Photonics

pubs.acs.org/journal/apchd5

Plasmonic Enhancement of Single Photon Emission from a Site-
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ABSTRACT: We showed enhanced single photon emission
via exciton—plasmon coupling in a metal-encapsulated site-
controlled quantum dot (QD) structure. It was observed that
the average QD luminescence was enhanced by a factor of 7.33
+ 1.32 and the exciton lifetime was reduced by a factor of 12.8
+ 1.10. The exciton—plasmon coupling was enhanced by
matching the exciton energy to the localized surface plasmon
resonance. Due to the sensitivity of the plasmonic enhance-
ment to dot-to-dot variations, measurements were performed
on the same dot at different stages of the sample processing,
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enabled by the use of a novel site-controlled InGaN QD structure. This was then repeated over a large number of dots and
compared between different metal materials to investigate the nature of the coupling.
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O n-demand, single-photon emission (SPE) has broad
applications in quantum science and technologies.
Epitaxial semiconductor quantum dots (QDs) intrinsically
offer a higher repetition rate”? than atoms,” molecules,
colloidal QDs,”® and nitrogen vacancies (NV) in diamonds”®
and, therefore, are a good candidate for high-speed operations.
Group Il-nitride (III-N) QDs are of high interest due to their
potential for SPE beyond cryogenic temperatures,”'® which is
beneficial for practical deployment of quantum cryptography
and low-power communications.'" However, the strong
piezoelectric field in strained III-N heterostructures can
cause long radiative lifetimes on the order of tens of
nanoseconds, limiting their operating speed to only tens of
MHz."> The field also reduces the radiative efficiency due to the
separation of electron and hole wave functions. Shortening the
radiative lifetime can make III-N QDs faster and brighter.
Photonic crystals'*~"* and metallic cavities'*™'® have been
widely explored in III-V QD systems. Quantum dots coupled
to these microcavities have shorter radiative lifetimes due to the
Purcell effect, which is a result of the change in the local density
of photonic states near the emitter.'” The amount of change is
proportional to Q/V, where Q is the cavity quality factor and V'
is the cavity mode volume. Light confinement in photonic
crystal cavities can result in very high Q factors,”® but require
stringent control on QD cavity alignment.”’ls’21 The high Q
factor inevitably produces a very narrow spectral enhancement
window and hence small fabrication tolerance, which is even
more challenging for short-wavelength III-N QDs.'* In
contrast, metallic cavities support plasmonic modes which
have a very small mode volume. As a result, even with a small Q
factor, a metallic cavity can still exhibit a strong Purcell effect. A
small Q factor translates to a broadband enhancement, which
reduces the fabrication complexity.” In this work, a silver (Ag)-
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based metallic cavity was coupled to InGaN QD-in-a-wire
structures for enhanced SPE. The proposed structure, which
took advantage of site-controlled InGaN QDs,”* has the
capability to be a highly integrable SPE source platform. The
ordered QD array also enabled us to directly compare SPE
from the same QD with and without the Ag cavity. This
eliminates influences from any dot-to-dot variation occurring
during QD growth and sample processing.

The cavity design is a dielectric spacer layer with an Ag layer
on top. In the wavelength range of interest, there exists
geometry-dependent localized surface plasmon resonances
(LSPR) in Ag due to the shape formed from the metal layers
on the QD pillar. An X—Z cross section of the cavity studied by
the FDTD simulation is shown in Figure 1a.** More details
about the simulation set up can be found in Demory.”* All
simulations were performed using room temperature dielectric
constants. Data taken by Johnson and Christy”> was used for
the Ag parameters. The LSPR is well-studied** >’ and is known
to change with geometry.”®

