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Single-photon defect emitters (SPEs), especially those with magnetically and optically addressable
spin states, in technologically mature wide bandgap semiconductors are attractive for realizing
integrated platforms for quantum applications. Broadening of the zero phonon line (ZPL) caused by
dephasing in solid state SPEs limits the indistinguishability of the emitted photons. Dephasing also
limits the use of defect states in quantum information processing, sensing, and metrology. In most
defect emitters, such as those in SiC and diamond, interaction with low-energy acoustic phonons
determines the temperature dependence of the dephasing rate and the resulting broadening of the
ZPL with the temperature obeys a power law. GaN hosts bright and stable single-photon emitters
in the 600-700 nm wavelength range with strong ZPLs even at room temperature. In this work, we
study the temperature dependence of the ZPL spectra of GaN SPEs integrated with solid immersion
lenses with the goal of understanding the relevant dephasing mechanisms. At temperatures below
~ 50K, the ZPL lineshape is found to be Gaussian and the ZPL linewidth is temperature independent
and dominated by spectral diffusion. Above ~ 50 K, the linewidth increases monotonically with

the temperature and the lineshape evolves into a Lorentzian. Quite remarkably, the temperature
dependence of the linewidth does not follow a power law. We propose a model in which dephasing
caused by absorption/emission of optical phonons in an elastic Raman process determines the
temperature dependence of the lineshape and the linewidth. Our model explains the temperature
dependence of the ZPL linewidth and lineshape in the entire 10-270 K temperature range explored
in this work. The ~ 19 meV optical phonon energy extracted by fitting the model to the data matches
remarkably well the ~ 18 meV zone center energy of the lowest optical phonon band (E; (low)) in
GaN. Our work sheds light on the mechanisms responsible for linewidth broadening in GaN SPEs.
Since a low energy optical phonon band (E; (low)) is a feature of most group I1I-V nitrides with a
wurtzite crystal structure, including hBN and AIN, we expect our proposed mechanism to play an
important role in defect emitters in these materials as well.

Single-photon emitters (SPEs) are important for quantum computation and communication applications'.
On-demand solid-state single-photon emitters have been realized in different material systems including
semiconductor quantum dots??, defects in two-dimensional materials*®, and defects in wide bandgap materials
such as diamond®” and SiC8. It is highly desirable to identify high-brightness, spectrally pure, and high-efficiency
SPEs in semiconductor materials that are technologically mature, can be synthesized using high-quality epitaxy,
and enable integration with photonic devices and control electronics'. Recently, defect-based SPEs in AIN?
and GaN'®!! have been reported. GaN is a direct, wide bandgap material of high technological significance in
applications related to visible wavelength lasers and light emitting diodes, and semiconductor RF and power
devices. SPEs in GaN are therefore interesting and technologically relevant. GaN SPEs were reported to be bright,
photostable, and exhibited sharp photoluminescence (PL) peaks spread out in the 600-700 nm wavelength
range'®!". The nature of these GaN SPEs remains elusive. Point defects in GaN as well as electron states localized
at stacking faults and dislocations in the crystal have been proposed as candidates'>">.

In this work, we study the temperature dependence of the ZPL emission spectra in GaN SPEs and propose
a novel dephasing mechanism involving interaction with optical phonons to be responsible for the observed
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ZPL linewidth broadening. ZPL linewidth broadening caused by dephasing is a challenge for the generation of
indistinguishable photons needed in many quantum systems. The temperature dependence of the zero phonon
line (ZPL) emission spectrum provides a wealth of information not just about the nature of defect-based SPEs but
also offers a window into the physical processes responsible for dephasing and emission linewidth broadening.
In most solid state defect SPEs, interaction with low energy acoustic phonons is responsible for the temperature
dependence of the dephasing rates as well as emission linewidth broadening. Various physical models for the
dephasing induced by acoustic phonon have been proposed to explain the temperature dependence of the
emission linewidths observed in solid state SPEs. For example, the T temperature dependence observed in
AIN, SiC and hBN SPEs*!*!° has been attributed to acoustic phonon-induced dephasing in crystals with a large
number of defects'S. The T° dependence observed in NV~ centers in diamond has been shown to result from
the dynamic Jahn-Teller effect in the excited state!”!$. The T” dependence observed in many solid state emitters
has been attributed to quadratic coupling to acoustic phonons'*?. Interaction with optical phonons is generally
not considered an important mechanism for dephasing at temperatures much below room temperature given
the large energies of the optical phonons.

