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We present the simultaneous optical and thermal analysis of a freestanding photonic semiconductor membrane
made from wurtzite III-nitride material. By linking microphotoluminescence spectroscopy with Raman ther-
mometry and other spectroscopic techniques, we demonstrate how a robust value for the thermal conductivity «
can be obtained using only optical noninvasive means. For this, we consider the balance of different contributions
to thermal transport given by, e.g., excitons, charge carriers, and heat-carrying phonons. In principle, all these
contributions can be of relevance in a photonic membrane on different length scales. Further complication is
given by the fact that this membrane is made from direct band gap semiconductors, designed to emit light via
an In,Ga;_,N (x = 0.15) quantum well embedded in GaN. Thus, IlI-nitride membranes similar to the one of
this study have already been successfully used for laser diode structures facing thermal limitations. To meet
these intricate challenges, we designed an experimental setup that enables the necessary optical and thermal
characterizations in parallel. After the optical characterization by microphotoluminescence, we follow a careful
step-by-step approach to quantify the thermal properties of our photonic membrane. Therefore, we perform
steady-state micro-Raman thermometry, either based on a heating laser that also acts as a probe laser (one-laser
Raman thermometry), or based on two lasers, providing the heating and the temperature probe separately
(two-laser Raman thermometry). For the latter technique, we can obtain temperature maps over several hundreds
of square micrometers with a spatial resolution less than 1 pm. As a result, the temperature probe volume using
the two-laser Raman thermometry technique can be increased by a factor exceeding 100 compared with the
conventional one-laser Raman thermometry technique, which impacts the derivation of the thermal conductivity
k. Only based on our largest temperature probe volume we derive k = 95f;1 Wm~! K~! for the ¢ plane of our
~ 250-nm-thick photonic membrane near room temperature, which compares well to our ab initio calculations,
applied to a simplified structure, yielding ¥ = 136 Wm~! K~!. Based on these calculations, we explain the
particular importance of the temperature probe volume, as quasiballistic transport of heat-carrying phonons,
which is of high relevance for determining «, occurs on length scales beyond the penetration depths of the heating
laser and even its focus spot radius. The one-laser Raman thermometry technique, therefore, fails to derive
realistic « values, unlike the two-laser Raman thermometry that can probe temperatures over sufficiently large
volumes. The present work represents a significant step towards the achievement of noninvasive, highly spatially
resolved, quantitative thermometry maps on a photonic membrane made of a direct band gap semiconductor,
which is of particular relevance for photonic applications.
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I. INTRODUCTION

The optical properties of semiconductors are extensively

*gcallsen @uni-bremen.de studied and are therefore becoming increasingly well under-
stood over the full size variation, from bulk crystals down
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The nanostructures commonly in scope encompass the en-
tire dimensionality range from quantum dots (zero dimension
or 0D), over nanowires (one dimension or 1D), to quantum
wells (two dimensions or 2D). Consequently, a wide range of
prototypes and devices was realized, scaling from, e.g., light
detectors [1] over sensors [2] to light-emitting [3] and laser
diodes [4]. For instance, laser-diodes often utilize nanostruc-
tures such as quantum wells (QWs) as a built-in light sources
[5,6]. However, the high level of sophistication reached for the
analysis of the photonic properties of these structures [7-9] is
often contrasted by a limited understanding of the interfer-
ing thermal phenomena [10]. Commonly, either the photonic
or the thermal properties of micro- and nanostructures are
studied, while the interrelation of both phenomena is rarely
reported [11,12], prohibiting any future mutual optimization.
So far, a link between photonic and phononic properties has
been established in the field of nano-optomechanics, focusing
mostly on low-frequency phonons (MHz to GHz range) [13].
However, thermal transport represents an even more intricate
phenomenon that can be mediated by a weighted balance of,
e.g., charge carriers [14,15], excitons [16], and most promi-
nently high-frequency, thermal phonons up to the THz range
[17].

Before any link between optical and thermal material
properties can be studied, one first has to develop a robust
experimental technique that enables such studies. Clearly,
any interlinked understanding of optical and thermal material
properties could potentially pave the way towards mutual op-
timizations. Established thermal characterization techniques
such as, e.g., 3w measurements [18] are not straightfor-
wardly compatible with photonic micro- and nanostructures
for size reasons and the required fabrication of metal con-
tacts. A similar observation seems valid for time-domain
thermal reflectance (TDTR) measurements [14,19] as another
established thermal characterization approach, which most
frequently relies on metal transducers. Purely thermally in-
duced reflectivity changes in semiconductors are generally
considered small over wide energy ranges, if not located in
close energetic vicinity to electronic and excitonic resonances
[20,21]. Thus, in practice metal transducers with larger ther-
moreflectance coefficients in the wavelength range of interest
are commonly required for TDTR measurements [22,23].
The processing of such metal transducers can potentially
deteriorate photonic structures. Therefore, a fully noninva-
sive thermal characterization technique is required, which in
the best case can readily be combined with standard optical
analyses such as absorption and reflectivity measurements,
as well as (time-resolved) PL spectroscopy. In a best-case
scenario, this thermal characterization technique should also
feature diffraction limited spatial resolution similar to, e.g.,
micro-TDTR [24], together with a large applicable temper-
ature range and sufficient temperature resolution. Certainly,
for many applications any optical and thermal characteriza-
tion at room temperature and beyond would be sufficient.
Nevertheless, most interesting thermal transport physics con-
nected to, e.g., the occurrence of various thermal phonon
transport regimes, would also motivate thermometry down to
cryogenic temperatures [25-27]. In summary, a quantifying
thermal characterization technique with excellent integra-
bility, high spatial resolution, as well as a wide operating

temperature range and sufficient temperature resolution is
desired.

Raman thermometry appears as a promising thermal char-
acterization technique in the light of these requirements
[28-30]. Raman measurements cannot only be performed in
a micro-PL (uPL) setup, one can also directly map micro-
Raman (pxRaman) spectra with a spatial resolution close to
the diffraction limit [28] over a wide range of temperatures.
However, these promising aspects of Raman thermometry pair
with a number of challenges, whenever the Raman laser is
not exclusively used as a temperature probe to map, e.g.,
the Joule heating of a transistor structure under operating
conditions [31]. As soon as the Raman laser is simultane-
ously used for the sample heating and the temperature probing
based on Raman spectra, the situation gets more complicated
[30,32]. The applied laser heating challenges the data analysis
in contrast with, e.g., common 3w or TDTR measurements
that apply Joule heating to a semiconductor via metal contacts
or transducers. In general, the thermal resistance of the metal-
to-semiconductor interface represents a manageable challenge
for 3w and TDTR experiments and directly correlated ther-
mal simulations [19]. In contrast, for Raman thermometry,
depending on the light penetration depths of the heating laser,
one has to either model the laser heating by a semicon-
ductor surface heating or a fully volumetric heating, which
requires precise knowledge of the absorption coefficient and
its wavelength dependence [30,33]. Even more severe, in stark
contrast to the Joule heating via metalized semiconductor sur-
faces, the above band gap optical excitation of semiconductor
samples by a suitable heating laser can excite charge carriers
[14,15] or even generate optical excitations such as excitons
[16] and exciton-polaritons [34]. As a result, not only thermal
phonons are generated, but all these additional fundamental
excitations, which diffuse away from the laser-induced heat
spot. This situation is then further complicated by the optical
decay of, e.g., excitons and exciton-polaritons during their
propagation. Any measured temperature rise in a semiconduc-
tor that is directly induced by laser heating (i.e., without a
metal transducer) is challenged by all these additional energy
transport mechanisms. Commonly, with thermal phonons we
refer to high-frequency heat-carrying phonons that predomi-
nantly contribute to thermal transport at all temperatures in the
scope of the present work. For the sake of completeness, ra-
diative heat transfer and related near-field phenomena [35] can
also be added to the list of these mechanisms. However, these
mechanisms can safely be neglected in the present work due
to the temperature differences and distances involved as well
as the dominant contributions of phononic thermal transport.

Consequently, Raman thermometry that relies on laser
heating can only lead to a solid thermal characterization
of a semiconductor if its optical properties are thoroughly
studied in-parallel. Not only the absorption must be known
[29], but also the overall quantum efficiency of the sample
is required for an estimation of how much of the absorbed
light contributes to the heating of the sample. Here, the fact
that common Raman thermometry applies the same laser for
laser heating and temperature probing represents a strong
limitation because the electronic [36] or thermal excitations
[37] connect to different characteristic mean-free path lengths.
Thus, such one-laser Raman thermometry (1LRT) technique
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is best extended to two-laser Raman thermometry (2LRT), by
transferring the role of the temperature probe to a second laser,
which can be scanned away from the laser heat spot, over
the entire structure of interest. Based on temperature maps
extracted from Raman map scans, it is consequently possi-
ble to observe temperature distributions that are caused by a
weighted balance of the different mechanisms contributing to
thermal transport. Thus, as the related mean-free path lengths
vary, 2LRT measurements have the potential to disentangle
different contributions to thermal transport by varying the
distance between the temperature probe and the laser-induced
heat spot. Initially, Hsu et al. applied 2LRT measurements
to carbon nanotubes [38] while the demonstration of its
applicability to silicon membranes [39] and polycrystalline
nanomembranes of MoS, [40] was also shown. However, all
existing experimental 2LRT setups, as described in detail by
Reparaz et al. [39], require full optical access from the sample
front- and backside to overlap the heating and the probe laser
focus spots on the sample. While such an approach is still fea-
sible, e.g., for microstructured silicon membranes [41], most
photonic micro- and nanostructures can only be accessed from
one side because a full substrate removal is often detrimental
for delicate photonic structures [10,42,43].

In this contribution we apply 1LRT and 2LRT to a photonic
membrane structure, which has widely been described in the
literature [10,42—46]. This membrane is mostly made from
GaN and incorporates an In,Ga;_,N (x = 0.15) quantum well
(QW) as built-in light source. Structures very similar to this
photonic membrane have already formed the basis for publi-
cations reporting on, e.g., one-dimensional nanobeam lasers
[10,43] and two-dimensional photonic crystals [42] with ex-
cellent optical properties. Vico Trivifio et al. reported on
record-low-threshold blue lasing of InGaN/GaN nanobeam
lasers [43], which were based on the photonic membrane
also used for the present work. As such photonic structures
can experimentally be accessed only from one side, a fully
customized 1LRT and 2LRT setup was constructed, which al-
lows heating and probing sample temperatures from the same
side by combining conventional micro-Raman mapping and a
laser scanner. To highlight the functionality of this setup, all
experimental results are introduced in a careful step-by-step
approach, aiming to achieve quantitative Raman thermometry
despite the numerous challenges posed by a photonic mem-
brane made from direct band gap semiconductor material.
This also includes in-parallel an analysis of the PL signal, aim-
ing to discard any impact of free carriers and excitons on our
determination of the thermal conductivity k. We show that,
based on 1LRT or 2LRT measurements, one can determine
strongly different thermal conductivities, which are linked to
the different temperature probe volumes. 1LRT measurements
are not ideally suited for a quantitative determination of «
in our membranes, whereas 2LRT measurements yield x =
95711 Wm~! K~! for our ~250-nm-thick photonic II-nitride
membrane. We then compare « values derived from ab ini-
tio calculations to our experimental results, while analyzing
the dependence of the related cumulative « on the phonon
mean-free path lengths /M? provides an explanation for the
different experimental results derived from 1LRT and 2LRT
measurements. Thus, only 2LRT measurements allow for a
truly thermal quantitative analysis of our photonic III-nitride

membrane, providing a strong motivation for any future appli-
cation of this experimental technique.

The paper is structured as follows: In Sec. II, we first intro-
duce the photonic membrane made from IlI-nitride material
(Sec. ITA) that we optically (uPL) and thermally (Raman
thermometry) characterize based on our customized optical
setup (Sec. II B). Herein, we describe the mode of operation
of our optical setup in a four-step-process, which gradu-
ally raises the level of complication for our measurements.
This rigorous step-by-step approach starts with Step A, the
presentation of the puPL spectroscopy in Sec. III. Subse-
quently, in Sec. IV the precharacterization of our photonic
membrane is complemented by spatially resolved, nonreso-
nant and selected resonant Raman measurements on GaN,
which constitutes Step B in our hierarchy. Such resonant
and nonresonant Raman spectroscopy represents the basis for
the Raman thermometry described in Sec. V, which is not
yet spatially resolved (Step C). This section is subdivided
into Secs. VA and V B, which introduce the 1LRT and the
2LRT, measurements without any spatial displacement be-
tween the heat and the probe lasers. Herein, we also introduce
our numerical simulations that allow us to extract ¥ from
our 1LRT and 2LRT without spatial displacement (2LRT})
measurements. Based on these experimental and numerical
foundations from Secs. II-V, we can turn towards the last Step
D in Sec. VI that describes 2LRT measurements. Here, we
show our temperature map scans that enable the determination
of «, which is additionally modeled in Sec. VII based on
state-of-the-art ab initio calculations. As we experimentally
find a particular scaling behavior between the « values derived
from 1LRT, 2LRTy, and 2LRT measurements, we discuss this
observation in Sec. VIII based on our theoretical findings from
Sec. VII. Finally, we present our discussion and the outlook
in Sec. IX, before summarizing our results in Sec. X. In
addition to this paper, more technical details and concepts are
further described in the Supplemental Material (SM) [47] in
the Supplemental Secs. (S-Secs.) I-IV (see also Refs. [48-53]
therein).

II. EXPERIMENTAL DETAILS

The overall structure of the photonic membrane is intro-
duced in Figs. 1(a)-1(d). In addition, a simplified sketch of
the experimental setup that enables £ PL spectroscopy (optical
characterization) in parallel with one-laser- and two-laser-
Raman spectroscopy (thermal characterization) is given in
Fig. 1(e). A more detailed drawing and explanation of the
experimental setup can be found in S-Sec. I [47].