For core—shell structures there is hybridization® of the
LSPR mode, causing a splitting of the single resonance into two
at different resonance wavelengths, as shown in Figure 1b.>"**
The high-energy resonance is an oscillation across the core
within the shell>* In our structure, this results in a surface
plasmon at the Ag—Al,O; layer interface. Solving for the surface
plasmon wavelength from the dispersion relation of a surface
plasmon polariton at the interface between a metal and a
dielectric using the Ag parameters and the measured index of
refraction (n = 1.66) of Al,O; from the experiment yields a
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Figure 1. (a) X—Z cross section schematic of a 25 nm top diameter InGaN/GaN QD pillar inside a 30 nm Ag cavity. The cavity is radially
symmetric. (b) Simulated radiative decay rate enhancement for silver thicknesses of 20, 30, and 60 nm. The resonance peak of the cavity blue shifts
as the silver thickness is increased. (c) Cavity quantum efficiency of the decay rate enhancement for silver thicknesses of 20, 30, and 60 nm. The
values are the fraction of the total decay rate enhancement that is due to radiative enhancement. The lower-energy resonance always has higher

quantum efficiency.

surface plasmon wavelength of approximately 390 nm, which
agrees with the high-energy peak in Figure 1b. The low-energy
(long-wavelength) resonance is an oscillation across the outer
surface shell. By increasing the thickness of the Ag film, the low-
energy resonance can be blue-shifted toward the high-energy
(short-wavelength) peak. In the limit of an infinitely thick silver
film, the two resonances converge toward a single resonance of
a metallic void, whose resonance wavelength is in between the
two resonances of the shell structure.*” The ability to tune this
resonance peak is shown in Figure 1b from an Ag thickness of
20—60 nm. The calculated Q-factor, Q = @,/ A®gpm of this
resonance peak for the three metal film thicknesses of 20, 30,
and 60 nm is 6.8, 8.9, and 12.6, respectively. The resulting
cavity antenna quantum efficiency (AQE) of the decay rate
enhancement is shown in Figure 1c. The low-energy resonance
has a higher quantum efficiency, which is expected of the lowest
order resonance. The QDs used in this work had emission in
the wavelength range of 410—420 nm, which is the wavelength
regime where the two resonances overlap. This results in a
coupled mode with quantum efficiency lower than the quantum
efficiency of the low-energy mode.

The InGaN/GaN QDs were fabricated by a top-down
approach from InGaN/GaN quantum wells (QWs). The
schematic of the resulting QD pillar from the fabrication
procedure described below is shown in Figure 2a. The QW
wafer was grown by metal—organic chemical vapor deposition
(MOCVD) on a (0001)-oriented sapphire substrate.

A single 3 nm thick InGaN QW with an emission wavelength
of 470 nm was grown on top of a 1.5-m GaN layer and capped
with a 10 nm GaN layer. All layers were unintentionally n-typed
doped at a concentration of approximately 3 X 10’ (cm™).
Using electron-beam lithography and inductively coupled
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Figure 2. (a) Structural schematic of a 28 nm diameter InGaN QD
inside GaN nanopillar. (b) SEM bird’s eye view image of a 28 nm QD
dense array coated in 20 nm AL O;. (c) SEM bird’s eye view image of a
single QD coated with the 30 nm Ag cavity.
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plasma reactive ion etching (ICP-RIE), the location and
diameter of the QD pillars were defined. The height of the
pillars was controlled at 135 nm. The air/InGaN interface
generates the lateral confinement for excitons via a combination
of strain relaxation and band bending due to surface depletion.
A scanning electron microscope (SEM) image of an array of
ordered 28 nm top diameter QD pillars coated in 20 nm of
AlLO; is shown in Figure 2b. More details of the QD
fabrication, verification by second order correlation measure-
ments, and optical properties can be found in Lee’” and
Zhang.>*™* To form the Ag LSPR cavity, the QD array was
first coated with 20 nm of Al,O; by atomic layer deposition at
250 °C with a rate of 1.05 A/s, followed by Ag deposition.