Our experimental results show that at temperatures below ~ 50 K, the ZPL has a Gaussian lineshape and
the linewidth saturates at values in the 0.7-1 meV range (0.2-0.3 nm range). This low temperature linewidth is
attributed to spectral diffusion. As the temperature increases, the ZPL lineshape evolves from a Gaussian into a
Lorentzian. Interestingly, the temperature dependence of the linewidth does not follow any of the power laws that
work for many other solid state SPEs (discussed above). We propose a model in which dephasing and linewidth
broadening occurs by absorption/emission of optical phonons in an elastic Raman process. The linewidth data
matches the model closely and the optical phonon energy extracted by fitting the model to the data is found to
be ~ 19 meV, a value that matches the energy of the lowest E; (low) Raman-active optical phonon band in GaN
remarkably well. Our work helps to elucidate the nature of the SPEs in GaN and the physics associated with
their dephasing as a result of defect-phonon interactions. Since a low energy optical phonon band (E;(low)) is
a feature of most group III-V nitrides with a wurtzite crystal structure, including AIN and hBN, we expect our
proposed dephasing mechanism to play an important role in defect emitters in these materials as well. In fact,
recent works on hBN SPEs have already pointed out the absence of power law temperature dependence of the
ZPL linewidth?"*%,

Results
GaN defect single photon emitters. In this work, we investigate single-photon defect emitters in
HVPE grown GaN epitaxial layers. GaN defect emitters exhibit strong ZPLs in the 600-700 nm wavelength
range at room temperature. Representative emission spectra of some SPEs are shown in Fig. 1a. The ZPL center
wavelengths of emitters E1 through E5 are 602.9 nm, 628.7 nm, 650.1 nm, 684.5 nm and 710.5 nm, respectively.
These wavelengths match well with the wavelengths for GaN SPEs reported earlier’.

GaN is a high index material in the visible wavelength range. As a consequence, most PL is trapped inside
the substrate due to total internal reflection. To increase the photon collection efficiency, a solid immersion lens
(SIL)**?* in the form of a hemisphere of radius 2.5 um was fabricated on top of each emitter by focused ion beam

1 1@ T=300K
5
8
> E1 E2/E3] E4| E5
‘@
=1
]
£
-
o

0

580 630 680 730
Wavelength (nm)

- 600} (c) T=300K
& 500
=
> 400
‘0 = Fit before SIL
g 300 Fit after SIL
- O Data bef SIL
E 200 o Dataafter SIL
T 100

00 0.5 1 15 2

Power (mW)

Figure 1. (a) Representative PL spectra of five GaN SPEs, E1 through E5, are plotted at room temperature.
(b) SEM image of five solid immersion lenses (SILs), each fabricated around a SPE, is shown. Each SIL is a
hemisphere of radius 2.5 m. (¢) The measured PL intensities of a SPE before and after the fabrication of a SIL
are plotted as a function of the pump power. (d) The spatial PL map of a single emitter within a SIL is shown.
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milling of GaN, as shown in Fig. 1b. To avoid deflection of the ion beam due to surface charge accumulation
during milling, a 30 nm Al layer was sputtered on the GaN surface before milling and Al left after milling was
removed using a wet etch. PL collection efficiency from the SPEs was found to be enhanced by factors in the
4-5 range (using a 0.9 NA objective). Figure 1c shows the PL intensity (in kcps) of an emitter before and after
the fabrication of a SIL as a function of the pump power. Figure 1d shows the PL map of a defect emitter in the
center of the SIL. The measured PL intensity I, can be fitted by the standard relation,

P

A
pl sat Ppump + Peat (1)
Here, Iy is the saturation PL intensity, Ppyp is the pump power, and Pyq; is the saturation pump power. For the
data shown in Fig. 1c, Pyg is 650 WW, L is 171 keps without the SIL and 779 keps with the SIL, indicating that the
PL collection efficiency is enhanced by a factor of ~ 4.5. This enhancement in light collection ensured a sufficient
signal-to-noise ratio for cryogenic temperature measurements when a smaller NA (0.7) objective was used.