A. The photonic membrane

The layer stack that forms the basis for the photonic
membrane is made from ¢ plane wurtzite AIN, GaN, and
In,Ga;_;N (x = 0.15) grown on an n-type (111) silicon sub-
strate as sketched in Fig. 1(a). Such material growth on silicon
(111) is key to the formation of a membrane structure, as sil-
icon can be selectively etched. The group-III nitride material
was grown by metal-organic vapor phase epitaxy (MOVPE)
in a horizontal Aixtron 200/4 RF-S low pressure reactor and
details regarding the growth of such epilayers on silicon (111)
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FIG. 1. (a) Layer sequence of the photonic membrane made from group-III nitrides grown on n-type silicon (111). The origin of the
layer sequence is explained in the main text. (b) Top-view SEM image of the photonic membrane that mainly consists of c-plane GaN. The
a-and m-plane crystal directions are indicated. The dashed red rectangle along with the sketch on the right indicates the freestanding part of
the photonic membrane in one of its corners, which extends up to a width of ~8 um. (c) Top-view SEM image of the photonic membrane
illustrating the underetch, the roughened silicon substrate, and the photonic GaN membrane. (d) Top-view light microscope image of the
same corner region of the photonic membrane. Here, the color fluctuations indicate thickness fluctuations of the photonic membrane. (e)
Simplified sketch of the experimental two-laser setup that enables micro-photoluminescence spectroscopy (optical characterization) in parallel
to one-laser- and two-laser-Raman spectroscopy (thermal characterization) based on continuous wave lasers.

can be found in Ref. [54]. First, 50 nm of AIN were deposited
on silicon (111) to avoid melt-back etching [55]. Afterwards,
110 nm of GaN, the 3-nm-thick In,Ga;_,N (x = 0.15) QW,
and finally another 90 nm of GaN were grown. Here, the QW
is deliberately placed 10 nm above the geometric center of
the surrounding GaN, taking into account the lower refractive
index of AIN [46]. This way, the coupling of this built-in light
source to the fundamental electromagnetic mode is enhanced.
The overall membrane thickness of ~250 nm is larger than
required for single electromagnetic mode operation of this
membrane, which is of relevance as soon as, e.g., a photonic
crystal is processed for the blue spectral range [46]. However,
this represents a trade-off, aiming to achieve the smoothest
possible GaN surface without pits or cracks. The entire stack
of III-nitride material is not intentionally doped and the GaN
material exhibits a free carrier concentration of 3x 10'® cm—3
Detailed secondary ion mass spectrometry of the photonic
membrane can be found in Ref. [46], showing that the main
impurities in our photonic membrane are silicon and carbon
with concentrations of ~3x10'® and ~5x10'® cm™3

The need of smooth surfaces for photonic applications [44]
is also beneficial for the in-plane thermal transport that is
studied in this work. To quantify light scattering losses in
group-III nitride photonic crystals in the blue spectral range,
Rousseau et al. [44] have conducted detailed atomic force
microscopy (AFM) on the front- and backside of precisely
the membrane that is studied in the present work. After all
required processing steps to form the photonic membrane,
they determined a GaN root mean square (rms) top surface
roughness of 1.4 nm, whereas the AIN backside exhibited
a rms roughness of 0.6 nm, which was extracted from 500
x 500 nm> AFM scans. The backside roughness of the
nitrogen-polar AIN was accessed by exfoliation and subse-

quent flipping of a large (*80x80 um?) square of an entire
membrane similar to the GaN pad shown in Fig. 1(b). In addi-
tion to this surface roughness, a minor waviness was observed
for the particular membrane in 25x25 um2 AFM scans, which
yields a rms waviness of 4.9 nm and ~30 nm peak-to valley
height variation over distances of 5-10 wm. These height
variations lead to the color contrast shown in Fig. 1(d) due to
thin-film interference. In addition, the AFM scans on the AIN
surface on the backside of the photonic membrane yielded
a high density of pin pricks forming dips that correspond to
dislocations with a density of 3—4x 10'9 ¢cm~2, which is a
typical value for AIN grown on (111) silicon [56]. Similar
AFM scans of the top GaN layer yield the same range for
the dislocation density, which corresponds to a distance of
50-60 nm between these defects. For the sake of simplicity,
in the following the epilayer from Fig. 1(a) will be described
as the GaN pad (with silicon support) or membrane (without
silicon support), as its main constituent GaN will dominate the
thermal properties that lie in the scope of this work.

The processing that leads to the GaN pad structure il-
lustrated in the scanning electron microscopy (SEM) image
from Fig. 1(b) is based on electron-beam lithography, dry
etching, and chemically selective vapor phase etching. First,
hydrogen silsesquioxane is applied as negative tone resist for
the electron-beam lithography, which also acts as a hard mask,
enabling the transfer of written patterns into the underlying
epilayer via dry etching. Exactly during this pattern transfer,
any potential edge roughness of the etch mask is transferred
to the underlying epilayer. As no apparent edge roughness
can be observed within the spatial resolution limits of the
applied electron microscope, only an upper bound for the
rms sidewall roughness of <5 nm can be estimated. It should
be noted that this sidewall roughness does not represent a
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FIG. 2. Characterization of the photonic membrane by uPL spectroscopy at an ambient temperature 7,,,, = 295 K under excitation with
a cw UV laser with a wavelength Ae. = 266 nm at a power P, = 0.8 mW. (a) Intensity distribution of the QW emission centered around
E, = 2.75 eV with a bandpass AE; = 0.25 eV, aiming to approximate the FWHM of the QW emission. Here, monolayer thickness and indium
content fluctuations lead to intensity variations, which prominently appear as localization centers in the map scan. (b) In contrast, the GaN
band-edge emission near E, = 3.41 eV shows a more homogeneous intensity distribution in the region of the freestanding GaN membrane
with a bandpass matching its FWHM (AE, = 0.14 eV). Here, the out-coupled signal strength only significantly rises in the top left corner,
where the underlying silicon support structure begins, cf. Fig. 1(b). The target cross in panels (a) and (b) indicates the final desired position of
the heating laser. (c) Comparison of two local uPL spectra recorded at the color-matched indicators in panels (a) and (b).

general limit as even atomically flat sidewalls can be achieved
by anisotropic wet etching of GaN by tetramethylammonium
hydroxide [57]. To this end, the corresponding sidewalls of
any etched structure must be aligned to the crystallographic
axes, as it is the case for the present GaN pad, cf. Fig. 1(b).
The edge region of this GaN pad is then released from
the silicon substrate over &8 pum by chemically selective
vapor phase etching using XeF,. The resulting structural sit-
uation is sketched in Fig. 1(b) and further detailed by the
SEM image from Fig. 1(c). Additional details regarding the
sample growth and processing can be found in Ref. [46]
and the Supplemental Material of Ref. [44], reporting on
high-quality one-dimensional photonic crystal cavities based
on the epilayer in use for the present work. For compari-
son, we also perform 1LRT measurements on a freestanding
piece of a state-of-the-art c-plane GaN wafer with a dislo-
cation density ~10® cm~2, which already formed the basis
for detailed optical studies on InGaN-based light-emitting
diodes [58].

B. The customized optical setup

Figure 1(e) introduces the spectroscopic setup that enables
spatially resolved wPL and pRaman map scans by the inde-
pendent displacement of two laser spots on the surface of the
epilayer. Whereas the basic features of this setup are described
in the following, its full description is given in S-Sec. I [47].
First, an ultraviolet (UV) laser that provides above band gap
excitation of GaN (purple), is guided towards the sample
via a suitable beam splitter and a microscope objective. We
use either a 266 or a 325 nm continuous wave (cw) laser
for this purpose. Both lasers can then directly be used as
excitation lasers for uPL spectroscopy. The excitation spot of
both lasers can be translated across the surface of the GaN
pad over a range of ~100 um by actuating the closed-loop

X-Y piezo stage labeled as scanner I in Fig. 1(e). In addition,
coarser movements of the entire sample structure are enabled
by a long-range X-Y-Z piezo stage (not shown) that holds
the sample in a cryostat, where it is held at a base pressure
of ~1x107° mbar. Even though the cooling option of this
cryostat with its built-in X-Y-Z piezo stage is not in use for
the present work, it still acts as the heat sink for the entire
sample, keeping it at an ambient temperature of T, = 295 K.
Upon UV excitation, the resulting uPL signal is guided back-
wards through the microscope objective towards the detection
system comprising a suitable monochromator and charge-
coupled device (CCD) detector with a spectral resolution of
~1 cm™~! in the visible region around 532 nm.

Resonant Raman spectra based on one of the cw UV lasers
(266 nm or 325 nm) are measured in the same manner. Here,
varying the power of these cw lasers gives direct access
to Raman thermometry based on one laser (1LRT), which
originates the labeling of these lasers as “heating lasers.”
However, low signal strength in addition to the underlying
uPL signal arising from various optical transitions in GaN can
significantly challenge the data recording as further detailed in
Sec. IV A. In addition, nonresonant Raman map scans of the
epilayer can be recorded based on two visible (VIS) cw lasers
(488 nm and 532 nm), which we describe as probe lasers.
Therefore, any movement of the visible laser spot can either
be achieved by scanner I or the angular tilting mirror (scanner
II) as soon as the two scanning lenses are part of the beam
path, cf. Fig. 1(e). These lenses are present to ensure that
the visible laser beam enters the objective in its center, and
the angle between the beam and the microscope axis creates
the beam displacement on the sample surface. The scanning
option based on scanner II is of especially high importance
for 2LRT measurements. Such measurements can be best de-
scribed by the following four measurements steps that form
the basis for Secs. III-VI:
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» - mode shift occurs due to the strain release in the freestanding part of the epilayer. Please note that, for experimental reasons, this Raman
map scan is rotated by 135° with respect to the uPL map scans from Figs. 2(a) and 2(b), showing exactly the same corner of the GaN pad.
(c) Three Raman spectra of GaN, from bottom to top: nonresonant Raman spectrum of bulk GaN (black), equivalent nonresonant spectrum
for the GaN pad (blue, position 2), and resonant Raman spectrum for the same GaN pad (purple, position 2). Any laser-induced heating was
excluded for all Raman spectra by measuring at sufficiently low laser powers. The Raman mode of CaF, in the resonant Raman spectrum

(purple) originates from the microscope objective in use.

Step A. uPL spectra and positioning the cw heating laser
(Sec. III): The positioning of the heating laser based on uPL
map scans yields a spatially and spectrally resolved intensity
distribution based on scanner I [Figs. 2(a) and 2(b)]. During
such measurements the spot size of the heating laser is deter-
mined as described in S-Sec. 1. Because the spot size of the
heating laser is a crucial parameter for the subsequent data
analysis, we made it common practice to probe the laser spot
size for every sequence of measurements. Small laser focus
deviations can lead to nontolerable laser spot size variations
that scale with the numerical aperture of the microscope ob-
jective in use. Commonly, after positioning the heating laser
on the desired sample location, excitation-power-dependent
series of wPL spectra are recorded as a first optical and ther-
mal characterization of the sample. For this step it is crucial
that both scanning lenses illustrated in Fig. 1(e) are already
in place in preparation of Step B. Measuring series of uPL
spectra also supports the determination of the maximal appli-
cable excitation power range for the heating laser. For this,
the reproducibility of the uPL spectra is checked after cycling
the excitation power of the heating laser. The positioning and
focal lengths of the two scanning lenses are such that both
lenses do not impact the heating laser besides minor wave
front distortions. See S-Sec. I in the SM [47] for further
details.

Step B. Raman precharacterization and positioning the cw
probe laser (Sec. IV): While the position of the heating laser’s
focus spot is kept on the sample (fixed position for scanner
I), the probe laser’s focus spot is scanned across the sample
by scanner II in combination with the scanning lenses, which
is the normal operation mode of a laser scanning microscope
[59]. For the scanning, only the probe laser beam is tilted
in the entrance aperture of the microscope objective. During
the scanning action of this laser, nonresonant Raman spec-
tra are recorded for each desired point on the sample. Due
to the presence of the angular tilting mirror, the detection

beam path for such nonresonant Raman spectra must deviate
from the detection beam path for resonant Raman and puPL
spectra described under Step A, cf. S-Sec. I [47]. As a re-
sult, a map scan of nonresonant Raman spectra is recorded,
which, e.g., can illustrate the distribution of strain across the
sample’s surface. As the heating laser is still off during this
recording, we call this result an unheated Raman map scan
[Fig. 3(a)].

Step C. 1LRT characterization and 2LRT( (Sec. V): After
positioning the cw heating and probe lasers, conventional
resonant Raman thermometry (1LRT) is performed. For such
measurements, the heating laser simultaneously acts as the
temperature probe laser, meaning that no spatially resolved
temperature maps can be recorded. Thus, the heating laser
is the source of the resonant Raman signal, which serves as
a local thermometer. In this work, we show 1LRT results as
a first step towards 2LRT measurements, since such mea-
surements commonly appear in literature. Later in the paper
(Sec. VIII), we show that such temperature measurements
directly at the heat spot imply several complications for our
photonic membrane. In addition to the 1LRT characterization
and based on the nonresonant Raman scan from Step B and the
uPL map scan from Step A, it is now possible to overlap the
spots of the heating and probe lasers. As a result, nonresonant
Raman spectra can be recorded, while the heating power is
varied. We call this technique two-laser Raman thermometry
without spatial displacement (2LRT)).

Step D. 2LRT map scans (Sec. VI): Spatial resolution can
now be introduced by controlling scanner II, which exclu-
sively allows movements of the cw probe but not the cw
heating laser spot across the sample in our setup. A well-suited
UV-VIS microscope objective must be utilized, featuring the
same focal length for two significantly different laser wave-
lengths and a sufficient planarity of the corresponding focal
planes. As a result, 2LRT map scans can be recorded for
varying powers of the heating laser. Here, the unheated Raman
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map scan can be used to free the heated map scans from any
Raman mode shifts and mode broadenings induced by, e.g.,
strain or varying defect concentrations as further explained in
Sec. VI. Finally, 2LRT map scans comprising Raman mode
shifts or Raman mode broadenings can be translated into
two-dimensional temperature maps based on a particular tem-
perature calibration, cf. S-Sec. III. These temperature maps
will then serve as the basis for the extraction of key parameters
such as the thermal conductivity «.

We point out that when performing PL spectroscopy and
Raman thermometry (1LRT, 2LRTj, and 2LRT) we exclu-
sively probe steady-state conditions. Only the determination
of the internal quantum efficiency nigg of the photonic mem-
brane is based on time-resolved PL measurements issued from
Ref. [46] as described in Sec. V A 2. Any temperature gradient
that develops in our photonic membrane upon heating with
a cw heating laser can be considered as constant over time.
All experimental times like the integration time of a Raman
spectrum, the step time between different positions of a 2LRT
map scan, or the time until the first 1LRT, 2LRTy, or 2LRT
spectrum is recorded, are orders of magnitude larger than the
thermalization time in our photonic membrane. Please see
S-Sec. I for further details.

III. CHARACTERIZATION OF THE PHOTONIC
MEMBRANE BY pPL SPECTROSCOPY AND
POSITIONING OF THE HEATING
LASER (STEP A)

Figure 2 shows the uPL signal of the Ill-nitride epilayer
(Tamb = 295 K) introduced in Fig. 1, which is required for
Step A. A UV laser (Aexe = 266 nm), later described as the
heating laser, is scanned over a corner region of the GaN
pad and a uPL spectrum is recorded for each point, yield-
ing polychromatic uPL map scans as shown in Figs. 2(a)
and 2(b) for the In,Ga;_N (x = 0.15) QW emission [band-
pass centered at E; = 2.75 eV, full width at half maximum
(FWHM) AE; =0.25 eV] and the GaN band-edge emis-
sion (E, = 3.41 eV, AE; = 0.14 eV). Two exemplary local
uPL spectra are shown in Fig. 2(c) for the two positions
1 (supported on silicon) and 2 (freestanding) identified in
Figs. 2(a) and 2(b). In addition to the two main emission
features (QW and band-edge emission), the onset of GaN-
related defect luminescence is visible below ~2.4 eV, which
is of relevance for the 2LRT measurements introduced in
Sec. VL.

