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A B S T R A C T

Optically pumped vertical-cavity surface-emitting lasers (VCSELs) operating in the 350 nm band were demon
strated. The VCSELs feature double dielectric distributed Brag reflectors and an AlGaN cavity, fabricated on Si 
(100) using the substrate transfer technique and laser lift-off. Indium-free GaN/Al0.1GaN multi-quantum well 
(MQW) active region was used as the gain material. Optical property of the gain material was systemically 
studied by temperature and excitation power dependent photoluminescence measurement, and carrier locali
zation effect was demonstrated in GaN/Al0.1GaN MQWs. The shortest lasing wavelength of the fabricated VCSEL 
is ~356 nm, shorter than the band edge of GaN. The threshold pumping power density of the UVA VCSELs is 
~0.8 MW/cm2, which is among the lowest values for ultraviolet (UV) VCSELs. This study is promising for the 
development of small-footprint, power-efficient UV light sources.

1. Introduction

Semiconductor based ultraviolet (UV) lasers are of considerable in
terest for a wide variety of applications including chemical/biochemical 
analysis, high-density data storage, material processing, and laser 
lithography because of their high photon energy and the low diffraction 
limit of UV light [1–3]. They also hold great advantages of energy effi
ciency, stability, warming-up free, and compactness compared with 
conventional gas and solid-state UV lasers. As one typical type of 
semiconductor lasers, vertical cavity surface emitting lasers (VCSELs) 
are featured with low threshold operation, circular and low-divergence 
output beam, and low temperature sensitivity compared with those of 
edge-emitting laser diodes [4–8]. To date, GaAs-based VCSELs in near- 
infrared band have been successful in short-reach data communication 
since commercialization, and are further boosted by increasing demand 
for 3D sensing applications such as face recognition and autonomous 
driving. To shift the emission wavelength of the VCSELs shorter to 
visible and UV band, III-nitride based materials including InGaN, GaN, 
AlGaN, and AlN are ideal choices for their wide and tunable direct 

energy gaps (3.4 eV for GaN, and 6.0 eV for AlN) [9,10]. However, 
progress in developing UV VCSELs is still challenging when compared 
with their blue and green counterparts, and there is no electrically 
injected VCSEL with wavelength shorter than 400 nm. Even under the 
optical pumping excitation scheme, there are only very few reports, 
most of which are based on InGaN active layers with lasing wavelength 
longer than 363 nm or photon energy smaller than the band gap of GaN 
[11–18].

For UV VCSELs with InGaN active layers include small amounts of 
indium, emission efficiency is improved by the presence of indium-rich 
clusters, which allows the capture of electrons and holes in localized 
centers [1]. However, the inclusion of indium in the active layers in
hibits emission at shorter UV wavelengths because of the very small 
bandgap of the InN and its sensitive growth condition. To further shift 
the emission wavelength to shorter UV wavelengths, indium free GaN or 
AlGaN active layers are needed, although the lack of indium in the active 
layers increases the probability of non-radiative recombination. There
fore, it is important to grow the indium free active layers with high 
crystal quality to guarantee the emission efficiency without the 
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assistance of indium. Early in 1996, Redwing et al. have ever fabricated 
UVA VCSELs with Al0.40Ga0.60N/Al0.12Ga0.88N DBRs, and a 10 μm thick 
indium free bulk GaN was used as the active layer [19]. Optically 
pumped lasing at 363 nm was realized with a threshold of ~ 2 MW/cm2. 
In 2018, Lu et al. also reported UVA VCSELs with a 3.8 μm thick bulk 
GaN active layer [20]. TiO2 based high-contrast grating (HCG) was 
fabricated as the top mirror, and lasing at 369.1 nm was realized. 
However, emission wavelength of bulk GaN is limited by the bandgap 
and the differential gain is low when compared with the quantum 
structures such as the QWs and quantum dots [21]. In 2020, by growing 
Al0.2GaN/Al0.5GaN MQWs with high crystal quality and fabricating a 
dual dielectric DBR cavity with low loss, Hjort et al. reported the first 
UVB VCSELs lasing at 310 nm [22,23]. In our previous work, we also 
successfully fabricated the first UVC VCSEL lasing at 275.9 nm by using 
Al0.4GaN/Al0.5GaN MQW active region [3]. But for the VCSELs emitting 
in UVA band (320 nm-400 nm) which is important for applications 
including UV curing, light therapy, air purification, and 3D printing, 
there is still no report of devices with lasing wavelength shorter than the 
band edge of GaN.