In what follows, we focus mostly on two emitters, E3 and E4 in Fig. 1a, with center emission wavelengths
650.1 nm (~1907.4 meV) and 684.5 nm (~ 1811.5 meV), respectively. Most other emitters were found to exhibit
characteristics similar to them. Figure 2 shows the measured second order correlation function g (z) for these
two emitters at room temperature using a pump power of 50 uW. g® () was obtained using the time-tagged
time-resolved (TTTR) mode of the MultiHarp150 instrument and was properly normalized. For both emitters,
2@ (7) can be fitted by the expression,

g(z)(.[) =1—ge ItV 4 pe-ltl/m )

The fits are shown by the solid lines in Fig. 2. The extracted values of 7j are 3.18 & 0.24 ns and 2.2 = 0.17 ns
for emitters E3 and E4, respectively, and the values of 7, are 74 £ 27 ns and 65 & 33 ns for emitters E3 and E4,
respectively. g® (0) equals 0.17 and 0.19 for emitters E3 and E4, respectively, which confirms these defects
as single-photon emitters. The measured values of 7; and 7, are in good agreement with the values reported
previously*.

Temperature dependence of the ZPL emission spectra. The ZPL emission spectra were measured
for temperatures in the 10-270 K range and the results are shown in Fig. 3 for emitters E3 and E4. Other emitters
display similar trends. The center emission energies are seen to redshift with an increase in the temperature. The
ZPL energy of E3 shifts from 1916 meV at 10 K to 1909.4 meV at 270 K. In the case of E4, the ZPL energy shifts
from 1820.2 meV at 10 K to 1813.5 meV at 270 K. We don’t observe a S-shaped temperature dependence of the
ZPL center energies reported previously’.

We look at the spectral shape of the ZPL as a function of the temperature. Our data shows that the ZPL spectra
evolve from a Gaussian lineshape at temperatures below ~50 K to a Lorentzian lineshape at temperatures above
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Figure 2. (a) The second order correlation function g(z) (7) of emitter E3 is plotted. g(z) (0) =0.17. (b) g(z) (1)
of emitter E4 is plotted. g/® (0) = 0.19. The solid lines show the fits obtained using the expression given in the
text.
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Figure 3. The emission spectra of emitter E3 (a) and E4 (b) are plotted for different temperatures in the 10-270
K range (with an increment of 20 K).
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Figure 4. The ZPL spectra with a Gaussian and a Lorentzian fits at 10 K (a) and 270 K (b) for emitter E3 are
plotted. Also shown are the ZPL spectra with a Gaussian and Lorentzian fits at 10 K (c) and 270 K (d) for emitter
E4.

~125 K. This is shown in detail in Fig. 4 which plots the ZPL spectra of emitters E3 and E4 at low (10 K) and
high (270 K) temperatures, along with Gaussian and Lorentzian fits to these spectra at the two temperatures.
The data shown was obtained using a pump power of 300 uW. At 10 K, the spectrum of E3 (E4) can be fit much
better with a Gaussian spectral function with a full-width-half-maximum (FWHM) linewidth of 0.88 meV (0.72
meV). Whereas at 270 K, the spectrum of E3 (E4) can be fit much better with a Lorentzian spectral function
with a FWHM linewidth of 7.12 meV (6.82 meV). These observations suggest that two different mechanisms
are contributing to the linewidth. One may make the simplest assumption that these two mechanisms are
independent. Under this assumption, the ZPL spectral shape is more accurately given by a Voigt function

