values is thought to be due to slight difference in GaN
crystallinity and neighboring defects in GaN nanopillars*®.

Values of 0, can be derived from Eq. (2) using the luminescence lifetime (t,) obtained from Fig. 4c. Figure 4d
shows o, as a function of circular pillar diameters. It is shown that o, increased with decreasing pillar diam-
eters and showed the highest value of 9 x 107 cm? at the diameter of 150 ~ 200 nm, being slightly reduced at the
diameter of 100 nm. The highest value is tenfold higher than the value at the control region (open blue triangles,
9x 107" cm?). This result indicates that the nanopillar structure effectively collected the excitation laser and had
Pr** ions excited with smaller laser power than the control region.

Here, we discuss the mechanism of photon emission enhancement due to nanopillar structures observed in
Fig. 3. As shown in Fig. 4c, the photon emission rate (luminescence lifetime) of implanted Pr was unchanged
by nanopillars. The unchanged photon emission rate and the PL spectrum (Fig. 2c) suggests that the nanopil-
lar structures behaved as broadband nanoantennas and enhanced the entire photon emisssion from implanted
Pr#. In this case, three parameters are involved into the photon emission enhancement**’: the collection rate
of excitation laser of nanopillars or implanted regions (P); the extraction efficiency of emitted photons from Pr**
ions (C); and the quantum efficiency of Pr** ions (QE). The quantum effiiency is defined as QE = k,/ (ky, + k)
where k; and k,, are the radiative and non-radiative decay rate of Pr** ions, respectively. The photon emission
rate (total decay rate), k is equivalent to the reciprocal of luminescence lifetime, 71 (i.e. k = kpr + k; = 1/71).
In addition to them, the activation rate of implanted-Pr as luminescence centers (#) should be considered as
not all implanted Pr can activate as luminescence centers. Then, the enhancement ratio, M can be expressed as:

Ppillar  Chillar Epillar illar
Ll ©

The subscripts “Pillar” and “Ct” denote the values for nanopillar and control (unstructured) region. The
activation rate, n and the quantum efficiency, QE are thought to be independent of nanopillar structure (i.e.,
Npillar = Nctand QEpijay = QEcy ), although their derivation is beyond the scope of this study. Hence, the result

of Fig. 3 is attributed to the enhancement of photon collection rate and extraction efficiency of emitted photons.
Then, we can simplify the Eq. (6) as follows:

— Ppillar Cpillar — YR,W)
MR, W) = ;;Q gCt - Yo (7)
Scientific Reports|  (2022)12:21208 | https://doi.org/10.1038/s41598-022-25522-6 nature portfolio



www.nature.com/scientificreports/

30 30
L(a) Circular pillar diameter (b) Excitation Power Density (kW/cm?)
—0— 100 nm —0— 150 nm —u—(0.67 ——4.04 —A—37.86
200 nm —v— 300 nm
= | 450 nm —<— 600 nm =
.g" 20 _? 800 nm —©— 1000 nm %" 20 b
& &
= =
Q Q
= S
Q F Q
Q Q
S 10 S 10+
3 3
£ c
0 L =
3 M G b A
0 1 " " " " 1 N " N " " " " " 1 " " " " 0 " " " 1 " " " 1 1 1 1 1 1 " " 1 " " " 1
0 10 20 30 40 0 200 400 600 800 1000
Excitation Power Density (kW/cm?) Pillar Diameter (nm)

Figure 5. Enhancement ratio, M of photon emission from Pr ions in nanopillars ranging from 100 to 1000 nm
in size. The same data are shown in (a) and (b), but the ordinate is the excitation power density in (a) and the
pillar diameter in (b). Only three data set for low (0.67 kW/cm?), middle (4.04 kW/cm?), and high (37.86 kW/
cm?) excitation power densities are shown in (b).