For measurements, we used a confocal microscopy setup for
single QD spectroscopy. Each QD was optically excited from
the front (metal) side of the sample with a 390 nm wavelength
femtosecond pulse focused to a 30 ym spot, incident S5° from
normal incidence. The photoluminescence (PL) signal was
collected using a 0.6 NA objective on the same side as the
incident light. All measurements were performed at 10 K. More
details about the measurement setup can be found in Zhang.**

The sample was divided into three sections: Ag section,
aluminum (Al) section, and a control section of just A,O;. The
Ag section was used to demonstrate the SPE enhancement by
LSPR. To rule out the source of the enhancement due to non-
LSPR effects such as metal reflection, the Al section was
included. In the QD emission wavelength range, there is no
expected LSPR for the Al cavity, but aluminum has similar
reflectivity as Ag. Therefore, if the source of the enhancement is
metal reflection, both sections would give comparable results.
The control section of Al,0; was included as an unchanged
section, measured during each measurement stage to adjust for
any possible intensity variation of different measurement days.

The Ag and Al cavities were deposited using electron-beam
evaporators with the sample mounted at a 60° angle with
respect to the molecular beam direction. Initially, 307 A of film
were deposited at a rate of 5 A/s. The sample was then rotated
180° and another 307 A of metal were deposited. While
rotating the sample halfway through the deposition improved
the conformity of the metal film by reducing shadowing effects,
the conical sidewall coverage is still imperfect. An SEM of a
single dot in the 30 nm Ag cavity deposited by the two-step
angled deposition is shown in Figure 2c. Measurements were
taken from individual QDs in each section before and repeated
on the same QDs after the metal processing.
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The exciton emission spectra under pulsed excitation of a
single QD with and without the Ag cavity are shown in Figure
3a,b for two excitation intensities: 283 and 707 W/cm?. With
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Figure 3. Optical measurements of a single QD taken at 10 K before
and after the deposition of the silver cavity for two excitation
intensities, 283 (blue) and 707 W/cm? (black). (a) PL intensity taken
initially and (b) the enhanced PL intensity after the cavity deposition.
Dotted lines indicate position of the spectral filter used for the time-
resolved PL and autocorrelation measurements. (c) TRPL intensity
taken initially and fit with a biexponential function. The functional
weighting of 7, and 7, are 0.23 (0.71) for 283 W/cm? and 0.26 (0.66)
for 707 W/cm? (d) TRPL intensity taken after the cavity deposition.
= 191 and 1.80 ns at the respective intensities. The weighting of the
second exponential term was negligible, thus, only one lifetime is
given. (e) Autocorrelation g(z) measurement of the QD before the
cavity, measured with an excitation intensity of 707 W/cm?® without
background subtraction. The fitting (red) gives a g(z)(O) value of 0.29
and a lifetime 7 = 9.41 + 1.32 ns. (f) Autocorrelation with the cavity,
showing maintained single photon emission, and a g(z) (0) value of 0.43
with a reduced lifetime of 7 = 2.21 + 0.13 ns.

the Ag cavity, the integrated intensities of the exciton PL are
428 + 0.001 and 3.25 + 0.001 times brighter for each
excitation intensity, respectively. The time-resolved photo-
luminescence (TRPL) intensities for the QD with and without
the silver cavity at the two excitation intensities are shown in
Figure 3c,d. The QDs exhibited two distinct lifetimes before Ag
deposition: a shorter component on the order of ~250 ps, and
a longer component on the order of nanoseconds associated
with the exciton emission. The TRPL data was fitted with a
biexponential decay function in order to quantify the
magnitude of each lifetime component in the collected signal.
In Figure 3c, at the respective excitation intensities of 283 W/
cm? (707 W/em?), 7, = 0.25 ns (0.25 ns) with a weighting of
0.25 (0.26) and 7, = 13.5 ns (12.9 ns) with a weighting of 0.71
(0.66). After the cavity deposition, there was only one TRPL
lifetime of 7 = 1.91 ns (1.80 ns) seen in Figure 3d, as the
weighting of the second term was negligible.
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The SPE properties of the InGaN QD were confirmed by
measurement of the second-order photon correlation function
g(z) with a Hanbury-Brown and Twiss (HBT) interferometer.
The g(z) function shows clear antibunching without background
subtraction both with and without the Ag cavity, as shown in
Figure 3e,f. The fitting yields g(0) values of 0.29 and 0.43,
respectively, demonstrating SPE was preserved with the
cavity.”* The increase in the g(z) value with Ag is due to the
broadband enhancement of the background emission. The QD
lifetime can also be determined from exponential fitting of the
side peaks of the g function. It is seen that the lifetime of the
QD was reduced by 4.3 + 0.6 times from 9.41 + 1.32 ns to 2.21
+ 0.13 ns after metal deposition. The peaks became better
separated in the measurement with the Ag cavity as the lifetime
became much shorter than the 12.5 ns repetition rate of the
laser.

