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Abstract

Defect-based quantum emitters in gallium nitride (GaN) have recently emerged as highly promising
quantum light sources for quantum information technologies. Dephasing processes lead to the
broadening of the photoluminescence (PL) linewidth, thereby limiting photon indistinguishability.
Experimental studies of GaN defect emitters integrated with solid immersion lenses have revealed
a clear temperature dependence of both the PL linewidth and lineshape. In this paper, we present
a rigorously derived theoretical model that explains the temperature-dependent evolution of the
PL linewidth and lineshape. This theoretical framework is not only applicable to GaN, but is also
instructive for defect emitters in other wide-bandgap solid-state materials.
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Introduction

Single-photon sources are fundamental components for quantum information platforms[1]. Ide-
ally, a high-performance emitter should combine several key properties[2—4]: strong emission intensity,
spectrally narrow output, well-defined linear polarization, compatibility with room-temperature oper-
ation, integrability into devices, and long-term stability, while exhibiting minimal photobleaching and
blinking. Defects in GaN have been shown to satisfy many of the above-mentioned requirements[5-9].
Among those properties, a narrow PL linewidth is of particular importance, since it enables the genera-
tion of indistinguishable photons, a key requirement for many quantum information applications[10].
An ideal single-photon source is often modeled as a two-level system. In the absence of interactions
with the surrounding environment, its emission spectrum approaches a very narrow line. In the
basic framework describing spontaneous photon emission, the resulting spectral profile is intrinsically
Lorentzian; however, its linewidth is extremely narrow, allowing it to be effectively treated as a Dirac
delta function, as will be elaborated in subsequent sections. In this limit, the linewidth is solely
determined by the excited-state lifetime via the energy-time uncertainty relation. Coupling between a
two-level emitter and its surrounding environment induces spectral broadening, commonly known
as dephasing. Different types of dephasing affect the emission spectrum in distinct ways, typically
altering both its linewidth and lineshape.

In experimental studies, dephasing is often probed through temperature-dependent measure-
ments of the PL spectrum[11-13]. The author has previously performed extensive investigations
on GalN defect emitters[14-17]. Readers interested in further details are referred to the relevant
literature[18-21]. The present work focuses on constructing a detailed theoretical model to interpret
the observed experimental behavior, incorporating both spectral diffusion and the acoustic-phonon-
driven Stark effect as the primary mechanisms. We demonstrate that, at low temperatures, the PL
spectrum is a Gaussian profile as a result of spectral diffusion, with a linewidth that remains essentially
independent of temperature. By contrast, at elevated temperatures, the emission exhibits a Lorentzian
lineshape due to the acoustic-phonon-mediated Stark effect, with a linewidth that clearly depends on
temperature, as will be shown.
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Results and Discussion

We first briefly summarize previous experimental findings[15,22]. Specific experimental details
can be found in earlier work. From temperature-dependent PL measurements of GaN defect emitters,
the following conclusions are drawn: (1) At low temperatures, the PL exhibits a Gaussian lineshape,
with a linewidth on the order of ~1 meV that remains essentially independent of temperature. (2) As
the temperature increases, the lineshape gradually evolves into a Lorentzian profile, with the linewidth
broadening correspondingly with increasing temperature. In the intermediate temperature range,
the emission exhibits a “hybrid” lineshape, namely a Voigt profile (the convolution of a Gaussian
and a Lorentzian function). This suggests the involvement of at least two, and quite possibly more,
dephasing mechanisms.

We now introduce the theoretical framework. Before diving into the rigorous derivation, we first
outline the underlying physical principles that motivate the model. In the absence of any dephasing,
an ideal two-level system, as illustrated in Figurel (a-b), exhibits an emission spectrum that is, strictly
speaking, a very narrow Lorentzian, with a linewidth determined by the energy-time uncertainty rela-
tion. Given that the lifetime of a GaN defect emitter is on the order of nanoseconds, the corresponding
linewidth can be estimated as:

h
AE ~ 5 ~ 0.3peV (1)

Clearly, this linewidth is extremely narrow, about 10,000 times smaller than the linewidths observed
experimentally (~1-10 meV), allowing us to safely approximate the naturally broadened Lorentzian as
a Dirac delta function. This permits us to neglect the spontaneous emission term when formulating
the system Hamiltonian, thereby simplifying the model without affecting the essential physics. Of
course, one could retain the spontaneous emission term, which contributes negligibly to the linewidth,
but this offers little insight into the underlying physics.

