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Dynamically tunable laser sources are highly promising for realizing visionary concepts of integrated photonic cir-
cuits and other applications. In this paper, a GaN-based laser with an integrated PN junction heater on Si is fabricated.
The photoluminescence properties of the GaN beam cavity are controlled by temperature, and the Joule heater provides
electrically driven regulation of temperature. These two features of the cavity make it possible to realize convenient tun-
ing of the lasing properties. The multi-functional GaN beam cavity achieves optically pumped lasing with a single mode
near 362.4 nm with a high Q-factor of 1394. The temperature of this device increases by 0–5 ◦C under the Joule heating
effect. Then, electrical control of the lasing mode is demonstrated. The lasing resonant peak shows a continuous redshift
of about 0.5 nm and the device also exhibits dynamic switching of its lasing mode. The lasing modulation can be ascribed
to temperature-induced reduction of the bandgap. Our work may be of benefit for external optical modulation in future
chip-based optoelectronic devices.
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1. Introduction

GaN microcavity lasers integrated monolithically on sili-
con platforms have attracted considerable interest in many re-
search areas. The performance of GaN microdisk lasers has
been greatly limited by material qualities, processing tech-
niques and significant optical loss caused by optical coupling
to the sapphire substrate or through rough sidewalls.[1,2] High-
quality GaN materials are usually grown on a sapphire sub-
strate. With a focus on material growth, the quality of Si-
based GaN epitaxial wafers has been considerably improved.
Although still not good enough, Si-based GaN materials can
now also fit the requirement for lasing.[3,4] With the develop-
ment of standard micro/nanofabrication technologies, includ-
ing lithography and dry etching, high-quality GaN microcavity
lasers on Si substrates have been designed and fabricated.[5–8]

Suspension of the device can reduce the optical loss. For ex-
ample, Zhang et al.[9] have reported optically pumped las-
ing from 2 µm GaN microdisks pivoted on Si. To et al.[10]

obtained a GaN microdisk with a direct coupled waveguide.
Accompanied by the intensive development of Si-based GaN
microcavity lasers, several types of cavity lasing modulation
have also been demonstrated, such as single-mode lasing,[11]

emission direction control[12,13] and on-chip integration.[14,15]

More importantly, the capability for wide-range tuning of the

stimulated emission of these devices is still a key issue for the
high performance of future on-chip applications. Much effort
needs to be made to develop convenient mode manipulation
strategies.

In the past years, tremendous progress has been made
in the realization of wavelength-tunable lasers. For exam-
ple, static wavelength tailoring has been realized in specially
designed cavities such as compound cavities,[16,17] cavities
with a distributed Bragg reflector[18] and coupled[19–21] or
asymmetric cavities.[12,22] Apart from static wavelength tun-
ing, GaN cavity lasers also exhibit the potential for excellent
dynamic wavelength operation due to their optical–electrical
characteristics, such as a high piezoelectric coefficient,[23]

high electro-optical coefficient[24] or high thermo-optical
coefficient.[25] Piezoelectric-induced lasing modulation has
been reported in GaN microwires[26] and continuous electro-
optic guided mode adjustability has been obtained in Si/GaN
microring resonators.[14,27] Compared with others methods,
thermal modulation is a more convenient way to realize mode
control. However, most reported works, including our previ-
ous work,[28] are based on an external heating stage. An inte-
grated internal heat source is more attractive, since it can make
the system much simpler and more efficient.

Here, an optically pumped Fabry–Pérot (F-P) mode laser
with a floating GaN beam structure is fabricated via a stan-
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dard micro/nanofabrication process. Spontaneous and stimu-
lated radiation under optical pumping of the GaN beam cavity
is studied. A Joule heater is introduced to the device as an
internal heat source by designing an InGaN PN junction struc-
ture. The GaN beam cavity is multifunctional, with both a
PN junction heater and a lasing cavity. Joule heating under
electrical control can effectively tailor the optical properties of
the cavity. In this case, photoluminescence (PL) of the GaN
beam cavity proved to have a relationship with Joule heating
of the cavity. The optically pumped lasing properties, resonant
mode simulation and Joule heat-induced lasing mode evolu-
tion of the device will be studied later. Our results indicate
that single-mode lasing tuning and mode switching for these
cavities can be realized in a simple experimental environment
(voltage below 5 V, current < 30 mA).