The origin of the shorter lifetime component in the initial
QD measurements was unclear; however, it was not the main
contributor to the SPE, as evidenced by the g(z) measurement.
Additionally, the intensity of the shorter lifetime component
was less than 1/3 of the long lifetime component’s intensity.
Therefore, we calculated the lifetime reduction ratio based only
on the long lifetime component. From Figure 3c,d, the lifetime
reduction ratio for this QD was 7.1 & 0.02 times at 283 W/ cm?
and 7.2 + 0.02 times at 707 W/cm®.

The ratio of the PL intensity enhancement $™"/S° and QD
lifetime reduction (z3,/725") for each QD measured in the
respective sections are shown in Figure 4 at excitation intensity
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Figure 4. Total lifetime reduction and integrated intensity enhance-
ment for each individual dot measured with an excitation intensity of
283 W/cm® The (black) circles represent the Ag cavity, the (red)
squares represent the Al cavity, and the (blue) diamonds represent the
control. Values less than 1 indicate a reduction in intensity or the
lifetime increasing, respectively. The dotted lines represent no change
in the parameter for the respective axes, and their intersection
indicates the point of an unchanged dot.

of 283 W/cm? Here, “S” is the emission intensity and “z” is the
measured TRPL lifetime, with the superscripts “0” and “new”
representing before and after applying metal coating to the
Al,O5-coated QD.

In Figure 4, when the QDs were excited at 283 W/cm?, we
can see that the Ag cavity simultaneously increased the QD
emission intensity and reduced the lifetime, signifying enhance-
ment of the spontaneous emission rate. Although the QD
emission is off of the cavity resonance, as suggested in Figure
1b, there is still enhancement due to the broad nature of the
resonance peak. The average intensity enhancement for 20
QDs in the Ag section is 10.9 + 2.6 times and the average
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lifetime reduction is 15.0 + 1.6 times. The larger lifetime
reduction factor compared to the intensity enhancement is
attributed to additional nonradiative recombination in the Ag
cavity.

These results were contrasted in the aluminum section,
where both the integrated intensity and total lifetime were
reduced by 023 + 0.04 times and 3.13 =+ 0.61 times,
respectively. Both Ag and Al are highly reflective in this
wavelength regime; thus, this result rules out enhancement due
to a mirror effect. For the control section, some of the QDs
showed slight changes in the lifetime, as shown in Figure 4
lifetime reduction ratio variations. Over time, the shorter
lifetime component of the QD from the biexponential fitting
becomes more weighted. The origins of the shorter lifetime
component and its changes over time are unknown and under
further investigation. In addition, the initial exciton lifetimes of
interest are on the order of the repetition time of the laser (12.5
ns). Because of this, the fitting of the longer lifetime
component is more susceptible to fluctuations between
measurement days, which can result in lifetime variations.

In addition to the intensity enhancement and lifetime
reduction, we examined the saturation properties of the QDs
before and after the metal cavity deposition. Figure 5 shows the
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Figure 5. Saturation curves for a two individual QDs measured before
(open marker) and after (filled marker) the silver cavity deposition.
Two different Integrated Intensity saturation levels demonstrate the
enhanced radiative process in the QD. The saturation curve for an
aluminum coated QD is given as a reference.

PL intensity as a function of the excitation intensity for two
QDs measured before and after Ag deposition and the PL
intensity of a QD coated with the aluminum cavity for
reference. The oxide coated QDs saturate above 707 W/cm?,
which we define as the saturation pumping intensity I,. The
two different saturation levels for the QDs with and without the
cavity signify the enhancement in the emission process. The
lower saturation emission intensity level for the Al QD shows
the non-LSPR effects that reduce the TRPL lifetime also reduce
the PL intensity.