where, Y is the photon emission intensity per implanted Pr. Yis defined as Y (R, W) = I(R, W)/Np;. , where N,
is the number of Pr ions in nanopillars or implanted regions excited by the laser. When the laser spot diameter
is larger than the nanopillars and the implanted regions, Ny, is the function of the pillar diameters (R) and the
laser power density (W). The enhancement ratio as a function of laser power density with different circular pil-
lar diameters ishown in Fig. 5a and b. Note that the ordinate in Fig. 5 is different from that in Fig. 3, since the
enhancement ratio is defined as PL intensity ratio with single Pr ion in pillar to single Pr ion in control region.
It can be seen from Fig. 5a that the enhancement ratio decreased with increasing laser power density regardless
of pillar diameters. This is thought to be because the enhancement of excitaiton laser collection is lower as the
excitation laser density is higher. As shown in Fig. 5b, the highest enhancement ratio was obtained at the 200 nm
circular pillar and the maximum value was 23.5 when the laser power density was the lowest (0.67 kW/cm?). This
value is higher than the value which has previously reported by Lesage et al.*!. They have reported that photon
extraction efficiency from Eu** ions in GaN, showing the photon emission at~ 621 nm, increased up to 12.8 times
due to a nano-patterned structure. The maximum enhancement ratio for extraction efficiency of emitted photons
is estimated to be 4.5 in the limit as the excitation power density approaches the inifinity in Fig. 5a, and thus,
the maximum enhancement ratio for photon collection is estimated to be 5.2 at the lowest laser power density.

Optical properties of praseodymium ions in different GaN nanopillars. In this section, we study
the enhancement mechanism theoretically and analyze the factors that contribute to the enhancement. The theo-
retical analysis is based on the hypothesis that the whole enhancement curve shown in Fig. 3 is a combination
of: excitation enhancement, emission enhancement, implanted area function shown as the emission intensity at
aregion where no pillars were etched into the structure (Egs. 1 and 2), and the objective numerical aperture. We
identify three regimes for enhancement, based on pillar size:

(i) when the pillar size is <200 nm, the implanted area function is the dominant factor. The pillar size is
smaller than the free-space excitation wavelength, A, =525.5 nm, and the excitation wavelength in the
pillar, ex/nGan = 228.5 nm; as well as the emission length A, =652 nm. In this regime, neither the exci-
tation nor emission wavelength are able to generate strong resonance inside the pillar. Consequently, the
experimental data in Fig. 3 shows little intensity difference between the nanopillar and control scenario
(see the data at side length=100 nm in (a)).

(ii) when the pillar size is between 200 nm ~ 1 pm diameter, the pillar resonance is the dominated mecha-
nism. In this region, both excitation and emission wavelength can excite resonant modes of the pillar
in both transverse direction (across the pillar cross-section) and longitudinal direction (along the pillar
height). A series of eigenmodes will then contribute to the intensity enhancement in the nanopillar.

(iii) when pillar size is> 1 um, the pillar top is larger than the objective focal spot size, also much larger than
the pillar height, since the net laser spot diameter is estimated to be D=712 nm (D=1.22x\,, / NA) in
the experiment. The detected intensity is limited by the objective NA and the pillar geometry is close to a
platform, whereas the resonance effect inside the pillar is diminishing. Therefore, the measured intensity
is no longer enhanced and approaching to the no-pillar intensity plateau in Fig. 3 curves.

To simulate these scenarios, we built an eigenmode model with finite element method (FEM) (COMSOL
Multiphysics) and theoretical fitting model using MATLAB. The 3D geometry is shown in Fig. 6¢-f. The model
computes both GaN (ng.=2.3) circular and square pillars with the height 510 nm and size a, where a is the
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Figure 6. (a) Circular pillar enhancement simulation and (b) square pillar enhancement simulation. The blue
and red peaks show the contribution of excitation and emission eigenmodes, respectively, and the gray area
shows the contribution from nanoscale implantation intensity, I,. A Lorentz curve (green) centered 600 nm
with FWHM 200 nm is used as the ultimate fitting to show the enhancement envelop. Eigenmode patterns at
maximum enhancement size are illustrated in (c—f). The left column is the 3D view of the eigenmodes, and the
right column shows the view of eigenmode patterns from the pillar side, which clearly present the feature of
standing waves. Circular pillar size of max excitation: 370 nm, size of max emission: 600 nm. Square pillar size
of max excitation: 590 nm, size of max emission: 750 nm.

circle diameter/the square side length of pillar top. Both the circular and square pillars have 4 degree tapered
side walls so the pillar bottom is about 80 nm larger than the top. The bottom of the pillars is set as scattering
boundary condition to simulate the leakage into the GaN substrate.

We calculated the eigenmodes at both excitation and emission wavelength regions, excitation centered at
Aex=525.5 nm with a bandwidth of 1 nm, emission centered at A.,, =652 nm with a bandwidth of 5 nm. The
electromagnetic fields of eigenmodes in the 3D pillar geometry are computed with the COMSOL eigenfrequency
solver, and the simulation results are obtained by integral the intensity over the pillar top. Considering the focal
spot diameter D of the objective, the integral area is the pillar top area when the pillar size is smaller than the
focal spot diameter (a < D), while the integral area is a circle with diameter = D on the pillar top when a > D.

