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ABSTRACT
This study explores the x-ray excited optical luminescence (XEOL) of optical microcavities fabricated in β-Ga2O3:Cr nanowires (NWs). XEOL
measurements reveal prominent luminescence bands in the near ultraviolet-blue (NUV-B) and in the red-near infrared (R-NIR) spectral
regions. The NUV-B emission originates from β-Ga2O3 defects, while the R-NIR band is attributed to Cr3+ intraionic transitions. Both
spectral regions exhibit sharp resonances, which are analyzed as Fabry–Pérot and whispering gallery mode resonances. Exposure to x-ray
nanobeam induces a redshift of the sharp R-NIR peaks, attributed to local temperature increase in the NWs caused by x-ray absorption. The
influence of this temperature rise on the NUV-B peaks is also evaluated. In addition, the local temperature increase due to x-ray absorption
is estimated through COMSOL finite-difference time-domain simulations, incorporating the material’s physical and thermal properties. This
work demonstrates the application of β-Ga2O3:Cr optical microcavities as luminescence-based nanothermometers to probe the localized
effects of x-ray nanobeam irradiation.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0261501

INTRODUCTION

Since Higashiwaki et al.1 demonstrated a field-effect transistor
based on the ultra-wide bandgap semiconductor monoclinic gallium
oxide (β-Ga2O3) and highlighted its exceptionally high breakdown
field, considerable effort has been directed toward developing high-
power electronics utilizing this material. β-Ga2O3’s electronic prop-
erties overcome some limitations of commonly used high-power
electronic materials, such as silicon carbide (SiC) and gallium nitride
(GaN). In addition, β-Ga2O3 is known for its robust chemical and

thermal stability, as well as its strong resistance to radiation.2 How-
ever, it also presents notable challenges for electronic device applica-
tions, particularly its low thermal conductivity.3 Thus, quantitatively
assessing local heating in high power electronic and photonic devices
based on β-Ga2O3 is essential.

Thermometers designed for local thermal assessment in these
devices, especially in demanding fields such as aeronautics and
deep-space environments, must be capable of measuring a broad
temperature range, maintain stability under extreme conditions, and
feature minimal spatial dimensions.3 Remote temperature sensing
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using optical transducing mechanisms, such as luminescence nan-
othermometry, provides a highly accurate approach for thermal
measurements.4

Several thermometers based on β-Ga2O3 have been reported,
including some utilizing nanostructures5 and others employing
optical spectroscopy of Cr-doped bulk samples.6 Recently, we
demonstrated two different architectures for micro-thermometers
based on photoluminescence (PL) spectroscopy within opti-
cal microcavities created from Cr-doped β-Ga2O3 micro- and
nanowires. In one of them, we fabricated optical cavities along β-
Ga2O3 nanowires (NWs) by defining pairs of distributed Bragg
reflectors (DBRs) through focused ion beam (FIB) milling.7 This
approach presents several advantages, enabling high contrast DBRs
that function as tunable mirrors. These can be employed across the
red-near-infrared (R-NIR) range in Cr-doped NWs7 as well as in
the near-ultraviolet-blue (NUV-B) range in unintentionally doped
NWs.8

In the second approach, the microwires were encapsulated into
DBRs made by alternating Al2O3/TiO2 layers.9 These approaches
allowed for temperature measurements across a broad range—at
least from 100 to 550 K—by tracking spectral shifts of two dis-
tinct luminescence features: the Cr3+ R lines and the optical cavity
Fabry–Pérot (FP) resonances.9–11 In addition, other types of sensors
have been demonstrated in this material, such as pressure sensors
based on Ga2O3:Cr, as developed by Barmore et al.12

Fourth-generation synchrotron x-ray sources, such as the
Extremely Brilliant Source upgrade at the European Synchrotron
Radiation Facility (ESRF-EBS), offer unprecedented levels of flux
and coherence, enabling nanoscale resolution for a wide range of
techniques. However, these enhanced capabilities also introduce
increasing risks of radiation-induced damage. Addressing exper-
imentally the beam-induced heating, a critical aspect of radia-
tion effects by directly quantifying the local temperature increase
induced by the x-ray nanobeam would be of great interest.13,14

Sample heating can cause both permanent damage (e.g., structural
changes, oxidation) and non-destructive alterations that compro-
mise measurement accuracy, such as thermal expansion, sample
drift, increased chemical reactivity, or changes in electrical conduc-
tivity. Most previous studies on beam heating are based on simu-
lations, and direct experimental validation of these models remains
limited.

