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ABSTRACT

Defect-based single photon emitters play an important role in quantum information technologies. Quantum emitters in technologically
mature direct wide bandgap semiconductors, such as nitrides, are attractive for on-chip photonic integration. GaN has recently been reported
to host bright and photostable defect single photon emitters in the 600-700 nm wavelength range. Spectral diffusion caused by local electric
field fluctuation around the emitter limits the photon indistinguishability, which is a key requirement for quantum applications. In this work,
we investigate the spectral diffusion properties of GaN defect emitters integrated with a solid immersion lens, employing both spectral
domain and time domain techniques through spectroscopy and photon autocorrelation measurements at cryogenic temperature. Our results
show that the GaN defect emitter at 10 K exhibits a Gaussian line shape with a linewidth of ~1 meV while the spectral diffusion characteristic
time falls within the range of a few hundred nanoseconds to a few microseconds. We study the dependency of the spectral diffusion rate and
Gaussian linewidth on the excitation laser power. Our work provides insight into the ultrafast spectral diffusion in GaN defect-based single
photon emitter systems and contributes toward harnessing the potential of these emitters for applications, especially for indistinguishable sin-

gle photon generation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0171855

Single photon emitters (SPEs) are a fundamental building block in
quantum information technologies." SPEs, which are bright, photosta-
ble, linearly polarized, of narrow emission linewidth and easy to be inte-
grated in technically mature materials are especially desired. Recently,
GaN has been reported to host bright and photostable defect SPEs in
the 600-700nm wavelength range.” " As a technically mature,
direct wide bandgap semiconductor, GaN finds extensive applications
in photonic devices,” ’ semiconductor RF, and power devices.” "
Consequently, GaN defect SPEs hold special significance for on-chip
photonic integration compared to other defect emitters, such as color
centers in diamond or defect SPEs in 2D materials. Various properties
of GaN defect SPEs, such as photoluminescence (PL) spectrum,z’%
defect-phonon coupling mechanism,'” optical dipole structure and ori-
entation,"” and optically detected magnetic resonance, " have been stud-
ied. However, the origin of these defects is still elusive. Point defects,
such as impurity atoms or impurity atom-vacancy complexes' >~ and
electron states localized at dislocations or stacking faults,” are suggested
as potential candidates.

The photon indistinguishability of SPEs plays a crucial role in
enabling secure quantum communication, reliable quantum comput-
ing, accurate quantum metrology, and efficient generation of entangled
states.'® Spectral diffusion refers to the phenomenon wherein the

emission energy of SPEs changes over time due to local electric field
fluctuations around the emitter.'” It typically restricts photon indistin-
guishability at low temperatures when the phonon-induced spectral
broadening is negligible. At cryogenic temperatures, spectral diffusion
induced spectral line shape is known to be Gaussian, and the linewidth
is a measure of the strength of the local field fluctuation.'”'* However,
capturing the rapid dynamics of spectral diffusion, which typically
occurs on timescales ranging from nanoseconds to milliseconds is
challenging using regular spectroscopy. Photon autocorrelation spec-
troscopy, which converts spectral fluctuations into intensity fluctua-
tions, harnesses the sub-nanosecond time resolution of the Hanbury
Brown and Twiss (HBT) interferometer to reveal the rapid dynamics
of spectral diffusion.'” Ultrafast spectral diffusion timescales have been
studied in various SPE platforms, such as quantum dots,”” ?* NV cen-
ters in diamond,”*”” and defects in 2D materials like hBN.?°**
However, the spectral diffusion effect in GaN defect-based SPE systems
has not been investigated.

In this work, we study the spectral diffusion effect of GaN defect
SPEs integrated with a solid immersion lens, employing both spectral
domain and time domain techniques through spectroscopy and photon
autocorrelation measurements at cryogenic temperature. Our experi-
mental results show that the spectral diffusion induced Gaussian
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linewidth is about 1 meV at 10 K. Applying the photon autocorrelation
technique, we select a narrow spectral window of the SPE emission light
using the monochromator to enter the HBT interferometer. The mea-
sured ultrafast spectral diffusion timescale falls within the range of a
few hundred nanoseconds to a few microseconds. We then investigate
the dependence of the spectral diffusion rate and Gaussian linewidth on
the excitation laser power. Our results demonstrate that the spectral dif-
fusion rate exhibits a linear dependence on the excitation power, while
the Gaussian linewidth shows a nearly square root relationship with the
excitation power. Our work provides insight into the ultrafast spectral
diffusion in GaN defect-based SPE systems.