The simulated total enhancement of pillar intensity is shown in Fig. 6a and b, showing the circular and square
pillar simulation, respectively. For each pillar size, we treat all other loss mechanisms, i.e. the contribution from
other factors besides pillar geometry as an overall effect (and ultimately unknown) such as substrate leakage,
size variation in fabrication, imperfect circle/square structures, etc. In addition, we consider that each Pr ion
in a pillar is coupled to a slightly different mode from the other Pr ions depending on the location. To simulate
overall effects, we use the Lorentz function expansion. Based on the enhancement contributors, we define the
enhancement formula as
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Ipillar =f +1o ®)
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A ey ©)
where a is the pillar size, § is the half-width at half-maximum (HWHM) of Lorentz peak, and / is the peak height.
In reality the size variation in fabrication would lead to a broader and more complex eigenmodes distribution.
Considering the small variance won't change the dominating eigenmodes, we use § =50 nm to cover the variance
from the non-resonance contributions. 4 is computed as:

h = l—‘ex + 1—‘em (10)

Here we define the eigenmode enhancement factors as I, and I'.,,, which are the sum of the eigenmode
intensity at each size normalized with the maximum intensity of all sizes:

v
F =
& max( JN“ EJZ) (11)
i B
Pem = — 2k Lk
em max (ij" Ei) (12)

where T, is the excitation eigenmodes factor, I, is the emission eigenmodes factor, j, k are the eigenmode
number and N, represents the total number of modes under pillar size a. I, is the no-pillar intensity calculated
according to Egs. (1) and (2) in the previous section, and it represents the direct emission only related to the
implanted area without resonance in the pillar. The weights in front of each term can possibly be variable, subject
to different size scenarios, here we assume all weights as one for simplicity.

The envelop of the eigenmodes peaks appeared at 200 nm - 1 um are illustrated in Fig. 6 a and b. The contri-
bution from excitation and emission eigenmodes are shown in with the blue and red peaks respectively, and the
gray area shows the contribution from implantation area without pillars. Some significant eigenmodes appeared
at around 600 nm in both circular and square pillars, and this trend is in good agreement with the experimental
results in Fig. 3, being verified the enhancement theory shown by Eq. (8). A Lorentz curve based on Egs. (8)
and (9) centered at 600 nm is used as the ultimate fitting to show the enhancement trend (green curves). For
the circular pillars, the high resonance peak at 600 nm can also explain the two outliers in Fig. 3b with extreme
high intensity. Figure 6¢c—d present the eigenmode pattern in circular pillars at the maximum enhancement size
of A, and A, respectively, and Fig. 6e-f present the eigenmodes in square pillars, which all clearly showing the
feature of resonance modes.

Conclusion

We fabricated Pr-implanted GaN nanopillars with different sizes, down to a minimum diameter and side-length
of 100 nm for circular-shapes and square-shapes, and investigated their RT photon emission properties. It was
confirmed by SEM observation that all pillars were fabricated at their desired size mostly within the error of 5%.
We clarified using the home-built CFM that the implanted Pr ions in GaN showed two main emission peaks
at 650.3 nm and 651.8 nm, which are attributed to *P,->F, transition in the 4f-shell. We also observed resonant
excitation peaks at 506 nm (2.45 eV) and 525 nm (2.36 V), which are presumably due to the *H,-*P, transition.
These optical transitions were unaffected by pillar structures. Dependences of the photon emission intensities
on pillar sizes and excitation powers were systematically investigated and as a result, we found that the photon
emisssion enhancement appeared when the size of nanopillars were less than 1 um and the highest enhancement
ratio was obtained from the 200 nm-sized circular pillar. The maximum value for the enhancement ratio was 23.5
when the excitation power density was lowest (0.67 kW/cm?). This value can be divided into the emitted photon
extraction enhancement by a factor of 4.5 and the photon collection enhancement by a factor of 5.2, from the
analysis of photon emission saturation behaviors. We established a theoretical model to analyze the enhancement
based on coupling to the simulated eigenmodes at both the excitation and emission wavelenth. The change in
enhancement ratio with different pillar sizes was explained by the envelope of those eigenmodes. Coupling to a
series of eigenmodes generates broadband enhancement and the PL spectral shape of Pr ions remains unchanged
by nanopillar structures. Our study paves the way for lanthanoid-doped GaN nano/micro-scale photon emitters
and quantum technology applications, although optimizaiton of pillar structures and improvement of fabrication
processes could be further explored for their realization.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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