In this study, we employ the previously developed thermome-
ter10 to investigate thermal heating in Cr-doped β-Ga2O3 NWs
using the nano-analysis ID16B beamline at the European Syn-
chrotron Radiation Facility (ESRF).15 By leveraging the beamline’s
high spatial resolution (achieving a beam diameter below 100 nm)
and the capabilities of x-ray excited optical luminescence (XEOL)
spectroscopy, we estimate the local temperature within the NW
microcavities by monitoring luminescence spectral shifts. In addi-
tion, XEOL analysis reveals resonances in the NUV-B spectral
range, whose underlying physical mechanisms are thoroughly
examined.

EXPERIMENTAL

The Cr-doped β-Ga2O3 NWs were synthesized using a thermal
evaporation method, as detailed in Ref. 7. Optical cavities were cre-
ated by milling two DBRs using a FEI Helios NanoLab 650 focused

ion beam (FIB) system.7 Commercial OptiFDTD photonic simu-
lation software has been used to design the DBRs for the optical
cavities, determine the resonances, and map the confined modes in
the cavities.

The morphology of the samples was examined with a Thermo
Fisher-Prisma scanning electron microscope (SEM). X-ray excited
optical luminescence (XEOL) measurements were carried out at the
nano-analysis beamline ID16B of the ESRF.15 A monochromatic x-
ray beam with an energy of 10.52 keV, focused to a spot of 80 nm
diameter, was used at varying intensities ranging from 109 to 1011

photons per second. Another operation mode has also been used,
the pink mode, where the beam had similar dimensions but a dif-
ferent photon energy, namely 17.5 keV. In this case, the photon flux
ranged from 1.1 × 1010 to 1.1 × 1011 photons per second. COMSOL
Multiphysics software has been used to simulate the eventual heat-
ing of the wire caused by the x-ray beam. The optical signals were
detected in backscattering geometry, where a far-field optical collec-
tion system was employed. The collected light was then transmitted
through an optical fiber to a spectrometer for spectral analysis. The
spectrometer was equipped with a Si CCD detector, allowing pre-
cise fast acquisition of the emitted luminescence in a single shot. All
spectra were acquired at nominal room temperature.

RESULTS AND DISCUSSION

Figure 1(a) shows an SEM image of the optical microcavities
created along the NW. The structure consists of four DBRs, which
define three optical cavities—labeled C1, C2, and C3—where light is
confined. The crystal orientation was previously characterized with
polarized Raman spectroscopy,10 revealing that the wire axis aligns
with the [001] crystal direction, while the upper surface corresponds
to the (100) crystal plane. Figure 1(b) presents a schematic of the
geometry used to measure the spatially resolved XEOL signal from
the cavity. Both the unconfined luminescence, emitted directly from
the point excited by the x-ray beam, and the confined light, scattered
at the edge of each DBR, are measured.

Figure 1(c) presents a map of the XEOL signal across the entire
spectral range, acquired from the region outlined by the red rect-
angle in Fig. 1(a). This map includes the optical cavity C1, defined
by the two central DBRs, as well as portions of the adjacent, lateral
optical cavities C2 and C3. The x-ray flux for all the XEOL measure-
ments shown in Fig. 1 was 2.6 × 1010 photons per second, and the
photon energy is 10.52 keV. The red regions in Fig. 1(c) represent
the highest emitted intensity, while the dark blue regions indicate
the lowest intensity. Figure 1(d) displays the spectra obtained from
the points labeled in Fig. 1(c). The local XEOL spectra vary from one
point to another. The XEOL emission primarily occurs in the NUV-
B and R-NIR spectral ranges, resembling previously reported PL and
cathodoluminescence (CL) spectra for Cr-doped β-Ga2O3.6,16 The
NUV-B band is a characteristic complex band, attributed to intrinsic
defects or self-trapped holes.17 Figure 1(e) shows the XEOL spec-
trum obtained from point 3 in Fig. 1(c), polarized along the NW
axis (corresponding to the c-crystal direction10), leveraging the lin-
ear polarization of the x-ray nanobeam. The sharp NUV-B peaks
appear at identical wavelength positions to those observed in the
unpolarized spectrum presented in Fig. 1(d).