V(w; o, y) which is a convolution of Gaussian and Lorentzian functions!*?%%5,
+w ! ! !
V(w;o,y) x / Gw;o)l(w—w;y)dw (3)
—00

Here, G(w; o) and L(w; y) are Gaussian and Lorentzian functions with FWHM equal to fg = 20+/21In2 and
f1 = 2y, respectively. The FWHM fy of the Voigt function can be written as,

Scientific Reports |

(2023) 13:8678 | https://doi.org/10.1038/s41598-023-35003-z nature portfolio



www.nature.com/scientificreports/

fr = 0.5346f1 + 1/0.2166f7 + 12 )

By fitting the measured ZPL spectra with a Voigt function, the temperature dependent FWHM of its Gaussian
and Lorentzian components can be extracted. We find that the FWHM f; of the Gaussian component is tem-
perature independent and is around 0.88 meV (0.72 meV) for E3 (E4). An emission spectrum with a tempera-
ture independent FWHM and a Gaussian lineshape is a common signature of spectral diffusion whereby the
emitter emission energy changes in time as a result of factors such as changes in the electrical environment of
the emitter. To gain insight into the mechanism responsible for the Lorentzian component, which dominates at
temperatures higher than ~125 K, we look at the FWHM linewidth of the ZPL as a function of the temperature.
This data is shown in Fig. 5a for emitter E3 and in Fig. 5b for emitter E4. It is clear that the Lorentzian component
dominates the ZPL linewidth at temperatures higher than ~125 K. Using the expression given in Eq. (4), we find
that the temperature dependence of the FWHM of the Lorentzian component cannot be adequately fitted with
an expression proportional to T", where # is any integer greater than or equal to 3 (n equals 3, 5, and 7 for some
common dephasing mechanisms mentioned earlier in this paper). Figure SI in the supplementary information
shows the poor comparison with the data that is obtained if the temperature dependence of the linewidth of the
Lorentzian component is assumed to be T3, This indicates that the common dephasing mechanisms, discussed
earlier in this paper, might not be the dominant dephasing mechanisms in the case of GaN SPEs. Given that the
measured ZPL linewidths for GaN SPEs, shown in Fig. 5, are orders of magnitude larger than the linewidths that
would result from relaxation processes (as estimated by the measured ¢® function), the dephasing mechanism is
quite strong. Below, we present a theoretical model for dephasing and show that this model fits the data very well.

A theoretical model for dephasing in GaN single-photon emitters. The dephasing mechanism
proposed here is depicted in Fig. 6a and it involves absorption/emission of optical phonons in an elastic Raman
process which results in the scattering of an optical phonon from the defect. In other words, dephasing of the
electron state in the defect occurs by the elastic scattering of thermally excited optical phonons from the electron.
A similar mechanism involving acoustic phonons is known to result in a dephasing rate proportional to 77 in
solid state emitters'»?’. Although as depicted in Fig. 6a the dephasing occurs in only the excited state, dephasing
occurring by a similar process in the ground state can be handled in a way similar to the one shown below.
We assume that the Hamiltonian for the defect state interacting with optical phonons is,
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Figure 5. The FWHM linewidths of emitter E3 (a) and emitter E4 (b) are plotted as a function of the
temperature. The solid lines are the fit to the data using the theoretical model discussed in the text.
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Figure 6. (a) Proposed mechanism for dephasing involving absorption/emission of optical phonons via an
elastic Raman process. E; (E;) represents the excited (ground) state energy of the emitter. (b) Phonon bands in
wurtzite GaN are reproduced from the work of Ruf et al.”’. The energy of the E, (low) optical phonon mode at
the zone center matches the value obtained by fitting the model to the data.
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Here, ¢j, ax, and by are the destruction operators for the electron, optical phonon, and photon states, respectively.
Ej are the energies of the emitter electron states and, as shown in Fig. 6, j = 1,2 states participate in photon
emission. wy are the frequencies of the optical phonons in a band that is coupled to the emitter. Q2 are the
frequencies of the photon modes. V (V') is the volume in which the phonon (photon) modes are normalized.
The coupling parameters M; in the electron-optical phonon interaction Hamiltonian describe deformation
potential interaction between the defect electron and the optical phonons. The coupling terms Fy describe the
coupling between the emitter dipole and the radiation field. To model spectral diffusion, we have included terms
in the electron energies linear in the external time-dependent electric field F(f) which is assumed to be caused by
time-dependent charges in the environment. Terms quadratic in F(f) can also be included in the Hamiltonian but
their inclusion does not affect the dlscussmn that follows and the conclusions®®. We assume that (F(t)) = 0 and
(F(t)F(t')) = FZe 2e=t=1'| \where 2L is the field correlation time and will be assumed to be much longer than any
other time scale in the problem The electron-phonon interaction term in the Hamiltonian couples the emitter
excited state to virtual states that can be eliminated (as discussed in the Supplementary Information Section) to
give the following effective Hamiltonian for the elastic phonon scattering process shown in Fig. 6a.

