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a b s t r a c t 

Optically pumped wavelength-tunable vertical-cavity surface-emitting lasers (VCSELs) operating in the ultraviolet 

A (UVA) spectrum were demonstrated. The VCSELs feature double dielectric distributed brag reflectors and a 

wedge-shaped cavity fabricated using the substrate transfer technique and laser lift off, resulting in a graded 

cavity length in one device. A resonant period gain structure is used in the InGaN/GaN multi-quantum well 

active region to enhance the coupling between the cavity mode field and the active layers. The optical field 

inside the cavity is modulated by the cavity length; thus, tunable lasing at different wavelengths is realized at 

different points of a single VCSEL chip. The lasing wavelength extends from 376 to 409 nm, covering most of the 

UVA band below the band gap of GaN. The threshold pumping power density of the UVA VCSELs at different 

wavelengths ranges from 383 to 466 kW/cm 

2 , 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. 
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. Introduction 

Vertical-cavity surface-emitting lasers (VCSELs) have circular and

ow-divergent output beams, low threshold currents, high modulation

ates, 2D-array manufacturability, and compatibility with on-wafer test-

ng [ 1 , 2 ]. These advantages make VCSELs suitable for a variety of practi-

al applications compared with other types of light sources such as light-

mitting diode (LED) and edge-emitting lasers (EELs). With their small

avities and strong optical confinement, VCSELs are also important in

undamental studies such as cavity quantum electrodynamics (CQED)

 3 , 4 ]. After decades of development, GaAs-based infrared VCSELs have

ominated the market in short-reach data communication since com-

ercialization [5] , and are further boosted by increasing demand for

D sensing applications such as face recognition and automatic pilot

6] . The success of GaAs-based VCSELs has promoted the development

f its short-wavelength counterparts, visible and ultraviolet VCSELs. To

abricate VCSELs in the visible and ultraviolet regions, III-nitride ma-

erials including InGaN, GaN, AlGaN, and AlN are ideal choices for

heir wide and tunable direct energy gaps [ 7 , 8 ]. The first electrically

njected III-nitride-based blue VCSEL was produced in 2008 [9] . With

ontinued research and commitment, the performance of visible VCSELs

as improved significantly in recent years. The emission wavelengths of

lectrically injected III-nitride-based VCSELs extend from 405–565 nm

10–25] , and the output powers of single diodes and device arrays have

eached 24 mW [26] and 1 W [14] , respectively. The wall plug effi-
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iencies were approximately 10%, approaching the practical level. In

021, Nichia Corporation reported yields of more than 80% over a 2-

nch wafer, and 1000 h continuous operation at room temperature for

lue VCSELs [27] . These results suggest the upcoming commercializa-

ion of visible III-nitride-based VCSELs, which is expected to greatly pro-

ote development of full-color pico-projectors and wearable electronics

uch as retinal scanning displays for augmented and virtual reality [28] .