2. Experimental details
2.1. Fabrication of GaN microcavity

With a process similar to one used previously,[29,30] a
beam structured GaN cavity is fabricated on a Si substrate
(Fig. 1(g)). To simplify the introduction of the PN junction
to the resonant cavity, a light-emitting diode (LED) epitax-
ial wafer is used as the basic material. The wafer consists
of an AlN layer (2.1 µm), an undoped GaN layer, an n-GaN
layer (1.5 µm), an AlGaN layer (1.3 µm with 3%–10% Al),
a GaN/InGaN quantum well (QW) multi-layer (50 nm with
10% In) and a p-GaN layer (550 nm). This design makes it
possible to realize the combination of a PN junction heater and
lasing resonant cavity in a single device. The fabrication pro-
cess of the GaN lasing structure is illustrated in Figs. 1(a)–1(f).
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Fig. 1. Fabrication process for the GaN beam structure on a Si substrate:
(a) patterning the photoresist for the p-GaN layer, (b) etching the n-GaN
layer, (c) patterning the photoresist layer for the n-GaN layer, (d) etch-
ing the Si substrate, (e) patterning the photoresist layer and preparing
the electrode, (f) wet isotropic etching of the silicon. (g) Final structures
of the GaN beam cavity. The PN junction heater region and gain region
on the GaN beam are marked.

The device is patterned with residual photoresist (step (a))
then etched on the n-GaN layer by inductively coupled plasma
(ICP) etching (step (b)). The GaN beam and two electrode
holders are patterned (step (c)), then etched to the Si layer
(step (d)). Subsequently, the p- and n-electrodes (20 nm Ti
and 100 nm gold) are prepared on the n-GaN and p-GaN lay-
ers by patterning and electron beam evaporation (step (e)). Fi-
nally, the entire structure is wet etched by a solution of HF
and HNO3 (HNF) until the silicon substrate is shaped into
columns to support the GaN beam devices (step (f)). With
these methods, a GaN beam cavity array pivoted on Si is ob-
tained. As demonstrated in Fig. 1(g), the PN junction re-
mained in our final device. Joule heating is easy to generate in
a PN junction[31,32] and this can improve the electrical tuning
abilities of the laser.

2.2. Sample characterization

The morphological properties of the samples are char-
acterized by field emission scanning electron microscopy
(Carl Zeiss Ultra-Plus) and confocal microscopy (Zeiss, Ob-
server.DIM). Optical properties, including the temperature-
dependent PL spectra, lasing spectra and threshold values for
our GaN cavity, are measured by a confocal micro-PL setup
(Olympus BX35) excited by a 355 nm femtosecond pulsed
laser or a 405 nm picosecond laser. The pumping light covers
as much of the GaN beam cavity as possible. The excitation
laser is focused onto the top surface of the GaN beam through
a 40× objective lens to the central position. The spot diame-
ter of the pumping light is about 30 µm in this case. The PL
spectra are resolved by a spectrometer (Princeton Instruments
Acton SP2500i). Since the device is bonded to the printed
circuit board (PCB) substrate, current injection in this case is
easy. The GaN beam is driven by a commercial source meter
(Agilent B2901) to produce Joule thermal heating. Temper-
ature distribution of the chip is simultaneously recorded by a
thermal imager (VC320).