We then turn to the mechanisms responsible for dephasing. In most wide-bandgap semiconduc-
tors, defect emitters are subject to spectral diffusion arising from fluctuations in their local electric
environment. As illustrated in Figurel (c-d), when a time-varying local electric field is present, both the
ground and excited states of the two-level system are adiabatically modulated by the field, resulting
in photon energies that vary with time. The linewidth resulting from spectral diffusion is typically
Gaussian. Its origin does not lie in the intrinsic properties of the defect two-level system, but rather
in the characteristics of the surrounding local electric field that fluctuates over time. Essentially, the
Gaussian lineshape represents the envelope of the intrinsic emission spectrum modulated by the
electric field. If the fluctuations of the local electric field are independent of temperature, the Gaussian
linewidth remains essentially unchanged with temperature. Finally, we consider the Stark effect
induced by acoustic phonons. As illustrated in Figurel (e-f), a charged defect emitter (red star) coexists
with other charged defects in the crystal. In the presence of acoustic phonons, the distances between
them are modulated, thereby altering their interaction energies and resulting in a broadening of the PL
linewidth. This lineshape can be shown to be Lorentzian. Clearly, since phonons participate in this
dephasing process, the linewidth increases with rising temperature.

We formally construct the system Hamiltonian step by step based on the analysis presented
above. As illustrated in Figure 1(e), a defect emitter (denoted by a red star at position 7y) embedded
in a defect-dense crystal interacts with nearby charged defects (shown as green dots located at 7;)
through a distance-dependent potential V(|7p — 7,|). The corresponding electric field contribution
from each charged defect is expressed as E}, = —9;V(|Fg — 7|). Lattice vibrations in the form of
acoustic phonons induce fluctuations in the separations between the emitter and surrounding charges,
thereby modulating the local electric field experienced by the emitter:

AE) = —30;V ([fo — Fal) (u” (Fo) — ' (7)) @
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Figure 1. (a) Schematic of an ideal two-level quantum system with a ground state |g) and an excited state |e).

(b) In the absence of dephasing mechanisms, the PL spectrum (essentially a very narrow Lorentzian) can be

theoretically approximated as a delta-like function (for the justification of this approximation, see the main text).

(c) Exposure to a slowly varying external electric field E(t) causes a temporal modulation of the system'’s energy

levels, thereby altering the energy of the emitted photon. (d) Random fluctuations of the photon energy, following

a Gaussian distribution, produce a temperature-independent Gaussian spectral profile, a phenomenon referred to

as spectral diffusion. (e) In a crystal containing numerous defects, interactions between a target defect emitter

and surrounding charged defects are modulated by acoustic phonons, resulting in a quadratic Stark shift that

introduces dephasing. (f) The acoustic-phonon-mediated quadratic Stark effect gives rise to a Lorentzian spectral

lineshape, where the linewidth acquires temperature dependence due to the phonon occupation number n(w), as

expressed in Eq. 7.
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The amplitude of the acoustic phonon can be expressed as:

2 ZNMw (“ﬁatﬁ)ei%'?j ©)

By substituting Eq. 3 into Eq. 2, the change in the interaction field is:

j — — /> /= N R h el’??o zkr,,
AE;,; = —9,9;V (|7 —rn|)(u (Fo) —u (rn)) = —9,9;V(|7p —rﬂ)% 2Nw~ ( +a ) \/7 \/7

(4)
The total Hamiltonian in the problem is given by:
H = Hy+ H = Hy+ Hsp + Hap
— Eydtd + Zhw atay + aE(t)d'd + d'd Y By AELAEL, ()

n,m

In this formulation, E; corresponds to the energy separation between the ground and excited states
of the defect emitter, while d and a; denote the annihilation operators for the electronic state and the
acoustic phonon mode, respectively. The first two contributions in the second line together define the
unperturbed Hamiltonian Hj, whereas the remaining terms constitute the interaction Hamiltonian H'.
Specifically, Hsp describes the coupling of the defect emitter to a temporally varying external electric
field E(t), which gives rise to spectral diffusion, and H,p captures the quadratic Stark effect mediated
by acoustic phonons. By substituting Eq. 4 into Eq. 5, the acoustic-phonon-induced quadratic Stark
effect Hamiltonian H4p can be written as:

Hap =d'd Y BRAELAES =dtd Y conre

K (7]
. /
nm n,m,k,k’

The coefficient is given by Cﬁ = [Bjkagajvu?o 7n|)0p0i V(|70 — rm|)} éﬁe%, (ZN%\/IO )

The spectral density functlon S(w) can be expressed as in Eq. 7, where T {. ..} is the time-ordering
operator, and H/(t) is the coupling Hamiltonian H' in the interaction picture.
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If there is no dephasing and H' = 0, the time-ordering operator in Eq. 7 reduces to the iden-
tity operator, and the resulting spectral density function becomes a Dirac delta profile S(w) =

. E
I, dte_l<w_7d)t = 27o (w - %) This corresponds to the emission from an intrinsic, ideal two-
level system without linewidth broadening (recalling that, as discussed above, the extremely narrow
intrinsic Lorentzian linewidth is neglected), as shown in Figurel (b).