When comparing the intensity fluctuations from Figs. 2(a)
and 2(b), it is apparent that the QW emission is less homo-
geneously distributed across the freestanding part of the GaN
membrane compared with the GaN band-edge emission. For
the QW intensity distribution, numerous so-called localization
centers [60] with higher emission intensity can be observed,
which often can also be correlated to emission energy shifts
(not shown). Here, local QW thickness fluctuations, struc-
tural defects (e.g., local assemblies of dislocations), and
interrelated indium content fluctuations can lead to carrier
localization [60-63]. For instance, a QW thickness fluctuation
of =1 monolayer can already lead to emission energy shifts
of ~+60-70 meV for the given indium concentration [64]
at room temperature and low carrier injection conditions that

are met in Fig. 2. Clearly, such thickness, indium content,
and defect concentration fluctuations naturally occur during
growth of Ill-nitride epilayers on silicon (111), cf. Sec. IT A.
Details regarding these carrier localization effects that are
also linked to the high luminosity of this photonic membrane,
despite the apparent structural defects, can, e.g., be found in
Ref. [46].

The GaN band-edge emission from Fig. 2(b) shows a
comparably homogeneous intensity distribution as the GaN
thickness of 2200 nm does not lead to any carrier confine-
ment that would make thickness fluctuations a pronounced
source of intensity variations. At the given ambient tempera-
ture Tomp = 295 K, both excitons and band-to-band transitions
already contribute to the band-edge emission of GaN as the
thermal energy (26 meV) has already surpassed the binding
energy of the free A-exciton and B-exciton of 223 meV [65].
Here, the map scans shown in Figs. 2(a) and 2(b) already
enable a first estimation of an upper bound for the effective
mean exciton and carrier diffusion length l4 < 250 nm, as
features with the size of individual pixels appear in the map
scan. Spatially resolved cathodoluminescence (CL) map scans
with higher spatial resolution recorded exactly in the corner
region of the GaN membrane for low injection conditions
are discussed in S-Sec. II [47]. Here, an upper bound of
lgigre < 115 nm is derived, which will be of relevance for the
interpretation of the thermal analyses discussed in Secs. VIII
and IX.

The two local spectra 1 and 2 shown in Fig. 2(c) illus-
trate the difference between the supported epilayer (1) and
the freestanding membrane (2). The emission intensity for
these locations differs by approximately a factor of two. Since
the underetching process (see Sec. II A) is selective to the
AIN layer, meaning that the InGaN/GaN layer stack remains
unaffected, the reduction of intensity cannot be attributed to
material damage. The increase in intensity here is solely asso-
ciated with the difference in refractive index contrast between
AIN and silicon (111) or vacuum. In addition, this observation
explains the motivation for a freestanding photonic membrane
that requires most light to travel along in-plane directions for
commonly applied one- [43] and two-dimensional [42] cavity
designs. Less apparently, but highlighted in Fig. 2(c), the QW
emission and the band-edge emission exhibit an energy shift
of 210 £ 3 meV (QW, limited by the FWHM) and 4 &+ 1 meV
(band edge), when comparing positions 1 and 2. This is a sign
of tensile strain in the epilayer grown on silicon (111) due
to lattice mismatch [66], which is released upon formation
of the photonic membrane. The strain state of our III-nitride
epilayer is further quantified based on wRaman spectroscopy
in Sec. IV.

After the uPL map scan is recorded, the UV heating laser
can be positioned at any desired position. We choose the
position that is indicated by the purple target in Figs. 2(a) and
2(b), while the positioning precision is given by the stepping
size (here 0.5 um). Once the first of the required two lasers
for 2LRT( and 2LRT measurements has reached its position,
the power can be varied to induce heating in the sample that
will be probed by the second laser. Subsequent to this, the
temperature probe laser needs to be positioned (Step B) by
recording an unheated, nonresonant Raman map as described
in the following Sec. IV.
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IV. RECORDING OF UNHEATED, NONRESONANT
RAMAN MAPS AND POSITIONING
OF THE PROBE LASER (STEP B)

A pnRaman map scan based on nonresonant Raman spectra
(Aprobe = 488 nm) is shown in Fig. 3(a). Here, exactly the
same corner of the GaN membrane that was already probed
by uPL is now analyzed by wRaman spectroscopy, cf. Fig. 2.
As a result, control over the spatial displacement between the
laser spots of the heating and the probe laser with respect
to the position of the structured GaN membrane (corner) is
achieved (Step B), representing a prerequisite for the Raman
thermometry presented in Secs. V and VI (Steps C and D). To
form the map scan from Fig. 3(a), first, nonresonant Raman
spectra are recorded with a step resolution of 650 £ 50 nm
without any effect on the positioning of the disengaged heat-
ing laser that was achieved via the PL map scan from Fig. 2.
Second, the position of the E;"gh Raman mode of wurtzite
GaN is extracted from the entire set of nonresonant Raman
spectra. Plotting these Raman mode positions over the spatial
coordinates lead to Fig. 3(a). Here, again as for Figs. 2(a) and
2(b), the freestanding and supported part of the GaN pad can
clearly be distinguished as growth on silicon (111) leads to
the formation of tensile strain in the entire epilayer, which is
responsible for the additional Raman shift.

Two local spectra were recorded to illustrate the shift, at
positions 1 (supported) and 2 (freestanding) as indicated in
Figs. 3(a) and 3(b). Here, in addition to a strong contribution
from the silicon underneath the GaN pad, the E;lgh Raman
mode of GaN can be seen for the freestanding and supported
part of the epilayer. By fitting such spectra with a suitable
model, a small mode shift of 0.8 + 0.2 cm~! can be extracted,
cf. Fig. 3(b). For such fitting, we employed a Lorentzian
peak with an exponential background. Such an exponential
background arises from the tail of the silicon Raman mode
visible in Fig. 3(b).

In general, growth of GaN on silicon (111) leads to
the build-up of tensile strain in the epilayer due to lattice
mismatch, which can additionally be affected by the in-
corporation of AIN interlayers that also allow lowering the
dislocation density [66]. As such dislocations are a source
of relaxation, the final tensile strain state of the epilayer is
given by the balance between layer thickness and the dis-
location density. Based on the bisotropic (i.e., biaxial and
isotropic) phonon pressure coefficient of the E;“gh Raman
mode (2.86 cm™!/GPa) [67], we find a minor stress release
in our epilayer upon removal of the silicon (111) substrate
of ~0.3 £ 0.1 GPa. This minor stress release maintains the
overall quality of the GaN membrane as, e.g., no cracks or ad-
ditional structural defects are formed upon release. However,
even though the assumption of a bisotropic strain situation is
questioned by the particular geometry of the GaN pad corner,
the value for the stress release still holds as an approximation.
Only minor strain variations that are induced by the corner
geometry of the freestanding GaN membrane can be observed
in Fig. 3(a). Please note that the color scale chosen in Fig. 3(a)
enables direct comparison with 2LRT map scans introduced in
Sec. VL.

A. Nonresonant and resonant Raman spectra of GaN

Three different nonresonant and resonant Raman spectra
of bulk, c-plane GaN and the c-plane GaN membrane are
shown in Fig. 3(c) on a larger energy range that covers all
first order Raman modes of GaN except for the longitudinal-
optical (LO) modes. For a bulk piece of c-plane GaN (bottom,
black spectrum), the Raman selection rules [68] are obeyed
as the E°V and ES**" Raman modes dominate this spectrum
(allowed modes) in the chosen nonpolarized, backscatter-
ing geometry, cf. Fig. 1(e). Thus, only minor traces of the
transversal-optical (TO) Raman modes A;(TO) and E;(TO)
can be observed on the lower-wave-number side of the E;‘gh
Raman mode in addition to a broad background that arises
from a defect-related wPL signal arising from sub-band-gap
optical excitation. Analyzing the GaN membrane in position
2, i.e., in the freestanding part of the GaN epilayer, yields
the blue and purple spectra shown in Fig. 3(c). In spite of
the large air gap (=8 um), for the middle spectrum, the
Raman signal of silicon dominates the signal, while only
the EX*®" Raman mode of GaN remains visible as again the
wPL background signal limits the dynamic range of the entire
Raman spectrum, inhibiting the visibility of the EX° Raman

mode. Thus, only the E2h e Raman mode remains for Raman
thermometry based on nonresonant spectra. In general, this
situation can be improved by using a microscope objective
with a numerical aperture (NA) in excess of 0.55. However,
this choice is often not compatible with 2LRT thermometry
employing UV heating lasers [46]. For 2LRT measurements,
a dedicated UV-VIS microscope objective is required with
a sufficiently large working distance for measurements in a
vacuum chamber or cryostat to exclude thermal transport by
convection. Furthermore, the focal planes for the two selected
wavelengths need to overlap, while providing a sufficiently
low curvature for the position mapping schemes for the probe
laser spot as described in Sec. II B. Consequently, all these ex-
perimental requirements hinder the utilization of microscope
objectives with higher NA and consequently lower depth of
field in our experimental setup.

A similar situation regarding the balance between Raman
and uPL signals occurs for the resonant Raman spectrum
shown in the top of Fig. 3(c) in purple. As most of the probe
light (Ayrobe = 325 nm) is absorbed in the ~250-nm-thick
membrane (light penetration depth p?ﬁ\]"m =74 nm [69]),
the Raman signal of silicon is reduced when switching from
the 488 nm laser (nonresonant Raman) to the 325 nm laser
(resonant Raman). Please note that every value for pg,n given
in this paper is based on spectroscopic ellipsometry. For this
method, a suitable dispersion model is fitted to experimen-
tal data and we estimate the corresponding error of pg.n in
the wavelength range of interest to £5%. A strong lumines-
cence background occurs, which is caused by band-to-band
transitions in GaN and additional contributions belonging
to the resonant Raman spectrum of GaN (e.g., LO Raman
modes and multiple combinations of them). Therefore, res-
onant Raman spectroscopy on GaN represents a challenge,
as often Raman modes are covered by undesired signal. In
addition, the integration time of the resonant Raman spectrum
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(purple spectrum), surpasses the integration time of its non-
resonant counterpart (blue spectrum) in Fig. 3(c) by a factor
of ~100. Clearly, this renders such nonresonant Raman spec-
tra more promising for mapping applications, while making
also any accidental laser heating less likely due to the high
transparency of the entire GaN membrane at the laser probe
wavelength used in this study, cf. Sec. IT A.

V. ONE- AND TWO-LASER RAMAN
THERMOMETRY (STEP C)

After full positioning control is achieved for the probe
and heat laser spots with respect to the corner of the GaN
membrane based on Steps A and B from Secs. III and IV,
the 1LRT and 2LRT,; measurements are performed at the
same sample location. The position of the probe and heat
laser spots coincides for 2LRT, measurements. In the spirit
of a step-by-step approach, the 2LRT, measurements serve
first as a direct comparison to the common 1LRT technique,
before the introduction of spatial resolution through the 2LRT
measurements presented in Sec. VI.

Generally, Raman spectra enable at least three methods to
measure the required temperatures. One can either measure
(1) the Raman mode shift, (ii) the Raman mode broadening, or
(iii) the intensity ratio of Stokes and anti-Stokes Raman modes
upon variations of the power of the heating laser. Because
approach (iii) typically results in uncertainties of the measured
temperature that are significantly larger compared with (i) and
(ii), as described in Refs. [29,70], we discard an analysis of the
Stokes and anti-Stokes intensity ratios in this work. In general,
an analysis of these Stokes and anti-Stokes intensity ratios is
not particularly promising to map temperatures, because we
found that the required integration times exceed the integra-
tion times of the Raman spectra that exclusively focus on the
Stokes side by a factor of ~100 in our experimental setup
around Typ.

A. One-laser Raman thermometry of GaN

One-laser Raman thermometry is based on resonant Raman
spectroscopy. The heating laser spot is positioned at the target
position in the center of the freestanding GaN pad corner as
sketched in Fig. 4(a) and the wavelength utilized for heat-
ing and temperature probing is the same (Apear = Aprobe =
325 nm). Resulting resonant Raman spectra are displayed
in Fig. 4(b) for rising absorbed laser power Py. The En€"
Raman mode continuously shifts and broadens towards lower
wave numbers, indicating a local, laser-induced heating. The
corresponding Raman mode positions and FWHM values are
extracted by fitting the peaks with a Lorentzian peak over
a linear background, as illustrated for three Py, values in
Fig. 4(b) based on overlaying the experimental result (data
points) with a solid line (fitting model). Position and FWHM

values related to the E; igh Raman mode can then be translated
into local temperatures based on an equally local temperature
calibration. Details regarding this local temperature calibra-
tion are given in S-Sec. III. The resulting temperature rise
(Tiise), either based on Raman mode position or FWHM, are

plotted in Fig. 4(c). Here, the horizontal axis represents Py
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FIG. 4. (a) Scheme of the 1LRT measurements showing the po-
sition of the heating laser spot (purple) on the corner of the GaN
membrane. (b) Resonant Raman spectra showing the E;"gh Raman
mode of GaN with rising power of the heating laser (Apcar = Aprobe =
325 nm) at an ambient temperature T, = 295 K. (¢) Temperature
rise induced by the heating laser plotted over its normalized absorbed
power (Pyps). The reasoning behind this normalization of P,y is given
in the main text. Here, the Raman mode shift and its broadening
yield different temperature rises (7is) due to the buildup of ther-
mally induced strain in the GaN membrane. For comparison, the
corresponding Ty values for bulk GaN are also shown. The dashed
green line illustrates our modeling for T < 150 K based on a
thermal conductivity «LRF = 180722 W m~! K~!. For more elevated
powers of the heating laser, both temperature rises follow parabolas,
as « continuously decreases. The dashed horizontal and vertical lines
enable the comparison to the 2LRT data, cf. Fig. 5.

normalized by the product of the heat spot radius r,,s and
the temperature probe volume to enable direct comparison to
the 2LRT, data presented in Fig. 5 from Sec. V B, where we
employ a heating laser with Ape,e = 266 nm. The additional
normalization by r,s originates from the approximation that
Tiise ~ Paps/Fabs holds [33]. The spot sizes of the probe and
heat lasers are determined via the knife-edge method (S-Sec. I
A), and the probe volume is approximated by the product of
the probe laser spot size and its penetration depth.