3. Results and discussion
3.1. Structural and optical properties of GaN beam cavity

Through a special design, a beam-like GaN cavity can be
realized. The top SEM image of an individual GaN beam in
Fig. 2(a) indicates that the GaN beam has a width of approxi-
mately 24.7 µm, a thickness of about 5.5 µm and is supported
by two circular GaN disks with diameters of about 150 µm.
The entire structure is floated on a Si substrate to reduce opti-
cal loss. The side view of an individual GaN cavity in Fig. 2(c)
shows that the GaN beam cavity is suspended. From top to
bottom, the entire device comprises a metal electrode (Ti and
Au), p-GaN layer, QW layer, n-GaN layer and silicon sub-
strate. All these layers mean that the PN junction remains in
the final structures. Since the GaN layer is thick enough, the
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whole cavity can serve as both a lasing cavity (under optical
pumping) and a Joule heater (electrically driven). As shown in
Fig. 2(b), the top diameter of the Si pedestal is about 90 µm.
Since the diameter of the GaN microdisk is about 150 µm, the
etching radii should be greater than 30 µm.[33] Optical loss in
this case will be reduced. This benefits the realization of op-
tically pumped lasing. The details of the cavity are shown at

greater magnification. A step gap of approximately 500 nm is
left between the p and n areas to prevent any short-circuiting
[Fig. 2(d)]. The separated layers of the p and n areas and the
electrode area are shown at greater magnification in Fig. 2(e).
The GaN beam cavity array can be made by standard process-
ing technology and these devices are bound to the PCB sub-
strate [inset in Fig. 2(f)] for further measurements.
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Fig. 2. (a) Top view of an individual GaN beam structure. (b) Charge-coupled device image of the Si pedestal after removing the GaN layer.
(c) Side view of an individual GaN beam structure. (d), (e) Enlarged images of the side region and gap region. (f) Current–voltage (I–V ) curves
of the GaN beam structure; the inset shows GaN beam arrays bonded to the PCB substrate. (g) Temperature-dependent PL spectra of the GaN
beam cavity (fixed pumping power of 96 µW) under Joule heating (HT, high temperature; LT, low temperature). (h) Peak wavelength and (i)
PL intensity from PL spectra of GaN beam cavity at different temperatures.

The current–voltage (I–V ) characteristic curves of the in-
dividual structures are plotted in Fig. 2(f). The device exhibits
obvious rectification characteristics with a turn-on voltage of
approximately 2 V. This I–V curve confirms that the PN junc-
tion exists in the GaN cavity and is smaller than that of a nor-
mal GaN LED.[34,35] Besides, electroluminescence (EL) spec-
tra of part of the GaN beam cavities can also be observed. The
corresponding EL spectra results are shown in Fig. S1. With
an increase in the injection current from 0 mA to 22 mA, the
main emission of the device peaks at 451 nm. In addition, as
shown in Fig. S1(b), the EL intensity increases with the addi-
tion of a drive current.

Coincidentally, by changing the fabrication process, de-
vices with controllable EL properties can be obtained. The in-
jected electrical power converts into heat in two major ways:

nonradiative recombination from the active region and the
Joule heat from the p-type layers.[36] If the device is not an
emitter, most carriers will transform to nonradiative recom-
bination. Thus, the trick is that the Joule heat-induced tem-
perature increase is more obvious for the device without EL
and only these devices are suitable for conducting the optical
pumping lasing experiment.

With the increase in drive current, the Joule effect will
increase the temperature of the GaN cavity. A GaN beam cav-
ity with spontaneous emission is chosen to study Joule heat-
induced PL modulation. Under 355 nm laser pumping (at a
fixed pumping power of 96 µW) the device shows two main
peaks at low temperature, as seen in Fig. 2(g). One is in the
ultraviolet region, with a peak near 370 nm, belonging to near-
band-edge emission of GaN.[37] The other is in the blue region
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with a peak near 430 nm, belonging to the emission of the QW
layers. A clear PL shift is observed at high temperature. As
shown in Fig. 2(h), the electrically driven Joule heat-induced
improvement in temperature is about 10 ◦C. In this case the
main peaks are gradually redshifted to 376 nm and 435 nm,
respectively. The PL intensity decreases significantly with in-
creasing temperature in Fig. 2(i). This entire phenomenon
fits the features of thermal reduction of the bandgap and PL
quenching of the GaN cavity.