The difference in the enhancement between the two metals
confirmed that the mechanism for the enhanced SPE is the
Purcell effect due to the effective Ag plasmonic cavity. The
enhancement is due to coupling between the QDs and the
plasmonic resonance of the Ag. The change in the radiative
decay rate I',,y can be quantified using the radiative Purcell
factor F, as

new
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rad — P;y X Fmd
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The Purcell factor is the ratio of the initial radiative lifetime
before the cavity to the new radiative lifetime after the cavity
resonator. In addition to the modification in the radiative decay
rate, there will be a change in the emission intensity from the
QD,”” which can be written as

§n€W fﬂew (I) Rl’leW
& o @)
“S” is the emission intensity, “6” is the collection efficiency,
“f(I)” is the QD exciton occupation probability, “R” is the QD
decay rate, and “%” is the emitter quantum efficiency (QE). The
collection efficiency ratio (£™"/£°) measures how the angular
distribution of the emission changes due to the addition of the
cavity with respect to the collection optics. The collection
efficiency depends on the measurement position, emission
angle, and collection angle (numerical aperture or NA). The
collection efficiency ratio is the ratio of the collection efficiency
of the two measurement steps. The factor f(I) is the probability
the QD is excited into its excitonic state when the QD is empty
and the laser pulse hits. f(I) increases with the excitation
intensity L, inside the QD and will reach unity at the saturation
intensity I, once the excitonic state has been filled and not
given enough time to decay. The QE ratio can be related to the
Purcell factor and QD lifetime via
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(R x #) is the rate the QD generates photons. Under
continuous-wave excitation, R is simply the inverse of the QD
lifetime 7, But under pulsed excitation, R is limited by the
laser repetition rate Ry, Since the excitonic state of the QD
can only be refilled if it is empty when a laser pulse hits, the
intensity measured from PL depends on both Ry, and 7. For
a QD with a lifetime 7,,, much shorter than the laser repetition
time (1/Ry.), the QD is empty when each new laser pulse
arrives, thus, R is simply Ry, which is (1/12.5 ns) in this case.
However, for QDs with lifetimes on the order of or greater than
(1/Ryer), R can be written as

1 - n

s ]

R n=1 ( Rlaser (4)
where “n” is the n-th repetition interval during which the QD

decays and p, is the associated probability. p, can be
determined using the time-resolved PL data. We obtained the
R™"/R° ratio at 283 W/cm® to range between 1.4—3.2 and at
707 W/cm? to range between 1.4—2.8.

To study the change in the PL intensity enhancement ratio
with the Ag cavity above I, we measured the QDs emission
enhancement and lifetime reduction ratios at 707 W/cm?,
shown in Figure 6. When the excitation intensity was increased
to 707 W/cm?, the average PL intensity enhancement ratio is
7.33 + 1.32, which is 30% lower than 10.9 + 2.6 obtained at
283 W/cm? (Figure 4). This is because at 707 W/cm? both
F8(I) and f°(I) saturated at unity as evidenced by the saturated
PL intensity obtained from excitation intensity dependent
measurements in Figure 5. At 283 W/cm?, £¢(I)/f°(I) can be
obtained by taking the ratio of eq 2 for the two excitation
powers, using the experimental PL and TRPL enhancement
ratios, eq 4 to determine R*/R’ at each intensity, and the fact
that the collection efficiency ratio is intensity independent. We
obtained £*¢(I)/f°(I) at 283 W/cm” to range between 0.4—1.8
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Figure 6. Total lifetime reduction and integrated intensity enhance-
ment for each Ag cavity QD measured with an excitation intensity of
707 W/cm?. Values less than 1 indicate a reduction in intensity or the
lifetime increasing, respectively. Dotted guidelines show the intensity

enhancement “y” as a function of the lifetime reduction

« »

X .

for the 20 QDs with only 5 QD with values below 1. Therefore,
the intensity enhancement ratio reduction is directly related to
the reduction of £*¢(I)/f°(I) to unity above the saturation
intensity.

