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Ultraviolet microdisk lasers are integrated monolithi-
cally into photonic circuits using a III-nitride on sili-
con platform with gallium nitride (GaN) as the main
waveguiding layer. The photonic circuits consist of a
microdisk and a pulley waveguide terminated by out-
coupling gratings. We measure quality factors up to
3500 under continuous-wave excitation. Lasing is ob-
served from 374 nm to 399 nm under pulsed excitation,
achieving low threshold energies of 0.14 m]/cm? per
pulse (threshold peak powers of 35 kW/cm?). A large
peak to background dynamic of around 200 is observed
at the out-coupling grating for small gaps of 50 nm be-
tween the disk and waveguide. These devices operate
at the limit of what can be achieved with GaN in terms
of operation wavelength. © 2020 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

In recent years, there has been a significant interest in ultra-
violet (UV) emitters, such as light emitting diodes (LEDs) and
optically pumped lasers for a variety of applications including
germicidal sterilization and gas sensing [1, 2]. The material sys-
tem of choice for active devices in the UV spectrum is Ill-nitride,
due to its band gap tunability from the UV-C to the visible spec-
trum.

III-nitride microcavity photonics is a very active field of re-
search [3]. Individual microlasers in the UV spectral range
have been realized under pulsed optical pumping [4-6] and
electrical injection [7]. Photonic circuits in the UV have also
recently gained popularity with potential applications includ-
ing atomic clocks or precision metrology [8]. Several passive
circuits have been demonstrated using aluminum nitride (AIN)
[9-12] or aluminum oxide (Al,O3) [13]. A simple active circuit
using aluminum gallium nitride (AlIGaN) LEDs has also recently
been demonstrated [14]. However, no demonstrations of active
photonic circuits containing microlasers in the UV have been

reported, while this would constitute an important step for the
development of next generation photonic circuits.

Meanwhile, there have been several reports of optically
pumped active microlaser photonic circuits in the blue using III-
nitrides [15-17], as well as efforts to combine microrings under
electrical injection with photonic circuits [18].

In this Letter, we report on the demonstration of active mi-
crolaser photonic circuits in the UV consisting of a microdisk, a
pulley waveguide, and out-coupling gratings terminating the
waveguide.

The investigated sample was grown by metal organic chem-
ical vapor deposition (MOCVD) on silicon (111). First, a 220
nm AIN buffer layer was grown, followed by 300 nm of GaN.
Then the active region containing 5 pairs of 2 nm InyGa;_,N/ 9
nm GaN quantum wells (QWs) (nominal indium composition
x = 0.1) was grown, followed by a 20 nm GaN cap layer. The
total thickness is around 600 nm.

We fabricated microdisk photonic circuits using a process
similar to the one described in Refs. [15, 16]. An SiO, hard
mask, e-beam lithography using UV5 resist, and inductively
coupled plasma (ICP) etching with CH,F, and CF, gases for
the SiO; and Cl, and BCl3 gases for the III-nitrides were em-
ployed. The process consisted of two levels of lithography and
etching. First, the microdisk, waveguide and grating couplers
were defined, using proximity effect correction at the gap and a
higher e-beam dose for the grating coupler. After the ICP etch,
we performed a chemical treatment with AZ400K developer at
40°C to smooth the side-walls. In the second level, we opened
an area containing the waveguide to etch away the QWs in order
to avoid re-absorption of the emission. Finally, the silicon was
underetched using XeF; gas to provide for vertical confinement
by refractive index contrast to air. We fabricated devices with
3 um diameter disks and waveguides with an angle of 180°
around the disk with nominally 125 nm width in the proximity
of the disk and 500 nm width away from the disk. The distance
from the center of the microdisk to the end of the waveguide
is 50 ym. The grating couplers have a period of 200 nm. The
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gap between the disk and the waveguide is varied between 40
and 100 nm. These devices are particularly challenging to fabri-
cate due to the fairly long suspension length of the waveguide
with the 180° bend. For larger microdisks we observe cracking
of the nanotethers that hold the waveguide, which then falls.
For suspension lengths smaller than 12 ym the devices are sta-
ble. Thus, our devices are at the fabrication limit of suspended
photonic circuits in this platform. The reason for using a 180°
waveguide bend is the increase in coupling length that allows
to have efficient coupling at larger gaps. Using finite-difference
time-domain (FDTD) simulations we estimate that the critical
coupling gap is 20 nm larger than for a 90° angle (60 nm instead
of 40 nm) corresponding to the maximum coupling.