In this study, we demonstrate the 350-nm-band UVA VCSELs based 
on indium free GaN/Al0.1GaN MQW active region and a dual dielectric 
DBR cavity. The epi-structure was grown on sapphire substrate and then 
transferred to Si (100) substrate. Optically pumped lasing at 356 nm was 
demonstrated at room temperature with a threshold excitation power 
density of 0.8 MW/cm2.

2. Materials and methods

The epitaxial wafer used in this study was grown on a sapphire 
substrate by using the MOCVD system. The epi-structure as well as the 
fabrication process of the VCSEL are shown schematically in Fig. 1. The 
UVA VCSEL consists of a ~1 μm thick AlGaN cavity including two GaN 
QWs, sandwiched between a top 8.5-pair and bottom 12.5-pair dielectric 
HfO2/SiO2 DBRs with reflectivity >99%. To realize the VCSEL structure, 
the bottom DBR was first deposited on the surface of the epitaxial wafer 
by e-beam evaporation. The wafer was then flip-chip adhesive bonded to 
a Si (100) substrate, and the sapphire substrate was removed by laser 
lift-off (LLO). The flip-chip bonding process was conducted by using a 
kind of UV-curable adhesive NOV61 purchased from Norland Products, 
INC. The wafer was simply placed on Si substrate after spin coating of 
adhesive, and the adhesive bonding material was then cured under a UV 

LED lamp (365 nm) for 20 min. No additional heating or pressurization 
was required during the bonding process. The LLO process was per
formed using a pulsed 248-nm KrF excimer laser with pulse width ~1 ns, 
and the laser energy density (~2.7 J/cm2) as well as the laser spot size 
(1.5*1 mm2) were optimized to avoid the damage to the epi-layers. After 
LLO, chemical mechanical polishing (CMP) was used to obtain a flat 
cavity surface and thin the epi-layer, and the root-mean-square rough
ness of the surface after CMP is ~0.19 nm on a 5 × 5 μm2 area. The flat 
cavity surface is essential to reduce the scattering loss, which is impor
tant for the realization of low threshold lasing. Finally, the top DBR was 
deposited to complete the optically pumped UVA VCSEL structure. The 
detailed fabrication processes are similar with our previous reports 
[3,18].

3. Results and discussion

The emission spectra of the epitaxial wafers and the UVA VCSELs 
were measured under excitation by a 320 nm pulsed laser with a repe
tition frequency of 20 Hz and a pulse width of 5 ns. Excitation laser was 
focused on the surface of the sample with a microscope objective (40 ×
NUV), and the diameter of the excitation spot was ~160 μm. Then the 
light was guided through air into a monochromator with an electrically 
cooled charge-coupled device (CCD) as the detector. Fig. 2 shows the 
temperature dependent photoluminescence (PL) spectra of the epi- 
wafer. Under low temperature of 3 K, the PL spectrum exhibits 2 nar
rows peaks centered at 3.566 and 3.510 eV, which are defined as Peak 1 
and Peak 2, respectively. With increasing temperature, both the two 
peaks broaden and emerge together. Peaks 1 shows a slight redshift first 
when temperature increased from 3 K to 10 K, and then exhibits blue
shift from 3.564 to 3.568 eV in the temperature range from 10 to 50 K. In 
the temperature range from 50 to 300 K, Peak 1 shows a red shift to 3.48 
eV with increasing temperature. Differently, Peak 2 shows a mono
tonically redshift from 3.510 to 3.395 eV when temperature increased 
from 3 to 300 K. The photon energy evolution of Peak 1 and 2 are shown 
in Fig. 2. The origin of Peak 2 can be explained by the emission from the 
GaN template in the epi-structure, since the peak energies under 3 K and 
room temperature of Peak 2 consist well with that of bulk GaN [24]. The 
monotonically redshift of Peak 2 is caused by the thermal quenching of 
band gap. The emission of Peak 1 can be deduced from the emission of 
GaN MQWs, and the slight “S” behavior demonstrates the existence of 
slight carrier potential localization effect although without Indium, 