3.2. Lasing properties of an individual GaN beam cavity

A GaN device with stimulated radiation is chosen to
demonstrate optically pumped lasing and lasing mode-tuning
experiments. The optically pumped lasing properties of an in-
dividual GaN beam are investigated under 355 nm laser pump-
ing. Figure 3(a) shows the high-resolution spectra collected at
different pumping powers of the individual GaN beam cavity.
At 1.77 µW, weak spontaneous radiation is observed. When
the pumping power increases to 3 µW, single-mode lasing ap-
peared, with a peak wavelength near 362.4 nm and full width
at half maximum (FWHM) of 0.26 nm. Using

Q = λ/∆λ , (1)

the Q-factor is 1394. Further increase in the excitation power
increases the lasing intensity, but no clear mode evolution ap-
pears.

The threshold curve in Fig. 3(b) indicates that the thresh-
old value of this cavity is about 3 µW. As shown in Fig. 3(c),
the FWHM of PL decreases with the addition of pumping
power for spontaneous radiation below the threshold, and it
changes sharply to about 0.26 nm for pumping powers above
the threshold. Further increase in the pumping power will
slightly increase the FWHM. Considering the cavity structures
in Fig. 2(a) the spectral properties in Fig. 3(a) and the dark
emission image inserted in Fig. 3(a), the most possible mech-
anism for lasing here is the F-P resonance mode in the wide
direction of the GaN beam. The wavelength of the resonant
mode in this type of resonator is expressed as

λ = 2nL/m, (2)

where n is the refractive index, L the cavity length and m the
resonant mode. The free spectral range (FSR) is given by

FSR = λ
2/2L(n−λ dn/dλ ), (3)

where dn/dλ is the dispersion of the refractive index.
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Fig. 3. (a) Lasing properties of the optically pumped laser. The inset shows the dark charge-coupled device image. (b) Threshold curves and (c)
FWHM summary of an individual GaN beam cavity. (d) PL spectra of a GaN epitaxial wafer on Si. The inset shows the simulated resonant mode of a
GaN F-P cavity with a width of 24.7 µm and normalized lasing spectra. (e), (f) Simulated electromagnetic field distribution for a GaN F-P cavity with
resonant mode near 362.4 nm.

054210-4



Chin. Phys. B 32, 054210 (2023)

As shown in the inserted charge-coupled device image in
Fig. 3(a), the F-P mode optical field distribution with a strip
of light path is obtained. The single-mode lasing is due to the
loss of metal. Due to breaks in the surface of the Au layer,
light can also escape through the top surface of the cavity. The
lasing oscillation and F-P mode optical field distribution are
more obvious when the surface metal layer is removed (shown
in Fig. S2). This shows images of a clear strip of light path
and resonant modes near 364.1 nm, 365.3 nm, 366.3 nm and
363.8 nm.

To clarify the origin of the lasing mode, PL from the
same sample is measured and plotted in Fig. 3(d). Gaussian
fitting of the PL peaks confirms the similar peaks shown in
Fig. 2(g). Moreover, our samples show a dependence on ex-
citation wavelength. As shown in Fig. S3, PL under 355 nm
laser pumping shows a PL peak near 370 nm that belongs to
emission from n-GaN, and PL under 405 nm laser pumping
implies a PL peak near 450 nm. This should be due to emis-
sion from p-GaN.

Comparing the data in Figs. 3(a), 3(d), and S3, we can
see that the gain region of lasing resonance is in the ultraviolet,
and it belongs to n-GaN. To further confirm the resonant mech-
anism, finite-difference time-domain simulation of F-P lasing
based on the gain region in Fig. 3(d) and cavity size in Fig. 2(a)
are carried out (see the supplementary materials for details of
the simulation methods). A clear resonant mode appears for
the F-P resonant cavity, as shown in Figs. 3(e) and 3(f). Com-
parison of the experimental lasing spectra in Fig. 3(a) and the
simulated lasing oscillation inserted in Fig. 3(c) implies that

they should originate from the same resonant series. An inter-
esting phenomenon is that, as the simulation results imply, for
a F-P cavity with a length of 24.7 µm, many resonant modes
should appear. However, during the experiment, only a single
mode or a few modes of lasing appear in the GaN beam cavity.
This can be attributed to the optical loss induced by the surface
metal and self-absorption causing mode suppression.