With the progress made in visible III-nitride-based VCSELs, attention

as now turned to UV VCSELs at wavelengths below 400 nm for their

remendous potential in certain applications. The UV wavelength range

an be further subdivided into four bands: long-wave ultraviolet UVA

315–400 nm), medium-wave ultraviolet UVB (280–315 nm), short-

ave ultraviolet UVC (200–280 nm), and vacuum ultraviolet (100–200

m) [29] . In principle, III-nitride-based VCSELs can be made with emis-

ion wavelengths covering most of the UV spectrum, as the band gap of

lN can reach 6.2 eV [ 30 ]. The potential applications of UV VCSELs are

ainly dependent on the emission band. UVA VCSELs serve as the pri-

ary light source in the curing of UV glue, light therapy, air purification,

nd 3D printing [29] . UVA VCSELs with an emission wavelength of 369

m are crucial for realization of next-generation compact ytterbium-ion-

ased atomic clocks [31] . UVA VCSELs can also be used as a light source

or luring lamps because many insects show intense positive phototaxis

n UVA [32] . The main application of UVB and UVC VCSELs is probably

isinfection of water and surfaces [33–35] . These emission bands cor-

espond to peaks in the absorption spectra of DNA and RNA. Exposure
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https://doi.org/10.1016/j.fmre.2021.11.001
http://www.ScienceDirect.com
http://www.keaipublishing.com/en/journals/fundamental-research/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fmre.2021.11.001&domain=pdf
mailto:bzhang@xmu.edu.cn
https://doi.org/10.1016/j.fmre.2021.11.001
http://creativecommons.org/licenses/by/4.0/


Y. Mei, T.-R. Yang, W. Ou et al. Fundamental Research 1 (2021) 684–690 

o  

i  

V  

a  

i  

a  

i  

g  

d

 

m  

t  

a  

a  

w  

i  

w  

[  

r  

e  

l  

s  

c  

d  

n  

s

a  

t  

U  

t  

l  

e  

M  

g  

w  

t  

n  

e  

t  

w  

d  

c  

I  

n

d  

s  

p  

i

d  

g  

s  

c  

c  

s  

3  

e  

i  

b  

d  

d  

s  

m  

r  

w  

w  

R  

l  

p  

f  

l

2

 

s  

l  

a  

2  

I  

I  

g  

l  

l  

t  

n  

r  

w  

c  

a  

r  

r  

t  

d  

T  

s  

f  

m  

a  

d  

c  

c  

d  

c  

l  

o  

a  

t  

S  

t  

t

 

n  

T  

w  

f  

D  

[  

s  

i  

a  

𝜇  

w  

f  

l

3

 

w  

p  

o  

w  

Author's Personal Copy
f bacteria and viruses to UVB/C light causes photochemical changes

n genetic materials, inducing the loss of self-replicating ability. UVB/C

CSELs can also be used in sensing [36] , lithography [37] , and medical

nd agricultural applications [38] . These applications may also be sat-

sfied by commercially available UV LEDs, but VCSELs would provide

dditional benefits such as small size, low power consumption, higher

rradiance, more directional output beams, and a combination of tar-

eted and large-area treatment using arrays of individual addressable

evices. 

Compared with visible VCSELs, the development of UV VCSELs is

ore challenging and there is still no electrically injected laser opera-

ion in the sub-400 nm region. The difficulties mainly lie in the growth of

ctive layers with high gain in UV, fabrication of a low-loss microcavity,

nd realization of high-efficiency current injection. As the laser emission

avelength decreases, the growth of active layers with high crystal qual-

ty is more difficult; the spontaneous emission rate increases by 1/ 𝜆3 ,

here 𝜆 is the wavelength, resulting in a much higher lasing threshold

39] . The growth of III-N-based DBRs with high reflectivity in the UV

egion is much more difficult due to limited choice in optically transpar-

nt materials with large refractive index contrasts and low absorption

oss. For current injection, AlGaN with a high Al content is highly re-

istive; the commonly used indium tin oxide (ITO) ohm-contacting and

urrent-spreading layer in visible VCSELs is not suitable for UV VCSELs

ue to its large absorption coefficient. The bandgap of ITO is below 350

m, but it has a significant absorption tail that extends into the blue

pectral regime [40] . The absorption coefficient can reach 7000 cm 

− 1 

t 375 nm; thus, other current injection schemes such as tunnel junc-

ions must be developed for UV VCSELs. To date, the main progress in

V VCSELs has used an optical pumping excitation scheme. The first op-

ically pumped UV VCSEL was produced in 1996 using a GaN bulk active

ayer and double Al 0.4 Ga 0.6 N/Al 0.12 Ga 0.88 N epitaxial DBRs [41] . Laser

mission near 363 nm was realized, with a large threshold power of 2

W/cm 

2 . UVA VCSELs with both InGaN and AlInGaN MQW active re-

ions were subsequently demonstrated by several groups, with a lasing

avelength from 349–403 nm [ 30 , 31 , 39 , 41-49 ]. Different cavity struc-

ures, including double dielectric DBR cavities, hybrid DBR cavities, and

anopillar-type cavities with double nitride DBRs have been developed;

ach has advantages and disadvantages. UVA VCSELs with epitaxial ni-

ride DBRs have a simpler structure, but development of nitride DBRs

ith high reflectivity in the UV band is a great challenge. Devices with

ouble dielectric DBRs avoid this difficulty, but the fabrication process is

omplicated because substrate removal and layer transfer are required.