Fig. 1. Epi-structure and device fabrication processes of the UVA VCSEL.
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which is common and more pronounce in InGaN QWs caused by indium 
content fluctuation. The photon energy of Peak 1 as a function of tem
perature is fitted by the widely used Varshni’s empirical formula 
[25,26]: 

Eg(T) = Eg(0) −
(

αT2

β + T

)

−
σ2

kBT
(1) 

where Eg(0) is the band-gap energy at T = 0 K, α and β are Varshni’s 
thermal coefficients, σ is the standard deviation of the energy distribu
tion width of localized states, and kB is the Boltzmann constant. The 
solid red lines in Fig. 2b are the fitting curves according to Eq. (1). The 
parameters α and β were set to 0.43 meV K− 1 and 650 K, respectively. 
The fitted σ value, which indicates the degree of localization effect and 
broadening of the spectra, was 6 meV, similar with previous study [27]. 
The σ is much smaller than the typical values of several tens meV in 
InGaN QWs, and the slight carrier localization effect here can be caused 
by the inhomogeneous strain and thickness of the GaN QWs [28]. The 
excitation energy dependent PL spectra of the epi-wafer were also 
measured at room temperature, as shown in Fig. 3 a. The spectra are 
plotted in log scale and the two peaks from GaN template and GaN QWs 
can still be distinguished at room temperature. The photon energy of 
Peak 1 is almost fixed with increasing excitation energy. For InGaN QWs 
with high Indium content and localization effect, the excitation energy 
dependent emission wavelength typically shows a blue shift followed by 

red shift caused by carrier screening and band filling effect. The stable 
emission of GaN based MQWs here is favorable for laser fabrication due 
to the stable gain spectrum under different excitation levels.

During device fabrication, the excitation power density dependent 
PL spectra of the sample before the deposition of the top DBR, which is 
defined as the half-cavity device, were also measured and exhibit very 
different behavior from the as-grown epi-wafer. With increasing exci
tation power density, the linewidth of the spontaneous spectrum 
exhibited a sudden decrease, and a peak with a linewidth of 3 nm 
emerged at 354.8 nm, as shown in Fig. 4 a. The integrated intensity of 
the whole spectrum and the corresponding linewidth under different 
excitation power density are shown in Fig. 4 b. The clear threshold and 
spectral narrowing reflect the onset of the stimulated emission in the 
sample with half-cavity at room temperature. This demonstrates the 
high material gain and the potential to develop UVA VCSELs in the 350 
nm band.

After fabrication of the full cavity structure, the VCSEL’s optical 
emission spectra at room temperature for different pump levels were 
measured, as shown in Fig. 5 a. Multi sharp peaks near ~356 nm can be 
observed with increasing excitation energy, which can be explained by 
the multi-mode lasing. Such multimode emission in optically pumped 
VCSELs usually comes from the different lasing spots in the excitation 
area, and similar phenomenon has also been reported in other UV 
VCSELs [23]. Fig. 5 b shows emission intensity as well as the spectral 
linewidth as a function of the excitation power density. The emission 
intensity is calculated by integrating over the entire multimode spec
trum. A clear lasing threshold and spectral narrowing happens around 
0.8 MW/cm2. The threshold is also among the typical values of the re
ported UV VCSELs. The threshold carrier density inside the active region 
was calculated to be ~9 e19 cm− 3 following the rate equation model 
[29,30]. And this is larger than that of visible InGaN based VCSELs [31], 
which is mainly caused by the higher cavity loss and smaller material 
gain in UV spectral region. The linewidth of the VCSEL decreased from 
10 nm to 1 nm when the lasing threshold was reached. Note that the 
relatively broad linewidth of ~1 nm after lasing was extracted from the 
whole lasing spectrum, and this is caused by the overlapping of the 
multi-peaks with small mode spacing.