Resonance peaks in the R-NIR region are significantly ampli-
fied compared to the broader NUV-B and R-NIR bands when
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FIG. 1. (a) SEM image showing the optical cavity cre-
ated in the NW by forming two DBRs using a FIB. (b)
Schematic illustration of the experimental measurement. (c)
XEOL intensity map of the region marked with a red rectan-
gle in (a). (d) Local XEOL spectra obtained from the points
labeled with numbers in (c). The optical cavity is located
between the two DBRs, with point 3 situated inside this cav-
ity. (e) Polarized XEOL spectrum measured at point 3. (f)
Comparison of XEOL spectrum polarized along c-direction
with FDTD simulations showing WGM peaks for the cav-
ity. The x-ray flux used in the XEOL measurements was
2.6 × 1010 photons per second. (g) Cross-sectional view
from the FDTD simulation showing the Ez component of the
electromagnetic field within the wire.

exciting points 1, 3, and 5 [see Figs. 1(c) and 1(d)]. These peaks in
the R-NIR band are attributed to longitudinal FP resonances within
the optical cavity C1 (L = 13 μm), as previously discussed. Inter-
estingly, several resonance peaks are also observed in the NUV-B
band. These peaks, at 356, 387, 428, and 479 nm, exhibit a free spec-
tral range (FSR)—the separation between consecutive peaks—that
is too large to be explained by longitudinal FP modes. For exam-
ple, the FSR for the peak at 428 nm should follow the formula
ΔλFSR = λ2/(2Lng), where ng is the group refractive index of the
material, λ is the position of the reference resonance peak, and
L is the cavity length. Using ng = 2.1 at λ = 430 nm nm18 and
cavity length L = 13 μm, as determined from the SEM image in
Fig. 1(a), the calculated FSR value would be ΔλFSR,calc = 3.2 nm. This
is an order of magnitude smaller than the experimentally observed
ΔλFSR,exp = 428–387 = 41 nm. Thus, the longitudinal FP resonances
between the two DBRs defining the C1 cavity are excluded as the
origin of the NUV-B peaks.

Transversal FP modes, oriented parallel to the vertical direc-
tion [i.e., perpendicular to the plane in Fig. 1(a)], were also ruled out
because the cavity dimensions (a thickness of ∼600 nm, as measured
by SEM19) do not match the observed FSR. Moreover, the reflectivity
at the material–air interface—due to the refractive index contrast—is
insufficient to account for the relatively high finesse values seen
experimentally.

Another possible explanation for these peaks is the whis-
pering gallery modes (WGMs), where optical paths are confined
within a smaller region, resulting in a larger FSR. Due to the
total internal reflection of light within the material, WGMs exhibit
higher reflectivity, which translates into higher finesse values. To

investigate the origin of these NUV-B peaks, finite-difference time-
domain (FDTD) simulations were performed using the OptiFDTD
software.7 Figure 1(f) presents the simulated spectrum, superim-
posed and normalized to the XEOL spectrum within the specified
wavelength range. The simulation is based on the cross-sectional
dimensions of the NW, as determined by SEM and illustrated in
Fig. 1(g). The simulated sharp peaks are closely aligned with the
experimentally observed peaks in the XEOL spectrum. Figure 1(g)
depicts the cross-sectional standing wave pattern of the Ez com-
ponent of the electromagnetic field inside the wire. The pattern,
characterized by maxima (red) and minima (blue), confirms the
presence of WGMs, thereby identifying them as the origin of the
NUV-B resonances.

Figure 2 illustrates the significant impact of the x-ray beam
power on the local XEOL spectra from the microcavity. X-ray beam
operated in the 7/8 + 1 filling mode (10.52 keV) or the pink mode
(17.5 keV). First, the intensity ratio between the NUV-B and R-NIR
bands changes drastically as the photon flux (beam power) varies
from 109 photons per second (1.7 μW) to 4.6 × 1011 photons per sec-
ond (775.2 μW), as shown in Fig. 2(a) (7/8 + 1 filling mode). At the
lower excitation density, the NUV-B band is effectively quenched.
The decay times of the two bands differ by several orders of mag-
nitude. The main contribution to the NUV-blue band has a lifetime
in the range of 10−8 seconds, with a component in the range of mil-
liseconds several orders of magnitude weaker.20 On the other hand,
the R-NIR lifetime, at room temperature, exhibits a lifetime in the
range of 10−4 s.16 The R-NIR band originates from Cr3+ intraionic
transitions7,10,16,21 and includes two sharp R-lines (corresponding
to the 2E–4A2 transition) and a broader, phonon-assisted band
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FIG. 2. (a) XEOL spectra for different photon fluxes and a
photon energy of 10.52 keV (above the Ga K-edge), show-
ing both the characteristic NUV-B and R-NIR luminescence
bands of β-Ga2O3:Cr. (b) Magnified view of the R-NIR FP
resonances from (a), highlighting shifts in the R-lines and
FP peaks, along with variations in the relative intensities of
the R-lines, driven by x-ray-induced local heating within the
cavity. (c) Lorentzian fits to a selected resonance under var-
ious photon fluxes, revealing a clear wavelength shift. (d)
Local temperature of the cavity vs photon flux. (e) NUV-B
resonances measured under varying x-ray beam fluxes. (f)
Close-up view of one of the peaks shown in (e), with the
dashed vertical lines marking the observed spectral shift.