Fig. 1 (a) shows an optical microscope image of a fabricated
device, clearly showing the underetched areas as well as the
waveguide etch through color-contrast. Fig. 1 (b) shows a scan-
ning electron microscope (SEM) image of a device, also indi-
cating the underetch and clearly showing the nanotethers that
hold the waveguide. Zoom-ins of the microdisk, the gap and
the grating coupler are shown in Figs. 1 (c)-(e). In Fig. 1 (d) we
can see the roughness of our very thin waveguides (nominally
125 nm), which is visible due to the large zoom.

Fig. 1. (a) Optical microscope image and (b) SEM image of a
photonic circuit. Zoom-ins of (c) the microdisk, (d) the cou-
pling region, and (e) the grating coupler.

We employ a standard p-photoluminescence (y-PL) setup
with a continuous-wave (CW) laser emitting at 355 nm and a
20x microscope objective that is used to pump the device and
to collect the emission that is then measured by a spectrometer
and a charge-coupled device (CCD). A map of the CCD allows
to differentiate between the emission from the disk and from
the grating by integrating over different areas. We pump the
microdisks at room temperature (RT) in order to determine the
loaded Q factors of our devices. The bottom part of Fig. 2 shows
a CW spectrum measured from the top at the out-coupling grat-
ing for a device with 100 nm gap. Many modes are visible and
their identification is difficult. We observe first-order modes
with an FSR of 4 nm at 407.7 nm, 411.8 nm, and 415.4 nm with
Qjoaq in the range of 1400 to 1800, which are limited by QW
absorption. The maximum Qj,,, for the 100 nm gap is 3500 at
419.7 nm (potentially the next first-order mode), which is shown
in the inset in Fig. 2. We note that under low power density
CW excitation the QW emission is centered at around 407 nm.
The modes are not or barely visible above the microdisk under
CW excitation in our top-collection setup, as whispering gallery

modes (WGMs) radiate preferentially in-plane. Based on the
Qjoaq of the 100 nm gap device, we assume that the intrinsic
Q factor Qs is 3500, which is in the same order of magnitude
as for our previously investigated microdisks [5, 16, 19]. The
Qjoaq at 380 nm will certainly be lower due to the GaN absorp-
tion. Q;,; might be limited by side-wall roughness or surface
absorption [20].

We can estimate the effective propagation losses of the mi-
crodisk using [21]

Kisk = o
disk = .1 -FSR -1’

with Ay the resonance wavelength, FSR the free spectral range,
and r the radius of the disk. We obtain « = 0.08 dB/um when
extrapolating at Ag = 380 nm, FSR = 4 nm, Q;,; = 3500, and
r = 1.5 ym, which is two orders of magnitude larger than re-
ported by Liu et al. for AIN microrings at 390 nm [12] and in the
same order of magnitude as reported by Stegmaier et al. for poly-
crystaline AIN waveguides at 400 nm [9]. When comparing with
Ref. [12], we need to consider several factors. Firstly, the differ-
ent waveguiding material, GaN vs. AIN: GaN will have higher
losses due to larger material absorption at 380 nm, an absorption
of 100 cm~! would result in a Qs of 4200. Secondly, the much
higher radiation loss due to strong bending of a small microdisk
(r = 1.5 um) as compared to a large microring (r = 30 um) [22].
Thirdly, the different refractive index contrasts between waveg-
uide and cladding (air vs. SiOp /Al;O3): a smaller index contrast
results in significantly lower scattering loss due to roughness.
Lastly, the growth substrate, Si vs sapphire: a smaller disloca-
tion density, which can be more easily achieved on sapphire, can
induce lower internal losses. Furthermore, we employ much
smaller gaps between the resonator and the waveguide than Liu
et al., which renders our process more complex, but leads to
better cavity to waveguide coupling.