A custom-built confocal scanning microscope setup together
with a monochromator and an HBT interferometer was used for the
spectral diffusion study as shown in Fig. 1(a). The GaN sample was
mounted inside a helium flow cryostat. A 532 nm continuous wave
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laser was focused on the sample to excite the defect emitter through
the cryostat window using an objective lens (NA =0.7) with a cor-
rection collar. A galvo steering mirror together with a 4F system was
used for scanning. Collected PL light from the defect emitter passed
through a bandpass filter and a confocal spatial filter and then
entered the entrance slit of the monochromator. The flip mirror
inside the monochromator was used to direct PL light either to a
CCD camera for PL spectrum measurement or to the exit slit of the
monochromator where an HBT interferometer that contains two
single photon detectors (PMA hybrid 40 from Picoquant) and a cor-
relator (Multiharp 150 from Picoquant) was used for the photon
autocorrelation measurement. By twisting the exit slit width and
adjusting the angle of the grating of the monochromator, different
desired spectral windows can be selected to perform photon auto-
correlation measurements.
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FIG. 1. (a) The layout of the custom-built confocal scanning microscope with a monochromator and a Hanbury Brown and Twiss interferometer is shown. By adjusting the exit
slit width and the angle of the grating in the monochromator, different desired spectral windows of the PL spectrum of the defect emitter can be selected. (b) The SEM image of
the solid immersion lens (hemisphere of diameter 5 um) is shown. (c) The spatial PL map of the defect emitter integrated inside the solid immersion lens is shown. (d) The PL
spectrum of the defect emitter at room temperature is shown. The center wavelength is 672 nm. (e) The measured second-order correlation function [¢®) (v = 0) = 0.14] of

the defect emitter at room temperature is shown.
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The defect emitters under investigation were hosted in a 4 um
thick semi-insulating GaN epitaxial layer grown using HVPE on a sap-
phire substrate. GaN is a high refractive index material (n ~2.4) in the
visible wavelength range. As a result, most PL light from the defect
emitter is trapped inside the substrate due to total internal reflection.
To overcome total internal reflection and enhance the collection effi-
ciency, a solid immersion lens (SIL) was fabricated on top of the defect
emitter by focused ion beam (FIB) milling."” The SIL is a hemisphere
with a diameter of 5 um, as shown in Fig. 1(b) in the SEM image. To
avoid ion beam deflection caused by surface charge accumulation dur-
ing FIB milling, a 30 nm aluminum was sputtered on the GaN surface,
and the residual aluminum after FIB milling was removed by a wet
etch. The PL collection efficiency can be enhanced by a factor 4-5, and
the saturation photon count rate can reach 500-800 kcps.'” However,
to ensure long-term photostability, the emitter was excited with low
laser power, typically resulting in a count rate of less than 100 kcps.
Figure 1(c) displays the spatial PL map of the defect emitter integrated
in the center of the SIL at room temperature. Figure 1(d) shows the PL
spectrum of the defect emitter at room temperature, with a center
wavelength of ~672nm (18453 meV). The measured second-order
correlation function [g*)] using time tagged time resolved (TTTR)
mode of the Multiharp 150 instrument at room temperature is shown
in Fig. 1(e), where g®(t = 0) = 0.14 (below 0.5) confirms the SPE
identity of the defect emitter.

We start our investigation by measuring the time-dependent PL
spectrum of the defect emitter under an excitation laser power of
150 uW. Figure 2(a) displays the emission spectrum over a 5-min
period, with each measurement frame having an exposure time of 2s.
The averaged PL spectrum over 5 min is shown in Fig. 2(b), where the
measured data can be fitted by a Gaussian curve with a center energy
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FIG. 2. (a) The time dependent PL spectrum of the defect emitter at 10K in 5 min is
shown. Each measurement frame had an exposure time of 2s. The color bar indi-
cates the normalized PL intensity. (b) The measured PL spectrum data averaged in
5min at 10K and a Gaussian fit are shown. The center energy is 1854.2 meV, and
the Gaussian linewidth (FWHM) is 1.07meV. (c) The fluctuation of the fitted
Gaussian center energy of each measurement frame is shown in the 5 min period.