(resulting from the 4T2–4A2 transition). At relatively low excita-
tion densities, the R-NIR band dominates the luminescence entirely.
However, as the excitation density significantly increases, the slower
red-NIR luminescence saturates, leading to a strong enhancement of
the NUV-blue band.

Focusing on the R-NIR band, we observe a pronounced red-
shift of the FP interference peaks as the excitation density increases,
as shown in Fig. 2(b). In addition, the relative intensity of the
R-lines decreases compared to the broader band, consistent with
the expected behavior at elevated temperatures.16,21 These findings
provide clear evidence of a significant rise in local temperature with
increasing x-ray excitation density.

Figure 2(c) highlights the detailed wavelength shift of the peak
centered around 733 nm for a photon energy of 10.52 keV and vari-
ous excitation photon fluxes, with the flux values indicated for each
spectrum. For fluxes (powers) below 2 × 1010 photons per second
(34 μW), the shift is nearly imperceptible within the experimental
uncertainty. Applying the calibration curve for this thermometer,10

the local temperature of the cavity was obtained as a function of the
beam power for the two filling modes, as shown in Fig. 2(d). The
thermal resolution ranges from 0.3 to 0.9 K, and the thermal sensi-
tivity ranges from 1.3% K−1 to 2.1% K−1 in the probed temperature
range (150–400 K).

In the NUV-B band [Fig. 2(e)], several peaks are observed and
attributed to WGMs, as previously discussed. In this system, these
peaks have a larger full-width at half-maximum (FWHM) com-
pared to the FP resonances in the R-NIR region [see Fig. 2(c)].
Similar to the R-NIR peaks, the NUV-B peaks display a temperature-
dependent redshift. However, due to quenching of the NUV-B band
at lower photon fluxes, its spectral shift cannot be determined in this
range. Nonetheless, the analysis of the R-NIR peaks suggests that
irradiation at lower fluxes does not induce significant heating in the
NW.

To estimate the expected heating caused by the x-ray
nanobeam in the optical cavity, we applied the model described by
Bonino et al.14 The classical Fourier heat diffusion equation was used
to describe the temperature distribution,

ρCp
∂T
∂t
+∇ ⋅ (−kT∇T) = Q, (1)

where T = T(x,y,z,t) is the temperature, ρ is the density of the
medium, Cp is its heat capacity at constant pressure, and kT is the
thermal conductivity. The boundary conditions assumed that the
NW is surrounded by air at a constant temperature of 295.2 K along
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all boundaries. The heat source for a NW irradiated by the x-ray
nanobeam was modeled by14

Qim(x, y, z, t) = 2ϕ(t)E0

πWxWzλ
exp [−( y

λ
+ 2x2

W2
x
+ 2z2

W2
z
)], (2)

where ϕ(t)represents the instantaneous photon flux, λ is the energy
dependent material’s attenuation length as obtained by PyMca soft-
ware,22 E0 is the energy of the x-ray photons, and Wx and Wz are
defined as

Wi =
FWHMi√

2 ln 2
≃ 0.85FWHMi; i = x, z.

Simulations were carried out with the photon energies of the two
operation modes, i.e., E0,7/8+1 = 10.52 keV (7/8 + 1 mode) or E0,pink
= 17.5 keV (pink mode). Although the beam is pulsed, the spectral
shift of the FP peaks is averaged, resulting in a stationary thermal
regime. The total time-averaged power density absorbed by the NW
was obtained by substituting the instantaneous photon flux ϕ(t)
with the experimental time-averaged photon flux Φ0, which ranges
from 109 photons per second to 4.6 × 1011 photons per second in the
7/8 + 1 mode, as shown in Fig. 2. In the case of the pink mode, the
flux ranges from 1.1 × 1010 photons per second to 1.1 × 1011 photons
per second.