The enhancement values shown in Figure 6 are due solely to
the improved radiative process. Using the linear guidelines in
Figure 6, the QDs seem to fall into two distinct regimes: the
first region where the intensity enhancement is a fraction of the
lifetime reduction, and the second region where the intensity
enhancement scales as twice the lifetime reduction. At
saturation, the intensity change should be proportional to eq
2, with f*8(I)/f°(I) equal to unity.

The first regime results are what we expect for a cavity with a
cavity AQE less than 1, such as this metallic cavity. Part of the
lifetime reduction is due to metal Joule losses, which are
responsible for the low AQE of the cavity. At the average
emission wavelength of 411 nm, the simulated cavity antenna
quantum efficiency AQE for 30 nm Ag is 0.47, from Figure lc.
For QDs with close to unity QE, the QE after the metallic
cavity will approach the upper bound AQE. Most of these QDs
were relatively bright initially, signaling higher initial QE due to
the proportionality of the two quantities. Thus, considering
only lifetime change and emission intensity change above the
saturation intensity, we expect the data to show a fractional
slope relationship in Figure 5, as the AQE is less than unity for
a metallic cavity.

In the second regime, the intensity change implies that the
dots either had very low QE initially or were not fully saturated
at the excitation intensity of 707 W/cm?”. The former is more
likely, as these three QDs correspond to QDs with dimmed
initial PL intensity. Intensity enhancement here is due to an
improved QE for the emitter with the cavity structure over
without the cavity. Even though enhancement using a metallic
structure introduces another nonradiative channel due to metal
losses, a net increase in QE is possible for an emitter that does
not start with an initial QE of 1.

Because the QDs have less than unity QE both before and
after the cavity, F, cannot be calculated directly by taking the
ratio of the measured lifetimes. Since we cannot measure the
radiative lifetimes directly and are using a pulsed excitation
system, the Purcell factor, F, for all of the QDs can be
calculated by substitution of eq 3 into eq 2, using the
experimental ratios from the excitation intensity 707 W/cm?,
and neglecting the collection efficiency ratio. From simulation,
the collection efficiency ratio is less than unity as the cavity
reduces the collectable emission. So, the experimental F, is a
floor for the true Purcell factor. The results are shown in Figure
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7 together with the QD PL intensities before embedding them
into the Ag cavities.
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Figure 7. Initial measured PL intensity for the oxide coated QDs and
the calculated Purcell factor in the cavity at the excitation intensity of
707 W/cm? The dots are in order of PL intensity emission collected
initially from left to right. Labeled above is the corresponding PL peak
energy in eV. The dimmest dots have the largest photon energy,
indicating smaller QD size. Smaller QDs received the largest
enhancement and have a larger F,

The Purcell factor at the excitation intensity of 707 W/cm?
has an average value of 46 + 9.0, with a fractional error of less
than 5% for each individually calculated F,,. In Figure 7, the PL
intensities are sorted from the QD with the lowest initial
measured PL intensity to QD with the highest. The
corresponding QD emission energy is listed above the bar for
each QD. Most of the initially dimmed QDs have larger
emission energies, which is a result of smaller QD diameters.
Slightly smaller QDs have a larger surface-to-volume ratio,
exhibiting lower QEs due to enhanced surface recombinations.
The QDs that were initially dim received the largest change in
brightness, corresponding to the larger F,. However, according
to our numerical calculations, small variations in the QD
diameter and thickness on the order of 10% do not result in a
large change in the enhancement, as observed in Figure 7. The
origin of the correlation between the large variation of F, and
initial QD QEs requires further investigations.

In summary, we have demonstrated enhanced SPE in InGaN
QDs is possible with a simple, Ag film cavity. These results are
significant as they show the simultaneous enhancement of
many QDs with a single cavity coating across a large area, which
has a large practical significance over other methods that
involve a cavity to be placed around individual dots. Although
all measurements were taken at low temperature, high
temperature operation is possible by increasing the band offset
of the active region, for example, AlGaN barrier. This cavity
design can be a foundation for on-chip enhanced single photon
emitters in the ultraviolet/visible range. Due to the broad
enhancement peak of the Ag cavity, this design is suitable for
enhancing emission across a ~100 nm width of the visible
spectrum.
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