Due to the slight cavity thickness fluctuation caused by the CMP 
process, different lasing behavior can also be observed from the sample 
when we pump at different area. Fig. 6 a shows the excitation power 
density dependent spectra of a lasing spot which exhibit lasing at ~358 
nm. Several tiny modes belong the main peak with very small mode 
spacing can be distinguished, and they compete with each other during 
the variation of the excitation power. The mode competition is also an 

Fig. 2. (a) Temperature dependent PL spectra of the epi-wafer. (b) Photon energy evolution of the epi-wafer under different temperature.

Fig. 3. Excitation energy dependent PL spectra of the epi-wafer.
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evidence of the onset of lasing action. The integrated intensity of all the 
tiny modes and the linewidth of the spectra as a function of excitation 
power density is given in Fig. 6 b, from which a clear threshold can be 
obtained at ~ 2 MW/cm2. To further prove the lasing action in the UV 
VCSEL, the polarization characteristic of the device was measured, as 
shown in Fig. 7. The polarization ratio is relatively high to be ~87%, 
which is among the typical values of GaN based VCSELs after lasing. The 
high-resolution spectrum of the device under excitation power density 
of 2.83 MW/cm2 is given in Fig. 8, showing three modes with spacing of 
~0.6 nm. The linewidth of the mode Peak 1 with the lowest emission 
energy is ~0.22 nm determined by Lorentzian fitting, which is near the 
resolution limit of the spectrometer used in this study. And the Q factor 
was calculated to be ~1497.5. Peak 2 and 3 show a larger linewidth with 
increasing emission energy, corresponding to Q factor of 608 and 550, 
respectively. This is a typical phenomenon of lateral confined optical 

modes in VCSELs, and the mode Peak 1 with longest wavelength is the 
fundamental mode, while Peak 2 and 3 are high order lateral modes. 
High order lateral modes usually have larger optical losses, therefore a 
smaller Q factor. The excitation induced higher temperature can in
crease the refractive index of the lasing spot, thus inducing the lateral 
optical confinement and the generation of the high order lateral modes 
for optically pumped VCSELs [32].

The lasing wavelength as well as threshold of the ever-reported UVA 
VCSELs were collected in Fig. 9 for comparation with the results in this 
study. Note that the UVB VCSEL [23] and UVC VCSEL [3] reported in 
our previous work are not collected because this study mainly concen
trates on devices in UVA band. The device in this study can realize 
shorter lasing wavelength beyond the band-edge of GaN, while main
taining the comparable threshold with that of devices using InGaN 
active regions.

Fig. 4. (a) Excitation energy dependent PL spectra of the half-cavity device. (b) Intensity and linewidth of the device as a function of excitation energy.

Fig. 5. (a) Excitation energy dependent PL spectra of the VCSEL lasing at 356 nm. (b) Intensity and linewidth of the device as a function of excitation power density.

Fig. 6. (a) Excitation power density dependent PL spectra of the VCSEL lasing at 358.6 nm. (b) Intensity and linewidth of the device as a function of excita
tion energy.
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4. Conclusion

In summary, the 350-nm-band GaN/AlGaN MQW VCSEL on Si (100) 
has been demonstrated under optically pumped condition at room 
temperature. The shortest lasing wavelength is 356 nm, beyond the band 
edge of GaN, and the lasing threshold is 0.8 MW/cm2. This study is 
promising for the development of GaN-based UVA laser sources, and 
electrically injected UVA VCSELs can be expected in near future by 
improving material quality and device design.
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