of _ .t t
He—ph = CZCZV Z Gk,qaqak (6)
k#q
where,
* . * .
g = 3 | oatk__, Hoahes %
q =
o Ez—Ej—f—ha)k Ez—Ej—hwq

If the electron-phonon interaction is via optical deformation potential then it is reasonable to assume that Gy g
will be large only when both k, q are small (near the center of the Brillouin zone). The ZPL emission spectrum
S(w) can be obtained from the relation?,

@ = [ dte o a0/ (e

(8)
=/dt e Nl (Der(e]e) /ic)er)

Using the cumulant expansion technique for the quantum propagator'®, the above expression gives,
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S(w) ~ / dt e—ilo—E—ED/AlE ;0 12~y ©)

Here, 0 = |y — a1|F,/h, 2ysp is the spontaneous photon emission rate, and the dephasing rate y due to interac-
tion with phonons is,

y =%’§ / doD*(0)|G(w)|* n(w)[n(w) + 1]
2 (10)
A n(@op) [1(op) +1] / doD*()|G()I?

n(w) is the thermal boson occupation factor and D(w) is the density of states function for the optical phonons.
In the writing the result in Eq. (9), we have ignored constant shifts in the energy E; that result from phonon and
photon interactions. We will assume that y >> y,, and that the dephasing is almost entirely due to interaction
with phonons. The product D?(w)|G(w)|? inside the integral is assumed to be peaked near the frequency @ops
which is the frequency of the optical phonon mode coupled to the defect. Eq. (9) shows that the ZPL spectral
shape will be given by a Voigt function. The expression for y shows that the temperature dependence of the
dephasing rate is determined by the product n1(wop) [#(ep) + 1], which gives a temperature dependence very
different from any power law.

Using the expression for the FWHM of S(w) given earlier in Eq. (4) with the experimentally determined values
of the Gaussian component fg, and using the temperature dependence of y given by the expression in Eq. (10)
for the Lorentzian component f; = 2y, we can fit the measured FWHM of the ZPL, for both emitters E3 and
E4, over the entire 10-270 K temperature range with a root mean square error less than 0.05 meV provided we
assume that fiw,p equals 19 meV = 0.5 meV. The fits obtained for iw,y = 19 meV are shown by the solid lines in
Fig. 5. The excellent agreement between the data and the model begs the question if 19 meV is close to any one
of the bulk optical phonons energies in GaN. Quite remarkably, the lowest energy Raman-active E, (low) optical
phonon band in GaN has energy equal to ~18 meV at the ['-point of the Brillouin zone, as shown in Fig. 6b¥.
Since, as stated earlier, |G(w)|* is expected to be large near the zone center, the experimental value of 19 meV for
T,y is reasonable and consistent with dephasing being caused by the coupling between the emitter and the bulk
E; (low) optical phonons. The E; (low) optical phonon in GaN is known to be Raman active and couples strongly
to the electronic states in the valence and conduction bands®.