When H' = Hgsp + Hyp, it is evident that the spectral density function S(w) is the Fourier
transform of the product of two functions, F(t) and P(t), where F(t) arises from acoustic phonon
coupling and leads to a Lorentzian lineshape, while P(t) originates from spectral diffusion and results
in a Gaussian lineshape. A product in the time domain translates into a convolution in the frequency
domain, yielding a Voigt lineshape, as captured by Eq. 8 and reported in earlier studies.

—+oo

V(w;o,7) « / G(w/;U)L(w — w/;'y)da/ (8)

—o0

Furthermore, we can calculate P(t) and F(t) explicitly. The external electric field E(t) is taken to
have zero mean, (E(t)) = 0, and its autocorrelation function is modeled as (E(t)E(#')) = Ege’)‘“’”,
with A~! defining the field’s correlation time. Since this correlation time is much longer than any
other characteristic timescale of the system, the quasi-static approximation (A — 0) can be applied.
Indeed, prior experiments indicate that the timescale associated with the external field fluctuations,
corresponding to spectral diffusion, is on the order of microseconds, far exceeding the nanosecond
lifetimes of GaN defect emitters.[20].

t t

2 . 3
EZ Altg —t 22
7%gdt1gdt2 0(3 Il 2‘ "‘Eo

| _
Pt)=e — Tt [H D] A20 i

fE0)* (9)

=e [

P(t) is a Gaussian function, and its Fourier transform P(w) is also a Gaussian function, with
0 = |§Eo|, which is a temperature-independent constant. This explains the low-temperature behavior
of the PL spectrum, as observed in previous experimental results. Although ¢ is independent of
temperature, it clearly shows a direct linear dependence on the electric field strength Ey. Consequently,
it depends on the pump laser power Iy. This explains why, as experimentally observed in previous
work[20], the Gaussian linewidth of the defect emitter at low temperature exhibits a square-root
dependence on the pump laser power, given that the laser intensity is proportional to the square of the
electric field strength (Ip ES). And F(t) can be calculated also,

chm
En,m 7

E(1) = 2wy 1) (1) 1) () (ncog) +1) 2 (e

(10)

2 »“D
~(23) % |TumC| [ e (o) (o) + D1

The form of F(t) will result in a Lorentzian shape for F(w), which corresponds to the experimen-
tally observed spectrum at high temperatures. The Lorentzian HWHM linewidth can be calculated
using the integral in Eq. 10, where the Debye frequency is given by wp = kgtlp /. kg is the Boltzmann
constant, 0p is the Debye temperature, and n(w) is the Bose-Einstein occupation function. Note
that during the derivation, temperature-independent prefactors are progressively absorbed into the
effective coefficient C, which ultimately serves as a fitting parameter (indeed, the only one) in the
model.

vy /dw w? n(w)(n(w) +1) (11)
0
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Having obtained the linewidth parameter ¢ for the Gaussian component from P(t) (spectral
diffusion), and <y for the Lorentzian component from F(t) (acoustic phonon coupling), We can calculate
the total linewidth using the expression for the Voigt function linewidth given in Eq.12.

fv = 05346f; + /021667 + f2 (12)

Here, the Gaussian and Lorentzian full widths at half maximum (FWHM) are given by f; = 20v2In2,
fr = 27. It should be emphasized that the Gaussian and Lorentzian contributions, f; and f;, cannot be
combined by simple addition (i.e., fg + f1), because the linewidth of the resulting Voigt profile, formed
by convolving the two functions, does not equal the arithmetic sum of the individual linewidths.
In fact, there is no exact analytical expression for the linewidth of the Voigt function. However,
various accurate empirical formulas, such as Eq.12, have been proposed based on extensive numerical
calculations[23].

Conclusion

In this work, we present a detailed derivation of a dephasing model for GaN defect emitters,
incorporating both spectral diffusion and the acoustic-phonon-induced Stark effect. This model and
its theoretical framework not only explain the behavior of defect emitters in GaN, but also provide
insights into dephasing mechanisms in other wide-bandgap semiconductors. This work serves as an
important complement to the author’s previous experimental studies and is expected to provide useful
insights for research in the related field.
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