Up to Tiise =~ 150 K, the temperature rises originating from
Raman mode positions and FWHM values overlap within the
error bars. However, upon further increase in laser power, the
FWHM of the E;“gh Raman mode systematically indicates
higher T values. As described by Beechem er al. [70], such
discrepancy is caused by the buildup of thermally induced
strain in the epilayer due to the local laser heating. As the
heated volume tends to expand in the middle of the corner
of the GaN membrane, the surrounding colder material hin-
ders this expansion, mostly, for in-plane directions. The result
is thermally induced compression in the plane of the GaN
membrane around the heat spot, which is accompanied by a
shift of the E; igh Raman mode to higher wave numbers [67],
thus, counteracting its evolution towards lower wave numbers
due to laser-induced local heating. The temperature-induced
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FIG. 5. (a) Scheme of the 2LRT, measurements without a spatial
displacement between the heating laser spot (purple) and the probe
laser spot (green), both positioned in the corner region of the GaN
pad. (b) Nonresonant Raman spectra showing the E; =" Raman mode
of GaN with rising power of the heating laser (Ape,, = 266 nm) at an
ambient temperature T,,,, = 295 K. Here a probe laser wavelength
Aprobe = 488 nm was used. (c) Temperature rise induced by the
heating laser plotted over normalized absorbed laser power (Pyps).
Here, the given normalization of P, allows direct comparison of this
plot with Fig. 4(c). The Raman mode shift and its broadening yield
different temperature rises due to the buildup of thermally induced
strain in the GaN membrane. The dashed green line illustrates our
modeling for Ty < 150 K and a fixed thermal conductivity yielding

2R — 110*} Wm~' K~'. For more elevated powers of the heat-
ing laser, both temperature rises follow parabolas, as x continuously
decreases. The intersection of the dashed horizontal and vertical lines
enable the comparison to the 1LRT data, cf. Fig. 4.

evolution of a Raman mode is not only caused by a volume ef-
fect (i.e., the thermal expansion), but also by phonon-phonon
scattering events [71] that scale with the phonon population.
Eventually, the Raman mode position tends to become a poor
temperature sensor for Tjje > 150 K in GaN at T, = 295 K,
while the FWHM values are not affected by thermally induced
stress in a first-order approximation [67,70]. The quantifica-
tion of the stress that is thermally induced by the local laser
heating for Ty;se > 150 K of the GaN membrane remains a task
for future work.

Consequently, T values extracted from the evolution of
the FWHM values of the ES*®" Raman mode are best suited
for determining the thermal conductivity of the GaN mem-
brane LRI For the given normalization of Py in Fig. 4(c),
the evolution of T}, should follow a linear function for a
fixed /LR value. However, for Tyise > 150 K the temperature
trend follows a parabola, indicating a reduction of x\LXF with
increasing Ty at the given Thmp = 295 K. Commonly, it is
assumed that such an evolution of «!LRT can be described
by a power law such as «(T) = aT " [41] with the fitting
parameters a and b. This approach has already allowed the
description of the decrease of the thermal conductivity x with
increasing temperature in bulk silicon, bulk germanium [72],

and silicon membranes [41]. However, in this work, we do not
focus on this particular dependence of « (T'). The reasoning for
this is mostly related to the determination of the two fitting
parameters a and b. These need to be obtained from extended
numerical simulations and fitting efforts beyond the scope of
this work, as we do consider a more complex sample geome-
try, i.e., the corner of a GaN membrane and will constitute the
basis of further investigations.

1. Determination of the thermal conductivity

As no straightforwardly accessible analytical solution ex-
ists for modeling the heating laser induced temperature
distribution in the corner region of our GaN membrane [73],
we directly turn towards finite-element simulations based on
the COMSOL Multiphysics ® software, which were already
successfully applied to InP microcrystals with dimensions in
the few- and submicrometer regime [30]. We operate COMSOL
through scripts in MATLAB® using LiveLink™. In doing
so, we enable the analysis of a large number of simulations
and are able to compute errors for all ¥ values we derive.
The procedure for extracting « LRl based on the 1LRT data
from Fig. 4(c) is described as follows: Details regarding the
thermal model and the numerical simulations can be found in
S-Sec. IV [47].

Step I. Experimental data analysis: We start by fitting a lin-
ear function to the data points from Fig. 4(c) for Tj;se < 150 K.
The least square regression is restricted to this range of Tijse
values for two reasons: First, here the mode shift and the mode
broadening can be applied as valid equivalent thermometers.
Second, limiting the fitting to lower values of Tjjs. motivates
the assumption of a constant kpemp value. As a result, we
obtain the slope of T, (Pus) in addition to the symmetric
slope error.

Step II. Modeling the experiment: The numerical simu-
lation aims to model the laser-induced heating, the thermal
dissipation in the sample, and the temperature probing by
a laser. To this end, the entire GaN pad along its silicon
support is created inside of the simulation software with a
size of 220 pmx220 wmx10.25 pm. The heating laser is
introduced as a surfacic Gaussian heating source with an
integrated power density equal to Py, while the bottom of
the silicon support acts as the heat sink remaining at ambient
temperature (295 K). When comparing a surfacic heating
source with a volumetric heating source that considers the
light penetration depth of the heating laser (pus), we found
a maximal temperature deviation of less than 0.5%. For the
temperature probe volume, we define a cylindrical volume
over which temperatures are averaged to Tjs, according to
Eq. (1). Here, the height of the cylinder in the cross-plane
direction is given by the light penetration depth of the probe
laser (pups). More details are provided in S-Sec. IV. For the
case of 1LRT measurements (Apeat = Aprobe = 325 nm and
Dabs = Pprobe = 74 nm) [69], the heating and probe lasers
are identical, hence, they are modeled with the same pa-
rameters. For the in-plane direction T is obtained from a
Gaussian-weighted average of temperatures, considering the
probe laser spot radius (rprope) and its centering around the
heat spot. Subsequently, the simulation is performed for all ex-

perimental Py, values, yielding a linear trends for 75 (Pyps ).
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In addition, these simulations are repeated for a suitable range
of x !LRT The spacing between two values of «!LRT is mainly
determined by the slope error of the linear fit function ob-
tained in Step 1.

Step IIlI. Deducing the thermal conductivity: We deduce
KILI(;E;{, by comparing the slopes of the simulated and mea-
sured trends for Tiise (Paps ). Once the best matching simulation
is found, the error of «!LRT is determined via the experi-
mental slope error obtained under Step I. For a given slope
and slope error of T (Pus), one obtains the lower bound

(«ILRT _ Aky) and the upper bound (k!LRT + Ax,) of the
thermal conductivity with Ak; # Ax,. Hence, we adopt the
following notation for asymmetric errors: /cfﬁ,':f [74]. These
asymmetries on the error intervals can be understood based
on the standard analytical relation for bulk material that re-
lates Ty to the inverse of x[LRT as follows: Tiise/Pabs O
1/(riLRT). Here, the precise prefactor to get the equal-
ity depends on the experimental conditions as described by
Lax [33].

As a result of our modeling procedure based on Steps I-III,
we derive xLRT — 180“_“;2 Wm~! K~!, illustrated by the lin-
ear function (dashed, green) shown in Fig. 4(c). This value of
LR that we extracted here for our thin photonic membrane,
comprising around 200 nm of GaN and a 50-nm-thick AIN
interlayer, is highly doubtful. Only GaN samples of very high
crystalline quality (low structural and point defect concen-
trations) with a thickness of several micrometers grown on
bulk GaN substrates reach such high « values [75]. A careful
analysis regarding the reliability of «!LRT follows in Sec. VIII
along with a comparison to the results of 2LRT( and 2LRT
measurements. Here, we reveal a systematic problem of 1LRT
measurements for the given heating and probe laser spot sizes
and laser penetration depths. As a precise knowledge of Py
is of high importance for all 1LRT and 2LRT measurements,
the following Sec. VA2 is dedicated to its determination.
Furthermore, the case of 1LRT measurements on bulk GaN
is briefly described in Sec. V A 4, before 2LRT measurements
are introduced in Sec. V B, following a rigorous step-by-step
approach.

In this work, we focus on the low-Tj; limit (T <S 150 K)
to approximate a constant thermal conductivity Kmyemp for our
GaN membrane, which we derive based on 1LRT and 2LRT),
as well as 2LRT measurements. In this low-Tj limit, the
temperature rise over normalized power of the heating laser
can be approximated by a linear function, which is a first-order
approximation in the spirit of a Taylor expansion that is also in
use for Fig. 5(c), summarizing 2LRT; measurements. Higher-
order terms cannot be resolved for T < 150 K, due to the
limited temperature resolution of our experimental setup, cf.
S-Secs. I and III. This limit for the temperature resolution pre-
dominantly originates from the optical resolution and spectral
stability of our experimental setup, the temperature calibration
(see S-Secs. I and III), and fitting errors [compare data and fit
model in, e.g., Fig. 4(b)]. The latter errors are often connected
to noise in the Raman spectra, but also additional spectral fea-
tures caused by spurious PL or Raman signal. Such spurious
Raman signal is, e.g., given by the Raman mode of silicon
visible in Fig. 3(b) (blue Raman spectrum). Nevertheless,
the comparison of the three values for «memp derived from
ILRT, 2LRTy, and 2LRT measurements for Ty < 150 K

already bears interesting physical insights, as described in
Sec. VIIL.

2. Determination of the absorbed and the heating power

Determining a robust value for the power absorbed by the
layer P,y and its fraction that goes into heating Py, is of high
relevance for the Raman thermometry presented in this work.
Generally, for the acquisition of Raman spectra, we measure
the power of the heating laser between the two scanning lenses
illustrated in Fig. 1(e). This position for the power measure-
ments proved most convenient during the operation of the
experimental setup. However, the power of the heating laser
that reaches the surfaces of our GaN pad can only be derived
based on a precise knowledge of all losses introduced by the
optical elements in the beam path (lenses, mirrors, microscope
objective, cryostat window). Additionally, the power of the
heating laser that is reflected from the surface of the photonic
membrane is determined to provide the power of the heating
laser entering into the sample. In our experimental setup,
the power of the reflected heating laser P.s can directly be
measured for every step in power of the heating laser. We then
cross-checked this method by both direct, angular-dependent
reflection measurements at Apeye = 325 nm and 266 nm in
a dedicated and calibrated UV-VIS spectrophotometer and
by straightforward calculations based on Fresnel equations.
Consequently, our direct in situ reflection measurements that
yield P.q are enabled by the specular reflection of the heating
laser from the sample surface with a negligible fraction of
diffusely scattered light. The high structural quality of our
monocrystalline photonic membrane, as, e.g., evidenced by its
structural defect density and low surface roughness (front- and
backside) as detailed in Sec. I A, strongly attenuates diffuse
elastic light scattering.

Furthermore, even for elevated excitation powers of the
heating laser, we never observed any significant thermally
induced change in reflectivity. Any reflectivity changes we
measured were always directly linked to surface damage of
the GaN material that only occurred at excitation powers
beyond the values presented in this work. Any power that is
attributed to elastic (Rayleigh scattering) and inelastic (Bril-
louin and Raman scattering) light scattering Py, is neglected
in this work as in previous works on 2LRT [39,41]. Com-
monly, inelastic scattering is orders of magnitude weaker than
elastic scattering, while the latter is strongly reduced in our
sample due to its monocrystallinity.

After the determination of the power entering the GaN
pad, its transmitted fraction must be estimated to find the
absorbed laser power Ps. For the sake of simplicity, we
treat the GaN/InGaN/GaN membrane as one effective GaN
membrane with a thickness of 203 nm (3-nm-thick InGaN
QW). At such GaN layer thicknesses, only 0.5% (325 nm) or
0.3% (266 nm) of the light of the heating laser are transmitted
through the membrane. Thus, even though the backside of our
sample is not experimentally accessible as in measurements
on silicon membranes [39], we can safely assume that the
power of the heating laser that enters the sample is also fully
absorbed, enabling the direct determination of Pyps.

Furthermore, note that the absorption of GaN at 325 or
266 nm is so high [76] that Fabry-Perot interference effects
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can be neglected for our GaN membrane despite its sub-
wavelength thickness. In contrast, for 1LRT measurements on
silicon membranes such interference effects can complicate
the calculation of the absorbed power, rendering direct trans-
mission measurements at the wavelength of the heating laser
of high importance [77]. This is also especially relevant for
2LRT measurements on silicon membranes that use visible
lasers for the heating (405 nm) and the temperature probing
(488 nm), as demonstrated in Ref. [39]. At such wavelength
in the visible spectral range, the absorption of silicon does
not suffice to suppress light propagation for in-plane direc-
tions in silicon membranes. Depending on the thickness of
such silicon membranes, Fabry-Perot interference effects can
occur that strongly alter the overall membrane transmission.
Such silicon membranes therefore require precise transmis-
sion measurements when heated with visible lasers, which in
turn requires full optical access from the front- and backside
of the membrane. Alternatively, a suitable modeling can be
applied [77], however, this approach requires precise knowl-
edge about the top and bottom surface roughnesses. The last
step is to determine which fraction of Py, leads to a local heat-
ing of the GaN membrane. In principle, one can assume that a
certain fraction of P, leads to the formation of, e.g., excitons
and/or electron-hole pairs, which in turn can emit light with a
radiated power Py,q. Clearly, such light emission is one of the
main aims of a photonic membrane comprising a QW as built-
in light source. In the best-case scenario, the external quantum
efficiency ngqe of the GaN membrane would be available
to evaluate the following equality: Pus = Pheat + Prag, With
Pheat being the fraction of the absorbed power that went into
heating.

In a light-emitting diode, nggg is defined by the number
of photons emitted to free space per second divided by the
number of injected electrons per second. However, despite the
numerous uPL results shown in Fig. 2, ngge of the present
sample is low at T = 295K. In Ref. [46] time-resolved
PL measurements were performed between 5 and 295 K to
measure the internal quantum efficiency nigg of exactly the
GaN membrane structure used for the present work. Here niqg
is again defined in a light-emitting diode by the number of
photons emitted from the active region per second divided by
the number of injected electrons per second. Consequently,
the time-resolved PL analysis yielded ngqe < nige ~ 0.1%
for Tymp = 295 K. Thus, we can safely assume Pypg X Pyt fOr
the present sample at room temperature and beyond. However,
this situation would change if the sample was cooled towards,
e.g., 5 K or if in general a sample with less nonradiative
defects would be analyzed, which remains a task for future
work. Adding an InGaN underlayer to our structure grown on
silicon as described by Haller et al. would already drastically
boost nige at room temperature [58]. Nevertheless, already
the present sample’s PL signal rises by up to four orders
of magnitude when transitioning from 295 to 5 K, which is
accompanied by niog reaching several tens of percent at 5 K.