In analogy to Ref. [12], we calculate HZ,/([ H? dx dz),
where H,; is the the maximum field at the side-wall of the
disk and the integral is taken over the x-z cross-section, where
z is the out-of-plane direction, using FDTD. For our microdisk,
we obtain 2.3 ym_z, which is an order of magnitude larger than
the value obtained by Liu et al. for wide microrings [12]. The
higher field at the interface can be explained by the larger cur-
vature of a small disk compared to a large ring and results in
larger side-wall losses, explaining in part the lower Q factor we
observe.

Lasing is observed at RT under pulsed optical conditions
using a laser at 355 nm with 7 kHz repetition rate and 4 ns
pulse width. Fig. 2 shows pulsed spectra at peak powers of
34 kW/cm? (0.9E;;,) and 101 kW /cm? (2.7E;;,) measured at the
out-coupling grating for a device with 100 nm gap. A strong
blue-shift of around 25 nm is observed with increasing excitation
power as we go from CW to pulsed excitation far above thresh-
old. The blue-shift can be explained both by quantum confined
Stark effect screening at large carrier density and by state-filling
of localized states of the InGaN QWs. A smaller blue-shift was
observed in our previous samples, as they were grown by molec-
ular beam epitaxy (MBE) where less localization is observed
[16]. Furthermore, it is very likely that excited states in the QWs
are lasing. Considering the el (electron ground state) to hhl
(heavy hole ground state) transition at 3.05 eV or 407 nm, the
center emission wavelength under low excitation CW pumping,
an Indium composition of 13.5% in the QWs is deduced from 6
band k.p simulations without considering carrier interactions.
This transition has an oscillator strength of 0.34. The QWs are
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Fig. 2. Spectra below and above threshold taken at the out-
coupling grating for devices with 100 nm gap. Bottom: Low-
excitation power density CW spectrum below threshold. The
inset shows the maximum Q factor of 3500 at the low energy
side of the spectrum at 419.7 nm. Top: Pulsed spectra below
and above threshold. The spectra are displaced along the y-
axis and the CW spectrum has a different y-scale.

very asymmetric, which makes the cross-transitions (e2-hh1 and
el-hh2, where 2 denotes the first excited state) very intense. The
oscillator strength of the e2-hhl transition at 3.31 eV or 375 nm
is 0.23. For the el-hh2 transition at 3.13 eV or 396 nm we get an
oscillator strength of 0.12. The emission thus encompasses the
entire lasing spectral range of our devices.

The lasing modes are rather broad. The mode at 381.2 nm

at 2.7Ey, has a full-width at half maximum (FWHM) of 1 nm.

Generally under pulsed pumping, linewidths are broader than
under CW pumping since the carrier density changes strongly in
the microlaser during one pulse (here 4 ns). We do not observe
linewidth narrowing near the threshold, since the modes are not
visible below threshold due to the limited signal to noise ratio
under these low duty-cycle conditions.

Figs. 3 (a) and (c) show pulse energy dependent spectra
measured above the microdisk for devices with 50 nm and 90
nm gaps, respectively. Spectra measured on the same devices
but at the out-coupling grating are depicted in Figs. 3 (b) and
(d). Lasing modes are observed from 374 nm to 399 nm. The
lowest threshold energy of 0.14 mJ/cm? per pulse or threshold
peak power of 35 kW/ cm? is observed for the 80 nm gap (not
shown). The calculated overlap of the vertical TEy mode with
the QWs (excluding the barriers) is 1.0%. This value could be
increased by using cladding layers, but those would result in a
much thicker structure that makes suspended photonic circuits
more difficult to fabricate.