ARTICLE pubs.aip.org/aip/apl

of 1854.2 meV and a linewidth (FWHM) of 1.07 meV. A blue shift of
the emission energy at low temperature is observed as reported previ-
ously, and detailed analyses of the temperature dependent linewidth
and line shape can be found in earlier work.'” Spectral diffusion caused
inhomogeneous line shape at low temperature when phonon-induced
linewidth broadening is negligible is known to be Gaussian, which has
been observed in many other material platforms. Figure 2(c) displays
the fluctuation of the fitted Gaussian center energy of each measure-
ment frame over 5min, and the peak energy randomly jumps within
the range from —0.1 to 0.1meV, with a standard deviation of
0.069 meV. This random fluctuation satisfies a Gaussian distribution,
which is a typical feature of spectral diffusion. The defect emitter does
not exhibit substantial spectral diffusion over a timescale of seconds,
suggesting that the linewidth broadening is most likely attributed to
ultrafast spectral diffusion. However, the time resolution of the spec-
trometer, which corresponds to the readout time of the CCD detector,
limits the capture of fast dynamics below the second scale, which is
more important for the characterization of ultrafast spectral diffusion.
To study the ultrafast dynamics of spectral diffusion, we make use of
the sub-nanosecond time resolution of the HBT interferometer and
apply the photon autocorrelation measurement to the defect emitter.
The angle of the grating and the exit slit width of the monochromator
are carefully adjusted to select a precise spectral window of the defect
emitter PL to carry out photon autocorrelation measurement.

Figure 3(a) shows that when the exit slit (indicated by the black
dashed lines) is fully open to direct all the PL light of the defect emitter
(pink shaded area) into the HBT interferometer, the regular anti-
bunching effect attributed to the single photon emission nature can be
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FIG. 3. (a) The spectral window selected by the exit slit of the monochromator (indi-
cated by the black dashed lines) covers all the PL spectrum (indicated by the
shaded pink area). (b) The spectral window selected by the exit slit of the mono-
chromator (indicated by the black dashed lines) covers about one quarter of the PL
spectrum (indicated by the shaded pink area). (c) The measured second-order cor-
relation function [g®] in the case described in (a) with a laser power 150 xW. (d)
The measured second-order correlation function [g(®] in the case described in (b)
with a laser power 150 pW.
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observed in the measured second-order correlation function (g(z)), as
presented in Fig. 3(c). However, when the exit slit width is carefully
adjusted to select a spectral window, approximately one quarter of the
total PL spectrum, and direct partial PL light into the HBT interferom-
eter as depicted in Fig. 3(b), the second-order correlation function
exhibits not only the antibunching effect at zero time delay but also a
bunching effect attributed to spectral diffusion. The bunching effect
arises because if the time delay between two photons is large enough
such that the local electric field fluctuation shifts the energy of the sec-
ond photon outside the selected spectral window, a smaller g(®) value
would be expected. Therefore, the characteristic time of the bunching
effect shown in the g®) function is a measure of the timescale of spec-
tral diffusion. Since the physical property of interest here is the bunch-
ing effect (spectral diffusion), which occurs at ~us, the time resolution
used in the measurement is set to be 7.04ns so that the antibunching
effect is essentially averaged out as shown in Figs. 3(c) and 3(d). It is
important to note that this bunching arises solely from the spectral dif-
fusion effect, rather than the metastable state of the defect emitter, as
the excitation laser power is carefully controlled (150 uW, far below
the saturation power), resulting in the absence of noticeable bunching
from the metastable state, as shown in Fig. 3(c).

The measured g® data can be fitted using the function

o=l D) (-] o

Here, 7, represents the characteristic time for the antibunching
effect, while tgp, represents the characteristic time for spectral diffusion.
Previous works have demonstrated that the width of the selected spec-
tral window does not affect the characteristic time of the bunching
effect, but rather only its height.'”* Figure 3(d) illustrates the charac-
teristic time of the spectral diffusion to be tgp = 0.64 £0.11 us.
Considering that the lifetime of the SPE estimated in Fig. 1(e) is 2.3 ns,
the spectral diffusion characteristic time is two orders of magnitude
longer than the emitter’s lifetime. Consequently, this defect emitter can
emit a few hundred indistinguishable photon wave packets before the
local electric field fluctuation shifts the emission energy to other distin-
guishable values.