3.3. Joule heat-induced lasing mode modulation

Joule heat from a PN junction usually has a negative in-
fluence on the emission of InGaN LEDs[38,39] and it can be
used as a thermal source to modulate the optically pumped
lasing of the GaN beam cavity. The experimental setup shown
in the inset to Fig. 4(c) is used to study the optically pumped
lasing performance of the GaN structure shown in the insert
to Fig. 4(b) as Joule heat varied. Lasing with a resonant
mode near 362.35 nm and FWHM of 0.27 nm is observed in
Fig. 4(a). With the pumping power fixed, applying a current
to the GaN cavity resulted in the lasing mode being highly
redshifted. If the drive current is above 10 mA, the resonant
mode will be changed to another resonant mode series and
then it will be redshifted again. At a drive current of 20 mA,
a mode near 364.6 nm appears, and it becomes the main peak
at 25 mA. The details can be seen in the summary of the peak
wavelength and FWHM of the resonant modes in Fig. 4(b).
The FWHM increases with addition of the drive current, with
the resonant peak redshifted from 362.35 nm to 362.73 nm
(drive current below 10 mA), then blueshifted to 362.47 nm
(drive current at 15 mA).
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It also seems that the peak wavelength of the lasing mode
is not monotonously changing with the injected current in
Fig. 4(b). The abnormal blueshift of the resonant mode at
15 mA can be explained by the well-known mode-hopping
behavior. In this case, the increase in temperature influences
mode competition and make the detected light move to another
mode. The redshift of the resonant mode can be attributed to
the temperature-induced gain shift of the cavity.[40–42] The in-
creased temperatures shown in Figs. 4(d)–4(i) support this as-
sumption. Temperature changes in this case are about 0–5 ◦C
[Fig. 4(c)].

More interestingly, in addition to the static mode modu-
lation in Fig. 4(a), the mode-switching phenomenon can also
be realized for a sample with high temperature tunability. As
shown in Fig. 5, optically pumped lasing with a peak wave-
length of 363.6 nm is obtained. The lasing modes can be di-
vided into three different regions. While applying Joule heat to
the device, the single-mode lasing peak is tuned in the region
of 363.6 nm to 370.3 nm for a drive current below 25 mA.
For a drive current of approximately 30 mA, the main mode
changes to 373.8 nm, and multi-mode lasing appears. In this
situation, clear mode switching is realized by applying a suit-
able drive current, as presented in Fig. S4.
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Fig. 5. Demonstration of the lasing mode switch in the optimized structure.

4. Conclusion
In summary, a Si-based GaN beam cavity is designed and

fabricated using standard semiconductor technology. F-P type
single-mode lasing peaked near 362.4 nm and a Q-value of
1394 under 355 nm laser pumping is realized. More impor-
tantly, by using a Si-based InGaN LED epitaxial wafer as the
gain material and designing a special PN junction structure,

the GaN beam cavity served as both a lasing cavity and an in-
ternal Joule heating source. A controllable temperature change
is realized for the GaN device as the drive current increases,
thus controlling the PL properties of the multi-functional cav-
ity. We demonstrate a wavelength-tunable laser via an electric
tuning scheme. Joule heating is the main contributor to the
spectral engineering. In this case, the lasing of the GaN cav-
ity is tuned with a redshift at the nanometer scale and mode
switching at several nanoscales. Overall, the proposed GaN
beam laser provides a method for future chip-based optoelec-
tronic applications to tune the performance of GaN microdisk
lasers.
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