3. Experimental determination of the temperature

The temperature derived from our experiments is either
based on the Raman mode shift or broadening, which are in
turn acquired from every point under the laser spot. Strictly

speaking, the technique does not probe the local temperature
but its average under the laser spot, weighted by the beam
profile intensity and its penetration depth [29,78]:

Toeas = / drd0dzrT(r,0, ) foone(r.0,2) (1)
\%

with forobe (7, 8, 2) being the weighting function of the probe
laser and 7'(r, 6, z) the local temperature of the sample. The
weight function fyrope (7, 6, z) can be written as product of the
probe laser beam profile (assumed to be a Gaussian) and the
attenuation of the backscattered probe laser beam:

Forone(r.0.2) 1 (r—r)? < 2z )
T r,v,z2) = X —— | X — ,
probe weﬁ P w? P pprobe

(2)

with w, being the beam waist as the beam intensity is reduced
to 1/e of its initial value, ry the location of the probe beam,
Pprobe the penetration depth of the laser, and r, 6, and z a
cylindrical coordinate system centered at the probe beam spot
location. The factor of two in the attenuation term accounts for
the probe beam travel to depth z into the material and its return
to the material surface. To extract the coefficient of thermal
conductivity x, we compare Tj,e,s to numerical simulations.
As the outcome of such simulations is usually the simulated
local temperature Ty (7, 6, 2), it needs to be averaged by a
function that models the probe laser:

fpsrl(%e(rsims Osim > Zsim)

_ 1 exp | — (Fsim — r0)2 exp <_ 2Zsim ) 3)
weﬁ wez Pprobe '

with rgm, Gsim, and zgm being the cylindrical simulated coor-
dinates, to distinguish from the physical ones. w, and ry are
measured and inserted in the model and pprpe comes from
Ref. [69].

4. One-laser Raman thermometry on bulk GaN

ILRT measurements are frequently reported in literature
and were, e.g., applied to bulk germanium [30], bulk silicon
[79], and related membranes [77]. However, performing such
measurements on bulk GaN already represents a challenge for
the reasons given in Sec. IV A. Nevertheless, we recorded the
required resonant Raman spectra of bulk GaN with Apey =
Aprobe = 325 nm, showing the E;“gh Raman mode of GaN,
cf. S-Sec. IV [47]. Even when raising the laser power to the
maximum laser power available, no Raman mode shift or
Raman mode broadening as a sign of local heating occurred.
The corresponding temperatures are shown for bulk GaN in
Fig. 4(c). Thus, the thermal conductivity of high quality bulk
GaN kpyx cannot be measured by 1LRT in our setup as de-
scribed in S-Sec. IV. Even a further increase of the power of
the heating laser does not represent a promising pathway for
1LRT measurements on bulk GaN with very high thermal con-
ductivities, as also any heating laser-induced material damage
must always be avoided.
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B. Two-laser Raman thermometry of GaN

The results of 2LRT, measurements without a spatial dis-
placement are shown in Fig. 5. Again the heating laser (purple,
Aheat = 266 nm) is positioned at the same position as for the
1LRT measurements, cf. Fig. 4(a). However, now this heating
laser is superimposed with the probe laser (green, Aprope =
488 nm) as sketched in Fig. 5(a). Upon varying the power
of the heating laser, nonresonant Raman spectra are recorded
with the probe laser and are shown for the wave number range
around the EX¢" Raman mode in Fig. 5(b). Again a suitable
fitting model is applied to the Raman spectra to extract the
position and FWHM of the E'®" Raman mode of GaN with
rising power of the heating laser. A Lorentz peak with an ex-
ponential background is best suited for fitting the E; eh Raman
mode in close energetic vicinity of the omnipresent Raman
mode of silicon. Resulting fitting functions are illustrated in
Fig. 5(b) for selected powers of the heating laser.

Interestingly, it is mainly the Raman mode of silicon that
proves to be a hurdle for the accurate determination of the
Raman mode position and broadening at elevated powers of
the heating laser. As a result, the corresponding error bars
get larger at high powers, as shown in Fig. 5(c). However,
this is not a general limitation of 2LRT, measurements but
rather a specificity of the photonic membrane supported by
silicon. As 2LRT(, measurements are always conducted for
identical powers of the probe laser, a solid determination of
elevated temperatures can in principal be achieved. In con-
trast, the ILRT measurements summarized in Fig. 4(c) prove
in general challenging for low powers of the heating laser due
to the resulting low Raman signal that serves as temperature
probe.

From the Raman mode positions and FWHM values, two
local temperatures can be extracted based on our local tem-
perature calibration, cf. S-Sec. III [47]. Similar to the results
of the 1LRT measurements, the two trends for the local tem-
peratures shown in Fig. 5(c) start to deviate from each other
at a Tjjs. value of about 150 K. Our subsequent method to ex-
tract the thermal conductivity from our 2LRT, measurements
Kﬁb&{” is similar to our evaluation of the 1LRT measurements
described in Sec. V A based on Steps I-III. The only major
difference is now related to the heat and probe volume due
to the different wavelengths of the heating and probe lasers.
As the GaN membrane is transparent to the probe laser, the
corresponding temperature probe volume for our simulations
now corresponds to a cylinder with a height of 203 nm and
a radius of 600 nm, which includes the QW for the sake of
simplicity. See S-Sec. IV for details regarding the modeling.

For Trise < 150 K we derive «2-R1* = 11071! Wm~' K~!
as illustrated by the linear function (dashed, green) illus-
trated in Fig. 5(c). Again, here the sub- and superscript of
this value denote the lower and upper bound of the asym-
metric error interval. The reliability of this value for Kﬁf‘f"
and its obvious discrepancy to the higher value of K,{]ﬁ =
180712 Wm~'K~! will be discussed in Sec. VIIL. As the
increase in the temgerature probe volume will be key to an
understanding of Km];ﬂ‘) <« ILRT it is promising to further
increase the temperature probe volume by scanning the probe
laser across the focus of the heating laser during 2LRT mea-
surements as described in the following Sec. VI.

Please note that the slope of the green dashed line (simu-
lated Tiise values for a fixed «) in Fig. 4(c) is steeper than its
equivalent in Fig. 5(c). This could appear counterintuitive as
in general one expects higher values of the thermal conductiv-
ity « to result in smaller temperature rises. However, the slope
additionally depends on the heat laser spot radius and the
temperature probe volume. The heat laser spot radius equals
600 nm for the 1LRT measurements from Fig. 4(c), which sur-
passes the corresponding value for the 2LRT, measurements
(250 nm), hence explaining the aforementioned slope discrep-
ancy. See Sec. V A for details regarding the normalization of
the x axis in Figs. 4(c) and 5(c).

VI. SPATTIALLY RESOLVED TWO-LASER RAMAN
THERMOMETRY (STEP D)

To derive spatially resolved temperature map scans by
2LRT measurements, it is necessary to displace the probe laser
(Aprobe = 488 nm) from the heating laser (Apear = 266 nm).
One then obtains Raman map scans showing, e.g., the position
of the E; gh Raman mode extracted from nonresonant Raman
spectra, depending on the spatial coordinates as shown in
Fig. 6(a). Here, the position of the focus spot of the heating
laser is clearly visible close to the corner of the membrane, as
locally an additional Raman mode shift towards lower wave
numbers is induced. This additional Raman mode shift was
missing in the unheated Raman map scan from Fig. 3(a). By
subtracting the locally heated Raman map scan in Fig. 6(a)
from this unheated Raman map scan in Fig. 3(a), one can now
determine the spatial distribution of the Raman mode shift
that is exclusively induced by the local heating. By applying a
suitable local temperature calibration (see S-Sec. III), we can
translate these Raman mode shifts to temperatures as shown
in Fig. 6(b). Strain variations that induced Raman mode shifts
in the not locally heated Raman map scan are eliminated by
this approach. This is observable in Fig. 6(a), when looking
at the area enclosed by a black dashed line. Here, the area
of fully supported GaN is visible due to the occurrence of
tensile strain. Exactly this area is no longer visible in the
temperature map scan of Fig. 6(b) due to the subtraction of
map scans. Please note that the zigzag shape of the upper edge
of the corner shown in this temperature map is exclusively
caused by the step resolution in our Raman map scans of
~650 nm. From a temperature map scan as shown in Fig. 6(b),
one can now extract temperature profiles for any in-plane
direction. Corresponding temperature profiles are shown in
Fig. 6(c) for the a and m directions in the ¢ plane of the
GaN membrane. Exactly such cut lines through a tempera-
ture map scan resulting from 2LRT measurements can form
the basis for extracting the thermal conductivity for all in-
plane directions.

In Fig. 7 we exemplify the determination of the thermal
conductivity k2:RT based on 2LRT measurements. Therefore,
Fig. 7(a) shows the spatial evolution of temperatures extracted
from the shift of the E;'gh Raman mode for Py = 4.0 mW.
The data shown match the experimental data depicted in
Fig. 6(c) for the m direction in our c-plane GaN membrane.
First, we obtain a linear least square fit (dashed black line)
to the experimental temperature values (black circles), which
are plotted over logarithmic distances u to the heat spot in
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an ambient temperature of 295 K. The effect of the simultaneously engaged heating laser (Apobe = 266 nm) can directly be observed close to
the corner of the GaN membrane. There, an additional Raman mode shift can be seen, which is induced by the heating laser. See Fig. 3(a) for
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are illustrated.

Fig. 7(a). Here a linear fit to the experimental data is adequate
due to the analytical solution of the Fourier equation for an
infinite two-dimensional membrane [39]. In addition, we also
obtained corresponding 1o and 20 confidence intervals for
the slopes from the linear least square fit, which are illustrated
as gray-shaded areas in Fig. 7(a). Note that the intercept in the
fit is not considered for the analysis.

Subsequently, we fit our already spatially resolved thermal
model described in Sec. VA1 and S-Sec. IV to the exper-
imental temperatures by scanning through a range of «2LRT
values in steps of 5 Wm~! K~!. This stepping matches half
of the error of the final value of Kilélrg, aiming to avoid
the introduction of uncertainties from the data analysis. In
Fig. 7(a) we illustrate this procedure by showing the simulated
temperature trends for different «2LRT values ranging from 20
to 165 Wm~! K~ in steps of 15-20 Wm~! K~! by the solid,
color-coded lines.

To determine the error of the «2LRT value that reaches
the best agreement with the experimental data, we match the
slopes of the numerical temperature trend to the boundaries
of the 20 confidence interval shown in Fig. 7(a). As a result,

we obtain asymmetric error bars for k2LRT by our numerical

fitting model similar to the error bars belonging to Kﬂéﬁ”
and «!LRT " cf. Sec. V. This approach resembles the fitting

procedure described in Sec. V under Step III. As a result, for
the experimental temperature values that were extracted from
Raman mode shifts, we obtain «2LRT — 95J_r;l Wm!K!
based on our numerical fitting approach. Please note that we
restrict our numerical fitting approach to Ty < 150 K to
avoid a thermally induced lowering of «2LRT " similar to the
data analysis of the 1LRT and 2LRT, measurements presented
in Sec. V.

Similar experimental data along with the corresponding
modeling is shown in Fig. 7(b) for temperature values ex-
tracted from the broadening of the Ey'®" Raman mode with
temperature. However, for the given P,,s = 4.0 mW value, we
observe a large scatter of the temperature values in Fig. 7(b)

and consequently in the thermal conductivities presented in
Fig. 8. That is because the determination of the mode width
by fitting relies on finding the maximum of the peak and
its baseline. Each of these steps introduces errors that rely
on the signal-to-noise ratio of the Raman signal, while tem-
peratures obtained from the Raman mode shift only rely
on finding the maximum of the peak, cf. Fig. 7(a). Thus,
the numerical fitting of cut lines extracted from the mode
broadening [Fig. 7(b)], leads to an uncertainty on the thermal
conductivity so large that within the standard 2o confidence
interval, the T vs In(u) slope can be equal to zero. This results
in an upper bound for the thermal conductivity of +o0, cf.
Fig. 8.

In Fig. 8 we summarize all our «2LRT values for three
different values of P, and the two selected crystal directions
in the ¢ plane of our GaN membrane. Here, we also state the
maximal value of T among the range of the experimen-
tal temperatures that were fitted by our numerical approach.
As Fig. 8 shows, values for «2LRT that are based on the
Raman mode broadening (red symbols) show significantly
larger error bars compared with their counterparts arising
from the Raman mode shift (black symbols). For this reason
for Py =2 mW we can only obtain meaningful values for
«2LRT based on the mode shift. Interestingly, all x2LRT values
that originate from Raman mode shifts in Fig. 8 indicate
thermal conductivities around 957}' Wm~! K~!. In contrast,
while for Pys = 4.0 mW the «2LRT values originating from
Raman mode broadenings still overlap with their counterparts
originating from Raman mode shifts, an increasing deviation
can tentatively be observed towards P, = 6.7 mW. This is
connected to the corresponding Tijs values at our highest
heating power, which yield Tjjse < 170 K for the Raman mode
shift (black symbol) and Tjjse < 300 K for the Raman mode
broadening. For the latter case, such drastic increase in tem-
perature yields a decline of the measured «2LRT value, which
matches our observation from Figs. 4 and 5, where we ob-
served a parabolic evolution of Tjjse With increasing power of
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FIG. 7. (a) Temperature profile plotted over the logarithmic
distance to the center of the heat spot u (black circles). These ex-
perimental data match the temperature data relying on the Raman
mode shifts introduced in Fig. 6(c) for the m direction. A linear least
square fit to the data is shown by the dashed, black line, while the
corresponding 1o and 20 confidence intervals are also shown. The
solid, color-coded lines show a subset of the simulated temperature
trends for different x25RT values ranging from 20-165 Wm™' K~ in
steps of 15-20 Wm~' K~!. We do not show the full set of simulated
curves, in steps of 5 Wm~™' K~!, to lighten the image. Here, the
horizontal dashed line illustrates an infinite thermal conductivity.
(b) Similar data for the temperature profile extracted from the Raman
mode shift broadening. Here, a much larger fluctuation is visible for
the experimental data (red rectangles), which challenges any mean-

ingful determination of «2LRT at the given value of Pys = 4.0 mW.

the heating laser for the same reason. Furthermore, within the
given error bars, no directional anisotropy can be determined

for kZLRT in the ¢ plane of our GaN membrane.

VII. AB INITIO COMPUTATION OF PHONON TRANSPORT

To theoretically compute the thermal conductivity «, we
use an ab initio solution of the linearized phonon Boltzmann
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FIG. 8. Summary of all «2RT values found for different values
of P,,s based on 2LRT measurements either relying on Raman mode
shifts (black circles) or Raman mode broadenings (red squares).
Here, the a and m direction in the ¢ plane of our photonic membrane
are considered, as illustrated in the inset of Fig. 6(c). In addition, the
upper bound for the T interval is given, which formed the basis
for the extraction of k2LRT. Comparably large error bars for the «2LXT
values based on Raman mode broadening (red symbols) originate
from the large scatter among the spatially resolved temperatures as
shown in Fig. 7(b). This scatter is so large that it made it impossible
to extract a meaningful thermal conductivity when Py = 2.0mW, as
the maximal T, observed was almost completely within the noise
level. Finally, we determine «2RT = 951! Wm~'K~! from our
experimental temperature trends solely based on the Raman mode
shift.

transport equation (BTE), which furnishes the mode (branch
s, wave vector q) resolved steady-state distribution function

VI F“‘] “

e n‘?“[l () =7

where n® is the equilibrium Bose-Einstein distribution, T is
the crystal temperature, VT is the applied temperature gradi-
ent, kg is the Boltzmann constant, and kg 'F sq 1S a vectorial
“mean free displacement” [80] carrying the units of length.
This quantity is essentially a measure of how far each phonon
mode is moved out of equilibrium due to the presence of the
temperature gradient field.