The first-order radial WGMs are visible for both 50 nm and 90
nm gaps (Fig. 3) with a spacing of 3.6 to 4.6 nm and azimuthal
mode orders of m = 60 at 374 nm to m = 54 at 399 nm, as
determined by FDTD simulations. First one and then several
first order modes lase, followed by other modes of higher order,
which are especially visible at high energy for the larger gaps
(Figs. 2 and 3 (c,d)). We observe a very large dynamic of the
peak to background emission of around 200 at 3E;;, for the 50 nm
gap device at the grating coupler, with only a factor 10 observed
directly at the disk. The improvement of this dynamic with
increased coupling is due to the fact that the WGMs radiate
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Fig. 3. Energy dependent pulsed optical pumping spectra of
measured (a,c) above the disk and (c,d) at the grating coupler
for devices with (a,b) a 50 nm gap and (c,d) an 90 nm gap. The
thresholds are 0.18 mJ/cm? per pulse for the 50 nm gap and
0.15 mJ/cm? per pulse for the 90 nm gap.

preferentially in-plane, while the spontaneous QW emission
radiates mainly out-of-plane. In FDTD transmission simulations
we obtain a maximum coupling of 70% for a gap of 60 nm.

The threshold peak powers, reported here, for pulsed III-
nitride microdisk lasers are lower than what we have found
in literature. Simeonov et al. reported 166 kW / cm? at 409 nm
[23] and Zhu et al. 180 kW /cm? at 380 nm [6]. We reported
lasing thresholds of 300 kW /cm? for microdisk photonic circuits
operating at 420 nm [16]. The threshold reduction of one or-
der of magnitude for our samples is primarily due to a change
in growth method from MBE to MOCVD for our QWs. MBE
grown QWs have a lower radiative efficiency due to a higher
concentration of point defects caused by the lower growth tem-
perature [24]. We can compare our thresholds to pulsed electri-
cally injected lasing reported by Wang et al. with a threshold
current density of 250 kA / cm? (or at least 800 kW/ cm? assum-
ing operation at at least 3.2 V) at 386 nm [7] for a 6.5 ym thick
heterostructure.

It is important to take into account that we are very close
to the band gap of GaN (365 nm) in this spectral range (374 -
399 nm). Our waveguides consist to 58% of GaN and to 42% of
AIN with 99% of the TEy and 94% of the TE; modes confined
in the GaN layer. Consequently, there is a non-zero absorption
loss that needs to be considered. The precise value of below
band gap GaN absorption varies from one growth reactor to
another but could be in the range of 1000 cm ! at 380 nm [25].
We are thus at the absolute wavelength limit of what can be
achieved with a GaN waveguide. In order to decend further in
wavelength, we would need to use a waveguide consisting only
or mostly of AIN to reduce the absorption loss. Furthermore,
using AlyGa; N/AlyGa;_yN (y > x) instead of InGaN/GaN
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QWs would allow to reduce the emission wavelength into the
UV-B and UV-C. Such photonic circuits are feasible, but remain
very difficult to implement due to a need for even smaller gaps
for efficient coupling as well as difficulties in growing high
quality material.
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Fig. 4. (a) Integrated peak intensity over pulse energy for the
modes at 382, 386, and 390 nm for the device with 90 nm gap
shown in Fig. 3 (c,d) and (b) Threshold energy over nominal
gap size.

In Fig. 4 (a) we show the integrated peak intensity over the
energy per pulse for the modes at 382, 386, and 390 nm, for the
device with 90 nm gap (Figs. 3 (c,d)). The lasing thresholds at
E = 0.15 and 0.19 mJ/ cm? per pulse are clearly visible. The
threshold energy as a function of nominal gap size is shown
in Fig. 4 (b). We can see that the threshold decreases with
increasing gap, which is to be expected, since Ey; o< 1/Qjo,4 and
since Qj,,4 decreases with increased coupling [16]. For the 40
nm gap, the threshold is particularly high because the gap is not
fully open, since these distances are at the limit of what can be
achieved using e-beam lithography with UV5 resist.

In conclusion, we have demonstrated active microlaser pho-
tonic circuits in the UV-A spectral range using the III-nitride
on silicon platform, which is very promising for both active
and passive photonic components for next generation photonic
integration. Our devices operate at the limit of what can be
achieved using GaN as the waveguiding layer. The wave-
length can be further reduced by switching from InGaN/GaN
to AlyGa;_N/Al,Ga;_yN (y > x) QWs and the absorption
losses can be reduced by using AIN instead of GaN/AIN for the
waveguide. Possible applications of such devices could be for
gas sensing [26].
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