In the stationary regime, given that kT is anisotropic in
β-Ga2O3, Eqs. (1) and (2) combine into

ρCp
∂T
∂t
+∇ ⋅ (−k∇T) = Q(x, y, z)

⇒ ρCp
∂T
∂t
+ ∑

xi=x,y,z

∂

∂xi
(kT

∂T
∂xi
)

= − 2Φ0E0

πWxWzλ
exp [−( y

λ
+ 2x2

W2
x
+ 2z2

W2
z
)]. (3)

To compare the experimental results with the predicted val-
ues from the x-ray absorption models, COMSOL FDTD simulations
were performed to solve Eq. (3). The temperature distribution was
calculated along the optical cavity for several photon fluxes at each
operation mode. The NW model, surrounded by air, had dimensions
a = 620 nm, b = 730 nm, L = 13 μm, and DBR hole sizes α = 185 nm,
β = 290 nm, and γ = 385 nm, as determined by SEM measurements.

The temperature-dependent experimental parameters used in
the simulation of Eq. (3), along with references to the corresponding
sources, are listed in Table I. The results, shown in Fig. 3(a), predict
a perfectly linear dependence at each operation mode and a clearly
different slope due to the fact that attenuation coefficient is larger
for 10.52 keV than for 17.5 keV photon energy in Ga2O3. To com-
pare these simulations with the experimental data inferred from the

FIG. 3. (a) Temperature variation of the cavity for different beam powers in the
two different beam filling modes as calculated by COMSOL. (b) Model used for
the COMSOL simulations to obtain the temperature distribution along the NW axis
when irradiated by the x-ray beam at its center with 10.52 keV and the highest
photon flux. The resulting temperature distribution remains nearly constant along
the wire.

FP peak positions of the microthermometer [see Fig. 2(d)], the lat-
ter has also been included in light colors in Fig. 3(a). They suggest a
trend that may deviate slightly from linearity, particularly at higher
energies. The simulations, while valuable, carry uncertainties, e.g.,
in material parameters or boundary conditions that are difficult to
quantify and should be considered as approximate. Further inves-
tigation will be needed to fully understand the nature of the power
dependence.

A question that is raised is if there is an appreciable tempera-
ture variation from the small area irradiated with the x-ray beam—a
circle with an 80 nm diameter—to the region defined by the DBRs,
which are 6.5 μm away from the center of the cavity. If there was
a significative temperature gradient, the value deduced from the FP
peak shift would be an average of the temperatures present along the
optical cavity. To clarify this point, the simulations of the tempera-
ture distribution along the wire after a few seconds of irradiation,

TABLE I. Parameters for Eq. (3).

E0
(keV)

kT,z (W/m K)
Ref. 23

Cp (J/kg K)
Ref. 23

Density (kg/m3)
Ref. 24

α (m−1)
Ref. [PyMca]

10.52 8140 ∗ T−1.12 186.55–32514 T−1.1647 5974–0.08 T 40 000
17.5 10 800
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which is the time required to obtain the XEOL spectra shown in
Figs. 1 and 2, were analyzed. Figure 3(b) shows these results, where a
minimal variation along the length of the cavity is obtained. In par-
ticular, the temperature difference between the cavity center and its
extremities is only 3 × 10−5 K for the highest flux and 1 × 10−7 K for
the lowest flux. Consequently, this temperature variation is several
orders of magnitude below the experimental uncertainty, allowing
the temperature along the wire to be considered effectively uniform.

CONCLUSION

We conducted XEOL analysis using an 80 nm-diameter x-ray
nanobeam on β-Ga2O3:Cr NW containing optical microcavities fab-
ricated by drilling DBR structures. Sharp resonances were observed
in both NUV-B and R-NIR spectral regions. While the majority of
the peaks in the R-NIR band were attributed to axial FP resonances,
the resonance positions in the NUV-B band did not conform to this
model. Instead, these features were well explained by WGMs along
the wire’s cross section. The XEOL spectra demonstrated a clear
dependence on the x-ray photon flux. The intensity ratio between
the NUV-B and R-NIR bands varied significantly: the NUV-B band
was nearly quenched at lower fluxes (∼109 photons per second,
10.52 keV photon energy) but became comparable in intensity to the
R-NIR band at higher fluxes (∼1011 photons per second, 10.52 keV
photon energy). X-ray-induced local heating caused notable red-
shifts in the FP peaks within the R-NIR band, enabling the deter-
mination of the cavity’s local temperature operating in two different
beam modes. In addition, WGM peaks in the β-Ga2O3 NUV-B
band also exhibited redshifts attributed to irradiation-induced heat-
ing. Both experimental analysis and FDTD COMSOL simulations
confirmed this irradiation-induced local heating, revealing a local
temperature increase from room temperature up to 356 K for the
range of analyzed x-ray photon fluxes. The COMSOL simulations
further corroborated the general conclusions obtained from the
experimental results, showing a uniform temperature along the NW.
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