The phonon BTE can be conveniently cast in the following
form:

F,, = F), + AF;,[F], )
where the first term on the right-hand side is the mode-
resolved relaxation-time approximation (RTA) expression and
the second, nonlocal term gives the in-scattering corrections.
The expressions for these terms have been given before in,
e.g., Ref. [81]. A full self-consistent solution of this equa-
tion takes us beyond the RTA.
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From the solution of the BTE, a scalar, phonon mean-free
path (MFP) is constructed in the following manner:

lMFP — qu ) VSq (6)
Sq kg Usq
where v is the phonon group velocity.

The phonon thermal conductivity tensor is given by

1 0 0
K= T %: fiagqnly (14 nly) vsq ® Fog. )

where 7 is the reduced Planck constant, @ is the phonon
angular frequency, and V is the crystal volume.

In wurtzite crystals, the thermal conductivity has the fol-
lowing structure: Ky, = kyy, # K, with the off-diagonal terms
identically zero. In the harmonic approximation, phonons
are infinitely long-lived collective excitations of the crys-
tal. Anharmonicity is captured via the quantum-mechanical
interactions between the phonons (ph). In this work, we
included 3ph and 4ph interactions. We have also included
the ph-(iso)tope scattering within the Tamura model [82].
Phonon-boundary scattering, hereafter referred to as ph-thin-
film, is included empirically via [83]

vt

ts:],lph—thin-ﬁ]m = qu’ (8)
where vt is the phonon group-velocity component perpen-
dicular to the plane of the film and # is the film thickness.
Equation (8) includes diffuse scattering with the top and bot-
tom facets of the GaN membrane (see Fig. 1). We note that
it is possible to derive more refined expressions for boundary
scattering, including in-plane [84] (commonly known as the
Fuchs-Sondheimer model) and cross-plane directions [85].
The development of these models is beyond the scope of this
work and will be considered in future works.

While the real-life sample contains dislocation defects
and charge carriers, we have not included the effects of the
presence of these in our current calculations. Each of these
excluded phonon scattering channels degrades the thermal
current further and, as such, the theoretical prediction made
here should be interpreted as an upper limit of the actual «.
Nevertheless, our computation of « and the IMFP yalues will
prove valuable for the qualitative comparison to the experi-
mental results that we obtain from our different thermometric
techniques, cf. Sec. VIIIL.

A. Computational details

We use the QUANTUM ESPRESSO suite [86-88] for our
density functional theory (DFT) and density functional pertur-
bation theory (DFPT) calculations. We employ the optimized
norm-conserving Vanderbilt (ONCV) [89] pseudopotential
with the local density approximation for the exchange corre-
lation function. The relaxed lattice constants are a = 3.15 A
and ¢ = 5.14 A.

The second-order force constants (2FCs) required for the
harmonic properties are computed using DFPT with a 6x6x6
wave-vector mesh. The third-order force constants (3FCs)
needed for the three-phonon scattering are calculated using
the displaced supercell method. For this, the THIRDORDER
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FIG. 9. Calculated phonon dispersions along high-symmetry
paths in the Brillouin zone for GaN at 0 K. We observe a total of
12 branches: three acoustic+three low-lying optical phonon modes
separated by an energy gap from the six high-lying optical phonon
modes. The experimental energies of the E;'gh and E™ optical
modes measured at 10 K are indicated by the red dashed arrows close
to the I" point.

code [80] is used to generate an irreducible set of 4x4x4
(256 atoms) supercells with two displaced atoms. Following
the self-consistent-field (SCF) DFT calculations on these su-
percells using a I'-point sampling of the electronic reciprocal
space, the 3FCs are read out using again the THIRDORDER
code. In this work, we include four-phonon scattering since,
in general, it is not possible to know a priori whether this will
significantly limit the phonon transport or not. To calculate the
four-phonon scattering rates, we need the fourth-order force
constants (4FCs). For this, we use the FOURTHORDER [90]
code to generate 256-atom supercells with three atoms dis-
placed in each. Following the SCF calculations, the same code
is used to read-out the 4FCs. Furthermore, the FOURPHONON
code [90] is used to generate the four-phonon scattering

rates on a coarse 12x12x 12 phonon wave vector (q) mesh,
—1
T4ph, coarse”

The 2FCs, 3FCs, and 7,4 o are fed into ELPHBOLT [81]
which calculates the phonon transport properties by solving
the BTE on a converged 36x36x36 q-mesh. The code cal-
culates harmonic properties and three-phonon scattering rates
using the 2FCs and 3FCs, respectively. The energy conserv-
ing § functions are calculated using the analytic tetrahedron
method [91]. The 145%1, coarse ar€ Calculated on the fine transport
q mesh using an (in general tri-) linear interpolation method.
We use this indirect method for computing the 4ph scattering
rates on the transport q mesh since the direct computation
of this quantity on such a fine mesh is prohibitively expen-
sive at the moment. The RTA term, F°, is constructed using
Matthiessen’s rule where the total scattering rate is given by
Tt;lill = Zx tx’l, where x = {ph-iso, ph-thin-film, 3ph, 4ph}.
In the full solution of the BTE, the in-scattering correction
due to the 3ph interactions is added back in iteratively. The
thin-film is modeled as having a 250 nm height along the
crystal ¢ axis and an infinite extent in the ¢ plane.
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FIG. 10. Room-temperature phonon scatterings rates in the RTA
for the various scattering channels included in the simulation. Be-
cause of the energy gap around 50 meV, two phonons with energies
around 25 meV cannot coalesce together, creating a dip around
25 meV in the 3ph scattering channel. This dip is completely absent
in the 4ph scattering process since no such restriction exists.

B. Presentation of the theoretical results

We present in Fig. 9 the calculated phonon dispersions at
0 K. The three acoustic 4 three low-lying optical phonon
branches are separated from the six high-lying optical phonon
branches by a large energy gap which, as we shall see
shortly, has important consequences for the thermal transport
properties of this material. The two red arrows indicate the
experimental energies of the E;"gh and Eé"w optical modes,
measured at 10 K, in comparison to the calculated ones.

Figure 10 shows the 300 K, RTA scattering rates of
phonons due to their interactions in the various scattering
channels included in the simulation. We discuss here some
salient features of the acoustic scattering rates that highlight
the roles of the different competing interactions. First, the
3ph scattering rates (empty red circles) show a pronounced
dip in the 20-30 meV energy range. As such, the phonon-
isotope scattering (black circles) becomes dominant in this
energy window. The large dip can be connected to the phonon
dispersions of the material. Specifically, the presence of the
large gap between the acoustic + low-lying optic and the high-
lying optic sectors results in a reduction in the 3ph scattering
phase space, explaining the corresponding dip in the scattering
rates. One can understand this by noticing in Fig. 9 that two
~25 meV phonons cannot coalesce since there is no 50 meV
state available in the spectrum. In contrast, three ~25 meV
phonons can indeed coalesce, explaining that fact that no such
dip in the 4ph scattering rates (empty green circles) is present.
As such, the 4ph scattering rates become important, even at
300 K. This suggests that, at higher temperatures, the 4ph
interaction will play a progressively stronger role and will
cause a stronger than 7! scaling of «. Observation of such
a deviation from the 7! scaling of « has been reported in
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FIG. 11. Room-temperature spectrum of Kiy.plane for an infinite
GaN crystal and a 250-nm-thick GaN membrane. Phonon-isotope
scattering is included in all three cases. Of the two peaks visible for
the infinite crystal (solid green and blue line), the one corresponding
to the acoustic modes is the most affected by the introduction of the
top and bottom facets boundary scattering caused by our membrane
(dashed blue line).

Ref. [92]. Next, we focus on the high-energy optic phonons.
As for the low-energy optic phonons, because of scattering
phase-space restrictions of the 3ph scattering rates, the 4ph
scattering rates become important in the 70-85 meV energy
range. However, these phonons do not directly transport heat
since they have high scattering rates and/or have low group
velocities. Lastly, The ph-thin-film scattering (blue crosses)
rates are weakly dependent on energy and are high for the
heat-carrying phonons. This, as we shall see below, makes
them a strong limiter of the x even at 300 K.

Next, we plot the energy spectrum of the «jn_plane in Fig. 11.
The ph-iso scattering is included in all the cases presented. For
the 3ph limited case (green dot-line), we see two dominant
peaks in the 3—12 and 20-30 meV range. The lower energy
peak is due to high-velocity acoustic phonons while the sec-
ond peak is due to the dispersive low-lying optic phonons. The
low-energy peak follows from the classical Slack criteria for
high-x materials [93]. The second peak, on the other hand,
is enabled by the fact that the 3ph scattering rates show an
anomalous dip, as explained in the previous paragraph, remi-
niscent of the material BAs [93]. The optic phonons across the
energy gap contribute negligibly to the thermal conductivity.
Next, with the 4ph scattering turned on, we see a general
reduction in the x contribution (blue curve), especially in
the 20-30 meV energy range. Lastly, the thin-film scatter-
ing causes a significant reduction in the spectral « (dashed
blue line), especially for the low-energy region where this
is the dominant scattering channel. The second peak is also
significantly reduced, albeit to a lesser extent than the first,
evidently owing to the anomalous weakening of the 3ph scat-
tering rates. The strong suppression of the low-energy peak
due to the thin-film scattering suggests that the low-energy
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FIG. 12. Room-temperature phonon mean-free path M for
the acoustic and low-lying optical phonons, with and without the
introduction of the top and bottom facets boundary scattering.
Phonon-isotope scattering is included in both cases. We observe a
strong reduction of the acoustic modes’ mean-free paths, due to the
large cross-plane component of their velocities. Some phonons are,
however, barely affected by the introduction of boundary scattering;
these are phonons with a vanishing cross-plane component of their
velocities.

acoustic phonons are carrying heat ballistically. In contrast,
the moderate suppression of the second peak suggests diffu-
sive transport of the phonons in that energy range since the
isotope, 3ph, and 4ph, all play an important role in degrading
the heat current.

The effect of the thin-film on the phonon transport can be
seen further in Fig. 12 where we plot the phonon MFP vs
phonon energy for the transport active acoustic 4+ low-lying
optic states. When the 250 nm thin-film scattering is turned
on, a significant reduction in the MFP occurs, especially for
the low-energy acoustic phonons. This is the reason for the
corresponding reduction in the spectral « in that energy range.
We notice that for some states, the thin-film scattering does
not affect the MFP. These are the states with a vanishing
velocity component along the ¢ axis. Consequently, these
phonons continue to carry heat along the ¢ plane despite the
imposition of the thin-film boundary.

Lastly, in Fig. 13 we show the accumulation of the ¢ plane
k as a function of MFP. The ph-iso scattering is included
in all these calculations. The inclusion of the 4ph scattering
on top of the 3ph scattering leads to a reduction of the total
Kin-plane from 270 to 248 Wm~! KL, the last value being in
good agreement with earlier experimental measurements on
high purity, bulk samples with a natural isotopic mix [94]. For
reference, we also give the corresponding Kcross-plane Values
for the 3ph and 3ph-+4ph cases: 275 and 254 Wm~!K~!,
respectively. The anisotropy between the bulk thermal
conductivities is low, with the in-plane value smaller than the
cross-plane value by 1.8% and 2.4% for the 3ph and 3ph+4-4ph
calculations, respectively. The 3ph+4ph calculation for the
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FIG. 13. Kinplane accumulation with respect to phonon mean-free
path /M for an infinite crystal and a 250-nm-thick membrane.
Phonon-isotope scattering is included in both cases (3ph+4ph
and 3ph+4ph including boundary scattering). Vertical lines mark
the relevant length scales ry, of the 1LRT (purple) and 2LRT,
(green) measurement techniques, while the gray arrow indicates the
corresponding i, of 2LRT measurements. As ry, of the 2LRT
measurement is 9 pum, all relevant phonon mean-free paths are en-
compassed by the temperature probe volume in the GaN membrane.
Additionally, a dashed vertical brown line indicates the GaN (without
the AIN) membrane thickness.

250-nm-thin film case (dashed blue curve) is more relevant
to our experimental observations. The calculated total iy-plane
in this case is 136 Wm~' K. Again, for reference, the
calculated total Kcrogs-plane 15 89 Wm~'K~! in this case. The
significantly stronger reduction of the Kcross-plane i due to the
fact that the thin-film preferentially scatters phonons with
large c-axis velocity component.

In Fig. 13 we mark with vertical lines the various limit-
ing length scales rj,, of our experimental temperature probe
volumes. This either corresponds to the penetration depth of
the laser (p,ps) for the 1LRT measurements, the probe spot
radius (7probe) for the 2LRT, measurements, and the scan-
ning range (rnge) Of the 2LRT measurements beyond the
limits of Fig. 13. Physically, in our experimental methods,
these various lengths are phonon mean-free path visibility
cutoffs. That is, the heat dissipation effects of any phonon
with a mean-free path larger than ry;, cannot be detected.
Thus, any measurement with rj;,, shorter than the maximum
phonon mean-free path will measure too large values of «.
Our theoretical calculations predict that in order to capture
the heat dissipation effects of all the phonons in this material,
rim must be at least 3 pm, which can only be met by 2LRT
measurements as summarized in Sec. VIII via Fig. 14.

VIII. COMPARISON OF ONE- AND TWO-LASER
RAMAN THERMOMETRY

Interestingly, based on 1LRT, 2LRT, and 2LRT thermom-
etry we determined a continuous decline of the measured ther-
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FIG. 14. Comparison of all thermal conductivities « that were
determined in this work. When increasing the probe volume, the
measured « values continuously decrease, starting with the high-
est value for 1LRT and ending with the lowest value for 2LRT
measurements. The corresponding experimental situation for all
three experimental techniques, namely 1LRT, 2LRT, and 2LRT, is
sketched along with the related laser spot radii for the heating (7,s)
and the probe (ryope) lasers. As the balance between the M values
and the limiting length scales (Paps, probe» and Frange) Of the associated
temperature probe volumes varies, the measured « values are altered.
In the end, only 2LRT measurements allow enclosing most /M val-
ues in the thermalization volume, which leads to a realistic measure
of k2RI Due to the limited temperature probe volume, 1LRT and
2LRT, only probe effective and artificially enhanced « values as only
a fraction of P, is probed.

mal conductivities from /LRI = 180712 Wm~' K~!, over

memb
2LRTy __ 110+21;1 Wmfl K71 to KZLRT 95+11 Wmfl K- 1

memb memb
as summarized in Fig. 14. In the following, we ﬁrst discuss the
relevance of the absolute values that we determined for xpemp
in Sec. VIIT A, before the evolution of kyemp that depends
on the Raman thermometry technique in use is discussed in

Sec. VIII B.