In the following discussion, we examine the dependency of the
spectral diffusion rate and PL spectrum Gaussian linewidth on the
excitation laser power. To ensure long-term photostability and prevent
metastable state transitions from contributing to the bunching effect,
the laser power is limited to a maximum of 150 uW. Spectral diffusion
is attributed to the Stark shift of the PL spectrum induced by the local
electric environment fluctuation; hence, it is anticipated to be influ-
enced by the number of excited charges in the environment, which is
assumed to be proportional to the laser power.” While keeping the
photon autocorrelation measurement condition described in Fig. 3(b)
unchanged, the excitation laser power is varied in the range from 61
to 150 uW. As a result, the characteristic time of the bunching effect
in the ¢! function decreases with increasing power, as shown in
Fig. 4(a). By fitting the measured data with Eq. (1), we find that the
spectral diffusion rate, expressed in units of us™! (which is 1/tgp),
exhibits a linear dependence on the excitation laser power, as shown in
Fig. 4(c). This linear dependence has also been observed in other SPE
platforms, such as NV centers in diamond,”’ quantum dots, 212330
and defect emitters in 2D materials like hBN.”* This observation is
consistent with the assumption that spectral diffusion is governed by
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FIG. 4. (a) The excitation laser power dependent photon autocorrelation results at
10K in the case described in Fig. 3(b) are shown. (b) The excitation laser power
dependent PL spectrum Gaussian linewidth of the defect emitter is shown. (c) The
excitation laser power dependent spectral diffusion rate obtained by fittings in (a) is
shown.

single carrier processes rather than multiple carrier processes like
Auger-assisted carrier escape from traps or two-photon processes like
photoinduced charge conversion.”””"”* In the limit of zero laser
power, the spectral diffusion rate also approaches zero, confirming the
excitation laser as the primary cause of spectral diffusion. Additionally,
Fig. 4(b) illustrates the relationship between the PL spectrum linewidth
of the defect emitter and the laser power. As the power increases from
61 to 150 uW, the linewidth only increases by about 20%, from 0.88 to
1.07meV, and the measured linewidth data exhibit a nearly square
root dependence on the laser power, which has also been reported pre-
viously in the GaN quantum dot system.””

Spectral diffusion in SPEs limits quantum applications that
demand indistinguishable photon emission. At cryogenic tempera-
tures, the reported Gaussian linewidth of SPEs in various platforms is
typically of the order ~ meV, but the measured spectral diffusion char-
acteristic timescale for different systems varies over a relatively wide
range. The characteristic time (tsp) of regular quantum dot systems is
reported to be on the order of a few nanoseconds to a few hundred
nanoseconds.'” ** Nonpolar InGaN quantum dots are reported to
have a maximum characteristic time of 1170 ns.”” NV centers in dia-
mond are reported to have a spectral diffusion characteristic time of
4.6 ps.”" Defects in hBN have been reported to exhibit characteristic
times of 23 us”® and also in a range of 0.32-3.9 us.”® In contrast, Tgp, in
GaN defect-based SPE systems is on the order of ~1 pus, placing it
in an intermediate region between quantum dot systems and defects
in 2D materials or color centers in diamond. The bare defect SPEs in
GaN can only emit a few hundred indistinguishable photon wave
packets each time. Clearly, to enable more applications, integrating
GaN defect SPEs into photonic cavities to harness the full potential of
the Purcell effect is an important approach to overcome the limitations
faced by bare SPEs.”"*”

In conclusion, we investigated the spectral diffusion effect in both
the spectral domain and the time domain of the GaN defect SPE
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integrated with a solid immersion lens at cryogenic temperature. Our
experimental results show that the GaN defect emitter exhibits a
Gaussian line shape with a linewidth of ~1 meV, and the spectral dif-
fusion characteristic time falls within the range of a few hundred nano-
seconds to a few microseconds. The power-dependent measurements
demonstrate that the spectral diffusion rate linearly depends on the
excitation laser power, while the PL spectrum Gaussian linewidth fol-
lows a nearly square root dependence on the laser power. Our work
provides insight into the ultrafast spectral diffusion in GaN defect-
based SPE systems.

The authors thank Professor Farhan Rana for helpful
discussions. This work was supported by the Cornell Center for
Materials Research with funding from the NSF MRSEC program
(No. DMR-1719875) and also by the NSF-RAISE:TAQS (No.
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