Discussion

Since dephasing rate due to the process in Fig. 6a is proportional to n(wep) [n1(wep) + 1], the rate would have
have been negligibly small, especially at low temperatures, if it were not for the fact that iw is also very small.
Nitrides, and GaN in particular, are quite unique among wide bandgap semiconductors in that they possess
optical phonon modes with low energies at the Brillouin zone center and these optical phonons modes are
Raman-active and couple to the electronic states. Even if the emitter is coupled to other higher energy optical
phonons, one would expect the lowest energy optical phonon with the largest thermal occupation to contribute
the most to the dephasing rate via the mechanism shown in Fig. 6a and this is also consistent with our data. We
had remarked earlier that a T* linewidth temperature dependence has been observed for emitters in nitrides AIN
and hBN*', The T linewidth temperature dependence of a solid state emitter in a material with a very large
number of defects, impurities, dislocations, etc, is often attributed to dephasing caused by the acoustic-phonon
induced displacement of the emitter with respect to these defects, impurities, dislocations, etc.'. This means that
this particular mechanism is not expected to be universally present: either the material needs to have a very high
defect density or the optical emitter needs to be located near a particularly dense cluster of defects.

The coupling of the GaN defect SPEs to the low energy bulk optical phonon band is interesting because it
suggests that the crystal lattice structure is not distorted by the defects to the extent that the bulk phonon modes
become significantly modified in the vicinity of the defects. Furthermore, the presence of a sharp and strong ZPL
at even room temperature, in contrast to the ZPLs of many other defects (e.g. NV~ centers in diamond) that are
visible at only low temperatures, suggests that a localized optical phonon mode at the defect site is either absent
or is very weakly coupled to the emitter (i.e. a small Huang-Rhys factor). Finally, the thermal stability of the
defect SPEs suggests that these defects are very likely not interstitials. The above characteristics are all consistent
with the SPEs being substitutional impurity atoms or substitutional impurity-vacancy complexes. We should
mention here that recently electron states localized at stacking faults and dislocations in the crystal have also
been proposed as candidates for these SPEs?. Clearly, more work is needed to determine the nature of GaN SPEs.

Conclusion

In conclusion, we have investigated GaN SPEs and studied the temperature dependence of their emission spec-
trum. In contrast to previous reports, we find that both the FWHM ZPL linewidth as well as the emission center
wavelength increase monotonically with the temperature. The temperature dependence of the ZPL linewidth
can be explained very well over the entire 10-270 K temperature range by our proposed model in which dephas-
ing occurs via absorption/emission of optical phonons. The experimentally determined optical phonon energy
matches well the zone center energy of the lowest optical phonon band (E;(low)) in GaN. Bright, stable, and
fast, GaN SPEs have the potential for being useful in applications that require single photons on demand at high
repetition rates. However, the broad ZPL linewidths could pose a challenge for applications that require indis-
tinguishable photons. Our work establishes the mechanisms responsible for linewidth broadening in these SPEs.
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Methods

The SPEs studied in this work are hosted in ~ 4 um thick semi-insulating GaN epitaxial layers grown Ga-polar
using HVPE on 430 pum thick sapphire substrates. The samples were obtained from PAM-XIAMEN Co.Ltd. A
custom built confocal scanning microscope setup was used to optically excite the SPEs (using a 532 nm pump
laser) and collect the PL. A 4f setup with a galvo mirror was used for scanning. The collected PL was split 50:50
into a spectrometer and a Hanbury-Brown and Twiss setup consisting of two photon counting detectors (PMA
hybrid 40 from Picoquant) and a correlator (Multiharp150 from Picoquant). A 0.9 NA objective was used for all
room temperature measurements, whereas for cryogenic temperature measurements, samples were mounted
inside a cryostat and a 0.7 NA objective with a correction collar was used to collect PL through the cryostat
window. The spectral resolution of the setup at ~ 650 nm wavelength was ~ 0.18 meV.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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