A. Absolute value of the thermal conductivity

Based on our theoretical results presented in Sec. VII
and literature values, only «x2LRT represents a realistic value
for our 253-nm-thick photonic membrane due to the dom-
inance of phonon boundary scattering [75] that inhibits
thermal transport. For GaN layers with a similar thickness,
Beechem et al. [75] predicted a thermal conductivity of
~70 W m~! K~! if phonon boundary scattering represents the
main limiting factor for k. However, even drastically lower
k values were predicted for the dislocation density in our
photonic membrane of 3—4x 109 ¢m~2. In our membrane,
anharmonic scattering, phonon-boundary scattering, i.e., size
effects, isotope scattering, and phonon-dislocation scatter-
ing are potentially relevant limitations for thermal transport.
Phonon-impurity scattering can only be of minor relevance
due to the low impurity density (<10'7 cm™?) in our sample,
cf. Sec. ITA. Regarding the phonon-dislocation-scattering,
Li et al. [83] have experimentally and theoretically demon-
strated that the role of phonon-dislocation scattering is often
overestimated in literature for GaN layers, as even for a
dislocation density of 1.80x10'" cm™2 they measured « ~
175 Wm~!K~! for a 3.19-um-thick GaN sample grown on
AIN and sapphire. Nevertheless, as our photonic membrane

also includes 50 nm of AIN, we can expect that this interlayer
can further boost thermal transport in our entire photonic
membrane. The thermal conductivity of bulk AIN is com-
monly around 50% higher compared with bulk GaN at room
temperature, when considering the natural abundance of iso-
topes [95], while the AIN in our epilayer contributes ~20% to
the overall volume.

However, as the AIN buffer layer is grown on silicon
(111), it is particularly rich in structural (e.g., dislocations)
and point defects (e.g., silicon originating from diffusion
from the substrate), which will further limit its thermal con-
ductivity advantage compared with the GaN layer grown
on top. In addition, with 50 nm the AIN layer is compa-
rably thin, meaning that phonon-boundary scattering at the
AlN-vacuum interface and phonon-interface scattering at the
AIN-GaN interface, will significantly lower its thermal con-
ductivity. Here, only future work can provide insight into
the particular contribution of this AIN interlayer to the over-
all k2LRT value of 957! Wm™' K~!, which we determined
for our photonic membrane. Either depth-resolved thermom-
etry based on frequency-domain thermal reflectance can be
performed, or the AIN bottom layer must be removed by
chemically selective wet etching. However, Rousseau [46]
has shown that the removal of this tensile-strained AIN layer
leads to the bowing of the rest of the photonic membrane,
which renders it unusable for any photonic applications.
Thus, such modification of the photonic membrane would
counteract the motivation of this work to study structures
with a high relevance for photonic applications from an
optical and thermal viewpoint. In addition, the smooth top
and bottom facets of our photonic membrane described in
Sec. IT A potentially lower the impact of phonon-boundary
scattering on «2LRT Commonly, it is known that any in-
terface roughness can have a strong impact on the thermal
conductivity [96].

Regarding the absolute comparison between our experi-
mental value x2LRT = 9511 Wm~!K~! and its theoretical
counterpart Kin plane = 136 Wm‘l K~ from Sec. VII, it is
important to mention that our theory only predicts an upper
bound for the thermal conductivity. In this work, we refrain
from implementing the impact of dislocations for the follow-
ing reasons: (a) The impact of dislocations on the thermal
conductivity of GaN was lately strongly debated in literature
[75,83] and theoretical work by Wang et al. [97] has pre-
dicted a minor impact of dislocations in GaN layers up to
~10'° cm~2. Thus, in a photonic membrane with a thickness
of ~ 250 nm one can expect that phonon-boundary scattering
will dominate scattering in samples with a dislocation density
of 3-4x10'° cm~2, cf. Sec II. (b) Additionally the preferen-
tial alignment of dislocations in our c-plane GaN membrane
would need to be considered in a more advanced theory, which
represents an interesting task for a future sample series with
varying dislocation densities. Furthermore, we can expect that
not only the consideration of phonon-dislocation scattering
but also the theoretical treatment of thermal transport across
the interfaces of our pad structure (GaN-InGaN, GaN-AlIN,
AIN-Si interfaces) would further close the gap between our
theoretical value Kippne and its experimental counterpart
«2RT Here a model based on Green’s function [98] could be

memb*
employed to model the interfacial thermal transport. Future
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work may be devoted to understand and quantify the relative
contributions of these effects.

B. Scaling of the thermal conductivity

The particular scaling for the derived « values as one of the
main results of this work can be explained by considering the
temperature probe volume. For this matter, Fig. 14 summa-
rizes the experimental situation for 1LRT, 2LRT,, and 2LRT
measurements in three sketches that highlight the main length
scales that limit the temperature probe volume.

1. One-laser Raman thermometry

For 1LRT measurements the volume in which the power of
the heating laser is absorbed coincides with the temperature
probe volume as a first approximation. This volume is the ori-
gin of the resonant Raman spectra that are used to determine
the local temperature. Here, the heating laser spot radius s
measures 600 £ 50 nm, while the light penetration depths paps
yields 74 nm [69]. Thus, the main size limit for the tempera-
ture probe volume for 1LRT measurements is oriented in the
cross-plane direction, as a significant fraction of heat-carrying
phonons with [MFP > p., o exists that still contributes to the
overall « of the sample, cf. Fig. 13. A certain fraction of all the
generated heat-carrying phonons travels quasiballistically and
the first scattering event that starts their thermalization occurs
outside the 1LRT temperature probe volume VP | creating

probe’
a thermalization volume V3™ that is larger than the light

: expt : expt __ y expt
absorption volume V,; ', with V, © = Viorobe for 1LRT.
ILRT

The problem occurs when the thermal conductivity « .+ 1S
extracted based on the comparison to our Fourier-based model
described in Sec. V A. Even though we precisely consider
all experimental parameters (€.g., Pabs» Tprobe> Fabs) for such a
model, the calculated T} will always exceed the experimental
T:ise vValues due to the reduced thermalization volume \/ﬂig‘r“m in
the simulation of 1LRT measurements. Since no model exists
that accounts for the extended thl’éf:n (even based on the results
presented in Sec. VII), our analysis of the 1LRT data is always
limited to

]LRT . V51m,expt — V51m,expt — sim << Vtexpt

abs probe therm herm*

Consequently, based on our model for 1LRT measurements
that aims to match the calculated T, values to the experi-
mental ones, we always determine artificially enhanced « ILRT
values, cf. Fig. 14.

2. Two-laser Raman thermometry

The situation is improved as soon as we transition from
1ILRT to 2LRT; measurements that probe the entire GaN
membrane thickness through nonresonant Raman scattering.
Here the temperature probe volume in the cross-plane direc-
tion is limited by the GaN fraction of the membrane and for all
in-plane directions by the radius 7yope = 600 &= 50 nm of the
temperature probe laser spot, cf. Fig. 14. As a result, a much
larger fraction of the thermalization volume is measured in the
temperature probe volume of 2LRT(; measurements, leading
to

expt
Vtherm .

2LRT() . Vsim,expt — sim Vsim,expt

abs therm probe

. 2LRT
As a result, we obtain a k 0

emb. value that is significantly
lower than «!LRT (see Fig. 14), which already compares well
to previously published results [75]. Nevertheless, a small
fraction of heat-carrying phonons still exists that exhibits
IMFP > rorobe, Which in turn also artificially enhances K;I;ﬂ".
However, compared with the strong artificial increase of

K LRT this enhancement is minor as the majority of heat-

carrying phonons thermalizes in V;:;’:Xp " at Tymy = 295 K, cf.
Figs. 13 and 14.

By further enlarging the temperature probe volume based
on 2LRT measurements OVer rynge < 9 pm, all relevant (M
values are comprised in the temperature probe volume:

2LRT : ‘/Sim»expt — psim et < Vsim,expl.

abs therm therm probe

Now that the temperature probe volume encompasses the
entire thermalization volume, the extraction of the thermal
conductivity based on our Fourier model leads to our final
thermal conductivity k2LRT — 95f;1 W m~! K~!. The fraction
of Py, that is measured in the temperature probe volume of
all three experimental techniques is reported in Fig. 14, along
with the main extensions paps, 'probe, and Frange that predomi-
nantly limit the temperature probe volume during our Raman
thermometry. These extensions then enable the comparison to

our results of ab initio calculations shown in Fig. 13.

3. Choice of heating laser

Let us note that we applied a cw 325 nm heating laser
for our 1LRT measurements and a cw 266 nm heating laser
for our 2LRT, and 2LRT measurements. The reason for this
choice is twofold. First, based on our 266 nm laser we were
not able to acquire high quality resonant Raman spectra for
1LRT measurements. Despite the high ultraviolet sensitivity
of our experimental setup, even integration times of 10 min
per resonant Raman spectrum did not yield a solid data basis.
Thus, we transitioned to a 325 nm cw laser for 1LRT mea-
surements, utilizing a microscope objective optimized for this
wavelength. However, for 2LRT, and 2LRT measurements,
we still applied our 266 nm cw laser due to the larger available
range for Py, but also the dual-wavelength range design of
our main microscope objective. This particular microscope
objective is optimized around 266 nm and the visible range
around 500 nm (high transmission and overlapping focal
planes), but exhibits poor transmission at 325 nm (<15%).
Thus, the light penetration depth for the heating laser changes
from p,,s = 74 nm [69] for 1LRT measurements to paps =
45 nm [69] for 2LRT( and 2LRT measurements. However, this
change in ps Will not affect the overall trend for all three «
values in Fig. 14. On the contrary, the overestimation of « LRT

memb
should even be more pronounced for a 266 nm heating laser.

IX. DISCUSSION AND OUTLOOK

As a result of Fig. 14, 2LRT measurements appear as the
only suited method to measure « in our photonic membrane
made from II-nitride material. Still 1LRT measurements
could also be applied to measure realistic values for . But
for this purpose, the laser spot size and laser penetration depth
would need to be tuned in a way such that their corresponding
length scales (Fprobe A Tabs aNd Pprobe = Pabs) are sufficient to
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probe the major fraction of heating carrying phonons that
significantly contribute to «, cf. Fig. 13. Let us note, how-
ever, that for direct band gap semiconductors like GaN whose
absorption coefficient exceeds 1x10° cm~' above the band
edge [76], this remains a challenging task. To achieve larger
DPprobe Values for 1ILRT measurements in GaN, one would need
to tune the laser wavelength around the onset of absorption in
close energetic proximity to the band edge [65]. However, in
this energetic regime the absorption features of band-to-band
transitions and excitons still overlap (e.g., at Ty, = 295 K),
rendering any precise determination of P, a challenging task.
This is especially true for the comparably large T values
common for Raman thermometry [29]. As soon as temper-
atures are so drastically increased, the energetically steep
absorption onset of excitons and/or band-to-band transitions
shifts towards lower energies [99], which in turn varies the
absorption. In addition, depending on the local temperature,
the balance between the different contributions to the absorp-
tion is altered. As a result of these thermal nonlinearities,
one lacks a constant value for the absorption coefficient at
a fixed heating wavelength, which prevents any meaningful
ILRT measurements. In general, changes in the absorption
coefficient are less pronounced deeper in the bands of a di-
rect band gap semiconductor compared with the region close
to its band edge. Nevertheless, for large values of Tj, the
absorption coefficient at a certain wavelength cannot always
be considered as constant, even when the energetic spacing
to the band edge is increased. Clearly, such optical nonlin-
earities remain an interesting task for future work. Potential
optical nonlinearities related to the absorption coefficient are
another reason why we refrain from performing a more de-
tailed analysis of the high-temperature data shown in Figs. 4
and 5 (>150 K). Interestingly, the high absorption coefficient
of GaN that complicates the Raman thermometry is directly
connected to the reason why GaN has such a high relevance
for photonic applications, which commonly rely on direct
band gap semiconductors for emitters.

For the thermal characterization via TDTR measurements,
it is common practice to work with sufficiently large and
well-defined laser spot diameters [83] on the order of several
tens of micrometers. At the same time, the light penetration
depths is less problematic compared with our Raman ther-
mometry technique as usually metal transducers made from,
e.g., gold, aluminum, and silver are employed. On the one
hand, this makes TDTR measurements a quantitative, reli-
able, and consequently well-established thermal technique.
On the other hand, the complications that arise for Raman
thermometry also carry a strong potential for measuring the
mean-free path length of heat-carrying phonons and their
impact on k. By controlling the heat and probe laser spot
diameters during transient thermoreflectance (TTR) measure-
ments, Minnich et al. have pioneered such phonon mean-free
path lengths measurements in silicon [37]. Interestingly, our
results suggest that Raman thermometry could, similarly to
TTR measurements, be suited for measuring phonon mean-
free path lengths, which is particularly promising due to the
experimental simplicity of Raman spectroscopy compared
with pump-probe techniques. Clearly, this potential for mea-
suring heat-carrying phonon mean-free path lengths adds to
the overall interesting aspects of 2LRT measurements that

were shown in this work. Not only that a high spatial res-
olution can be achieved by our noninvasive experimental
technique, but also the full angular dependence of « in highly
nonsymmetric semiconductors like 8-Ga, O3 [100,101] could
readily be explored. In addition, as in TDTR and micro-TDTR
[24] measurements, Raman thermometry carries the potential
for measurements at cryogenic temperatures. Still, the tem-
perature limits of Raman thermometry for GaN and AIN need
to be explored in full detail. Furthermore, our 2LRT mea-
surements could even represent an interesting alternative to
other noninvasive thermometry techniques like thermal tran-
sient grating (TTG) spectroscopy [102]. Thanks to the spatial
resolution of 2LRT measurements one could potentially di-
rectly witness effects of non-Fourier-like thermal transport in
real-space, such as a negative local effective thermal conduc-
tivity: close to the material’s edge, the heat flux may have the
same sign as the temperature gradient—a clear violation of
Fourier’s law [103]. Therefore, our experimental setup may
open up exciting opportunities to probe these effects, while
remaining nonintrusive.