n 2020, Hjort et al. demonstrated the first UVB VCSEL lasing at 310

m [48] . The device has an Al 0.6 Ga 0.4 N cavity between two SiO 2 /HfO 2 

ielectric DBRs. The double-dielectric DBR design was realized by sub-

trate removal using electrochemical etching. The threshold excitation

ower of the device reached 10 MW/cm 

2 . In 2021, we successfully real-

zed the first UVC VCSEL lasing at 275.9 nm using a double SiO 2 /HfO 2 

ielectric DBR cavity and an Al 0 . 4 Ga 0 . 6 N/Al 0 . 5 Ga 0 . 5 N MQW active re-

ion [30] . The threshold excitation power is ∼1.21 MW/cm 

2 , with the

hortest wavelength of III-nitride-based VCSELs. However, these devices

an operate only at a single distinct wavelength, and the threshold ex-

itation power is still relatively large, even in the UVA region. In this

tudy, we report low-threshold wavelength-tunable UVA VCSELs from

76–405 nm. The device features a wedge-shaped cavity and two di-

lectric DBRs; the thickness of the cavity layer shows a gradual change

n one device. The resonating wavelength of the cavity modes is tuned

y the cavity length; lasing at different wavelengths can be controlled at

ifferent points on a single chip. This is crucial for applications such as

ual-wavelength interferometry (DWI) for distance measurements, laser

pectroscopy, and multi-wavelength optical recording systems in which

ulti-wavelength emission is required [50] . In addition, a resonant pe-

iod gain (RPG) structure was used; two groups of InGaN/GaN MQWs

ere separated by a GaN spacing layer to ensure that the MQW groups

ere located at two antinodes of the standing wave pattern. Such an

PG structure can effectively increase the coupling between the active
685 
ayers and the optical field inside the cavity. The threshold excitation

ower densities of the UVA VCSELs with RPG structure lasing at dif-

erent wavelengths range from 383–466 kW/cm 

2 , which are among the

owest values reported for UV VCSELs. 

. Materials and methods 

The epitaxial wafer used in this study was grown on a sapphire sub-

trate using the MOCVD system. The epi-layer consists of a 30-nm GaN

ow-temperature nucleation layer, a 2- 𝜇m undoped GaN buffer layer,

nd a 2- 𝜇m n-GaN layer, followed by the InGaN/GaN MQW region, a

0-nm AlGaN electron blocking layer, a 97-nm p-GaN, and a 3-nm-n ++
nGaN contacting layer. For the epitaxial wafer with RPG structure, four

n 0.1 Ga 0.9 N (3nm)/GaN (5 nm) QWs were grown and divided into two

roups separated by a 70-nm GaN spacing layer. The thickness of each

ayer was carefully designed to ensure that the two groups of QWs were

ocated at two adjacent antinodes of the standing wave pattern inside

he cavity. For comparison, another epitaxial wafer was prepared with a

ormal active region; five QWs were continuously grown and the active

egion was designed to be located at a single antinode of the standing

ave pattern. The epi-structure was intentionally designed for electri-

ally injected UV VCSELs, such that the GaN spacing layer is doped and

n n ++ InGaN contacting layer is grown. Optically pumped lasing was

ealized; fabrication of electrically injected devices is in progress. To

ealize the VCSEL structure, 12.5 pairs of SiO 2 /TiO 2 DBRs with a cen-

ral wavelength of 400 nm and maximum reflectivity over 99.9% were

eposited on the surface of the epitaxial wafer by e-beam evaporation.