A. Comparison with transient thermoreflectance

The direct comparison between the pioneering TTR work
of Minnich et al. [37] and our Raman thermometry measure-
ments summarized in Fig. 14 implies some additional insights
into two different experimental perspectives on thermal trans-
port as soon as the length scale of the heated volume in a bulk
semiconductor approaches the mean-free path lengths of the
heat-carrying phonons [MFP,

First, we start with a brief summary of the findings of
Minnich et al. [37]. Below an ambient temperature of 200 K
they found that the effective thermal conductivity measured
on high-quality bulk silicon declined with the diameter of
their heater scaling from 60—15 pum (1/¢* definition of the
diameter). For these TTR measurements, the heater is given
by an Al transducer that is heated by a focused laser. This
transducer is also used to measure the evolution of temper-
ature via its relative reflectivity changes AR/R probed by a
second laser. As this is a transient experiment, AR/R declines
(specific to the choice of the metal transducer and probe laser
wavelength) over time, which can be recorded in a, so-called,
thermal transient. Subsequently, relevant material parameters
like, e.g., k¥ can be derived from these transients by compar-
ison to a Fourier-based dynamic model that originates from
the time-dependent heat equation [104]. The interpretation of
their findings is relying on the assumption that the phonon
bath can be divided into a purely diffusive and purely ballis-
tic fraction, which represents a well-justified simplification.
When lowering the diameter of their laser heat spot on the
metal transducer (i.e., the heater) in comparison to a smaller
and constant probe spot diameter (11 um), they measure the
most pronounced decline of effective « values at, e.g., an
ambient temperature of 60 K. This decline is then attributed
to an increasingly large fraction of heat-carrying phonons
that propagates ballistically. In the approximation of Minnich
et al. this subgroup of phonons undergoing ballistic transport
does not contribute to thermal transport, in contrast with the
subgroup of diffusively propagating thermal phonons that they
predominantly probe by their TTR experiment (regulated by
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the diameters of the heat and probe laser spots). As a result,
the heat flux from the perspective of their transient tempera-
ture probe is lower than predicted by Fourier’s law, which is
then interpreted as a ballistic thermal resistance. Finally, the
increase of this ballistic thermal resistance with decreasing di-
ameter of their heater leads to the measurement of an effective
reduction of « at <200 K in silicon.

As good experimental practice, during the reduction of the
heater diameter the laser power density was kept constant
on the surface of the metal transducer during the TTR ex-
periments. Consequently, an identical temperature rise should
have been achieved in the Al transducer. However, due to
the reduction of the diameter of the heat spot, this does not
necessarily lead to the same temperature rises in the silicon
material underneath, when transitioning to an increasingly
ballistic regime of thermal phonon transport. Here, the ratio
between the heat and probe laser focus spot diameters will
impact the temporal evolution of the diminishing tempera-
ture rises (i.e., local cooling) that are indirectly measured
via AR/R for ambient temperatures <200 K. Thus, for the
interpretation of the TTR measurements the problem already
arises when translating AR/R values to temperature rises in
the material located underneath the metal transducer based
on the oversimplified model given by the time-dependent heat
equation. Based on this model, the thermal transients provide
access to the thermal flux, while the temperature gradient
around the heat spot in silicon is overestimated, resulting in a
decline of the effective « values with diminishing diameter of
the heater. Thus, for TTR measurements the challenge rests in
the direct determination of the temperature rise in the material
as soon as the dimension of the heater approaches the /Mf?
values of a significant fraction of the heat-carrying phonons.

In this regard, our Raman thermometry technique can
provide an interesting additional perspective as, e.g., ILRT
measurements probe absolute temperature rises directly in the
material of choice at the cost of all complications that come
along with an optical heating of a sample, cf. Sec. V A. For our
1LRT measurements with the smallest achievable temperature
probe volume, we directly measure a temperature rise that is
overestimated by our numerical model based on the stationary
heat equation and Gaussian surface heating, cf. S-Sec. IV [47].
This small temperature rise is then interpreted as a sign of
high thermal conductivity within the limitations of Fourier’s
law. Thus, despite the fact that Raman thermometry can probe
(here, steady state) temperature rises directly in the sample
region of interest, it still suffers from the application of over-
simplified modeling. The analysis of TTR measurements from
Minnich ef al. leads to a reduction of the thermal flux with
decreasing heat spot size, which is translated into a reduction
of effective « values by a Fourier-based model. In contrast,
we directly observe an absolute lowering of the temperature
rise in the temperature probe volume of 1LRT measurements
when compared to our Fourier-based model, which is misin-
terpreted as being caused by a large thermal flux due to a large
Kk value.

However, the approach adopted by TTR and Raman ther-
mometry to measure realistic ¥ values within the corset of
a Fourier-based model is similar. By increasing the diameter
of the heater during TTR measurements increasingly larger
effective values for x are measured until a realistic value is

reached by comprising the most significant fraction of /M?
of all heating carrying phonons in the experiment. For Ra-
man thermometry the same happens when the temperature
probe volume is increased (transition from 1LRT, through
2LRTy, and finally to 2LRT). Smaller and smaller effective
values for x are measured, until a realistic value for « is
obtained. Finally, this interesting comparison of TTR mea-
surements and Raman thermometry directly illustrates the
need for more appropriate modeling to take advantage of
any direct temperature measurement enabled by Raman ther-
mometry. Nevertheless, both experimental techniques provide
promising experimental access to the /M distribution of all
heat-carrying phonons.

B. Photogenerated carriers

In general, the main challenge with Raman thermometry
is the complicated generation of heat via the absorption of
laser light. Not only heat-carrying phonons are generated and
contribute to «, but also free carriers and excitons can be
generated. Consequently, depending on the sample quality
and Ty, a complicated balance of different contributions
remains to be disentangled. In this contribution, we simplified
this problem by characterizing a particularly suited photonic
membrane by 2LRT measurements, which allowed us to focus
on thermal transport dominated by heat-carrying phonons. All
these potential additional contributions to thermal transport
also render 2LRT measurements advantageous over 1LRT
measurements, as the potentially complicated area where the
laser light is absorbed can be excluded from the thermal
characterization. Thus, the analysis of 2LRT data can begin,
e.g., several micrometers away from the heating spot, which
is in many direct band gap semiconductors enough to ex-
clude a dominant contribution of excitons and carrier transport
to thermal transport as mean-free path lengths are—in the
best-case scenario—limited by the radiative lifetime of these
excitations [36]. However, this simplification cannot be taken
for granted in indirect band gap semiconductors of sufficiently
high crystalline quality, which can exhibit comparably longer
mean-free path lengths for excitons and carriers.

Furthermore, we can exclude that our trend for the « values
extracted from 1LRT, 2LRT,, and 2LRT measurements (see
Fig. 14) is predominantly impacted by photogenerated carri-
ers. For the 2LRT measurements, this argument trivially holds
as the probed temperature region is sufficiently far from the
laser-induced heating spot in comparison to the mean carrier
diffusion length I < 60 nm in our sample, cf. Sec. II and
S-Sec. II. See the top axis of Fig. 7(a) regarding the distance of
the temperature probe region to the heating spot. In our 1LRT
and 2LRT(, measurements the situation is more complicated,
yet we can estimate an upper bound for the photogenerated
carrier concentration in our photonic membrane. At Ty, =
295 K we measured an effective lifetime of tow = 60 £ 5 ps
for the QW transition (E; = 2.75 eV) in our sample based on
time-resolved PL (TRPL) measurements [46]. Commonly, the
carrier lifetime 7g,n in the GaN matrix material that surrounds
the QW is even lower as the QW traps the carriers. However,
direct TRPL measurements on the band-edge emission of
GaN (E, = 3.41eV) at T, = 295 K were not feasible due to
the low intensity of this band, which is caused by the intended
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carrier transfer to the QW. Thus, based on 7g.n < Tow and the
corresponding excitation and temperature probe volumes, we
can estimate an upper bound for the photogenerated carrier
concentration that is achieved during our 1LRT and 2LRT)
measurements. During our 1LRT measurements shown in
Fig. 4, at the largest Tise = 780 £ 30 K (Paps = 13.5 mW),
we reach the maximal number of photogenerated carriers with
a concentration p''% a2 1.7x10' ¢cm™ in the temperature
probe volume. Clearly, if not photoexcited, such high carrier
concentration can only be achieved by heavy doping of GaN
[105]. Let us note that this concentration represents an upper
bound for pftfg, because tg,n and Tow decline with increas-
ing temperature due to the impact of nonradiative defects.
At the same time with rising temperature the concentration
of purely thermally excited free carriers also rises in GaN.
The situation regarding the photoexcited carriers is similar
for our 2LRT, measurements. However, due to the larger
temperature probe volume we reach pi'yy, ~ 3.2x10'® cm ™
at Tise = 730 £ 130 K (Pps = 9.3 mW). Thus, any future
detailed analysis of the full T trends that we show for
ILRT and 2LRT, measurements in Figs. 4 and 5 will require
temperature-dependent TRPL measurements in order to be
conclusive. However, since we focus on T < 150 K in this
work to extract all ¥ values, the photogenerated carrier con-
centrations decrease. For this lower value of T}, we obtain
upper bounds for the photogenerated carrier concentrations of
Pitar ~ 6.4x10'8 cm ™3 and p§'yy. & 1.4x10' cm >,

Overall, the phonon current and hence «, can be degraded
by the phonon-charge carrier interaction since this causes a
transfer of momentum from the phonon system to the charge
carrier system. However, the charge carriers themselves can
also carry heat and contribute positively to the total . How-
ever, even in heavily doped semiconductors, the phonon
contribution to k completely dominates the charge carriers’
contribution and any electron drag enhancement of the phonon
k has also been found to be negligible in GaAs [106], SiC
[107], and Si [81,108]. For doped Si, Liao et al. analyzed the
impact of free carriers and holes on k based on first principles
calculations [109]. For n-type silicon they predict a moder-
ate reduction of « in silicon of 2% to 7% for free-electron
concentrations scaling from 1x 10" to 1x10!” cm~ due to
the electron-phonon interaction. In GaN this electron-phonon
interaction is enhanced due to the polar nature of acous-
tic phonons, which has already motivated several theoretical
studies in this field [110-113]. Accordingly, a reduction of
k with rising carrier concentration is commonly reported for
homogeneously doped samples, which contradicts the exper-
imental trend that we observe for our Raman thermometry
measurements summarized in Fig. 14. Thus, as we observe
a decrease in « with decreasing density of photogenerated
carriers in the temperature probe volume, scaling from 1LRT,
over 2LRTy, to 2LRT measurements, we can exclude any
prominent impact of photogenerated carriers on « in our pho-
tonic membrane.

It nonetheless remains an interesting task to probe x over
the full range of experimentally accessible T values in,
e.g., GaN membranes of even higher quality in comparison
with the sample that formed the basis for this work. Here,
GaN membranes that originate from GaN grown on sapphire

or even bulk GaN substrates could be appropriate platforms
[114]. In such samples even higher values for TG,y and Tow
can be expected, potentially leading to even higher achievable
photogenerated carrier concentrations with a stronger impact
on k and its temperature dependence. It also remains an in-
teresting open question how a local photoexcitation-induced
carrier distribution can be compared with global carrier distri-
butions induced by, e.g., doping and/or thermal excitation.

X. SUMMARY

In summary, we show how quantitative and noninvasive
thermometry by optical means can be achieved by spatially
resolved 2LRT measurements on a photonic semiconductor
membrane made from III nitrides. Thanks to the spatial res-
olution of the 2LRT technique, the analysis of temperature
gradients in such a membrane can be limited to regions
sufficiently far from the heating spot and the heat sink,
which simplifies the data analysis. This simplification goes
hand-in-hand with the possibility to disentangle different con-
tributions to thermal transport given by, e.g., charge carriers
and heat-carrying phonons by their deviating mean-free paths.
Interestingly, we demonstrated 2LRT measurements on a par-
tially under-etched photonic membrane, which using a very
similar geometry has already formed the basis for nanolasers
[10,42-46]. Consequently, our thermal analysis of the most
fundamental building block of such nanolasers can constitute
the basis for future thermal optimizations of these structures.
For thermometry that applies a laser as the heat source,
such light-emitting structures inflict the particular challenge
of a precise determination of the heating power because
part of the absorbed laser power is converted to light in the
In,Ga;_,N/GaN (x = 0.15) QW structure that forms the core
of our photonic membrane. Thus, based on our interlinked
thermal and optical analysis in our fully customized optical
setup, we showed that we can safely neglect the energy loss
by the emission of photons. Furthermore, our experimental
setup pioneers an approach for 2LRT measurements that only
requires front-side access of the sample—a technical, but
still relevant step regarding the applicability of 2LRT mea-
surements to a large variety of samples. Commonly photonic
membranes are never fully under-etched, which renders 2LRT
measurements a preferential choice for their analysis, which
is further strengthened by the fact that no metal transducer is
required as for most alternative, reflectivity-based techniques.

Experimentally we introduced our 2LRT measurements in
a step-by-step approach starting with 1LRT and 2LRT, mea-
surements, exhibiting different heat and temperature probe
volumes and a differing sensitivity to thermally induced stress.
Based on ab initio calculations of phonon transport we show
that 1LRT measurements always overestimate « in our sample
due to an insufficient size of the temperature probe volume.
For these calculations, we took into account the main limit-
ing factors of phonon transport in our photonic membrane,
which comprises three- and four-phonon-scattering, phonon-
isotope scattering, as well as phonon boundary scattering.
As an outcome of this theory of phonon transport in a pho-
tonic membrane, we were also able to elucidate an intriguing
scaling behavior for «. From 1LRT to 2LRTO to 2LRT mea-
surements, the temperature probe volume increases, which is
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accompanied by a systematic decrease of «. Based on the
phonon mean-free path lengths obtained from our calcula-
tions, we showed that only 2LRT measurements allow us to
encompass the entire set of heat-carrying phonons that con-
tributes to «. This result is a central aspect of this work, as it
opens the perspective for phonon mean-free path spectroscopy
based on a systematic variation of the temperature probe vol-
ume used for Raman thermometry. Precise control over the
heated volume and the temperature probe volume is especially
relevant for direct band-gap semiconductors often used for
photonic applications due to the occurrence of absorption
coefficients at the wavelength of the heat laser. Consequently,
1ILRT measurements can only provide quantitative results,
if the temperature probe volume defined by the absorption
depth of the Raman laser and its focus diameter are carefully
adapted to the distribution of phonon mean-free paths at the
temperature of interest. Otherwise, 1LRT measurements will
always lead to an overestimation of x, which seems especially
relevant for nanostructures that are challenging to probe with
alternative thermometric techniques. Here, the quasiballistic
transport of heat-carrying phonons at room temperature in,
e.g., GaN poses a general challenge to Raman thermometry
aiming for high spatial resolution, while maintaining the aim
of a precise measure of k. Therefore, 2LRT measurements
provide a generally promising alternative, as the entire spatial

temperature distribution across the sample can be probed. For
future work, it is of utmost importance to directly model
these experimental temperature distributions. Consequently,
the comparison to calculations will no longer be limited to
a comparison of x values but extended to a direct compar-
ison with non-Fourier-like temperature maps. This point is
even further strengthened by the possibility to measure 2LRT
down to cryogenic temperatures, which will give direct ex-
perimental access to different phonon transport regimes by
temperature imaging.
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