he wafer was flip-chip bonded to a quartz template, and the sapphire

ubstrate was removed by laser lift-off (LLO). The LLO process was per-

ormed using a pulsed 248-nm KrF excimer laser. After LLO, chemical

echanical polishing (CMP) was used to obtain a flat cavity surface and

 wedge-shaped cavity layer with gradually changing thickness. The top

ielectric DBR, including seven pairs of TiO 2 /SiO 2 , was deposited to

omplete the optically pumped UVA VCSEL structure. Inhomogeneous

avity length is usually avoided in device fabrication for uniformity in

evice performance. In this study, the cavity length was intentionally

ontrolled by the CMP process to exhibit a gradient change to tune the

asing wavelength at different positions on a single chip. The thickness

f the cavity layer was estimated to change from ∼0.5 𝜇m to ∼3 𝜇m in

 10-mm lateral distance range, and demonstrated by a reflection-type

hickness measurement setup. The schematic structure of the UVA VC-

EL with a wedge-shaped cavity, the epitaxial structure with RPG, and

he reflection spectra of the DBRs are illustrated in Fig. 1 a–c, respec-

ively. 

As reported previously [51] , a flat surface on the cavity layer is sig-

ificant in realizing low-threshold lasing, due to reduced scattering loss.

he scattering loss can be calculated as 𝑆 𝑠𝑐𝑎𝑡𝑡𝑒𝑟 = 𝐷{ 1 − exp [ − ( 4 𝜋𝛿
𝜆
) 
2 
] } ,

here 𝛿 is the root-mean-square (RMS) roughness of the cavity end

aces, and D is a calibration coefficient defined as the ratio of the

BR reflectance when light is incident from air and p-GaN, respectively

 25 , 52 ]. The morphologies of the bottom and top cavity surfaces in this

tudy are shown in Fig. 1 d and e, respectively. The as-grown bottom cav-

ty surface in Fig. 1 d shows an atomically flat morphology, on which the

tomic steps can be clearly observed. The RMS is ∼0.33 nm on a 2 × 2

m 

2 area. The roughness of the top cavity surface after CMP is even less,

ith an RMS of 0.29 nm, as shown in Fig. 1 e. The super-flat cavity sur-

ace in this study indicates negligible scattering loss ( < 0.001%) during

ight oscillation. 

. Results and discussion 

The emission spectra of the epitaxial wafers and the UVA VCSELs

ere measured under excitation by a CryLas FTSS-355 Q1 355-nm

ulsed laser with a repetition frequency of 15 kHz and a pulse width

f 1 ns. The circular excitation laser spot was focused on the surface

ith a diameter of 70 𝜇m. The emission was collected from the top of
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Fig. 1. Structural properties of the UVA VCSELs with wedge-shaped cavity . (a) Schematic structure of UVA VCSEL with RPG structure and wedge-shaped cavity; 

(b) structure of epitaxial wafer with RPG; (c) reflection spectra of top and bottom DBRs; the inset shows the enlarged spectra within the high reflection band; (d) 

Atomic force microscope (AFM) image of bottom cavity surface (as-grown epitaxial surface); (e) AFM image of top cavity surface (n-GaN surface after CMP). 
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he sample with a microscope objective (NA0.35, 10X); the light was

uided through air into a monochromator with an electrically cooled

harge-coupled device (CCD) as the detector. Fig. 2 a shows the normal-

zed emission spectra of the epitaxial wafers with the active regions of

he normal-type and RPG structures. Both structures show a main peak

entered at 400 nm emerging from the MQW active region and a small

houlder peak at ∼365 nm emerging from GaN layers in the epitaxial

tructure. The spectra of the spontaneous emissions are modulated by

he self-formed Fabry–Pérot cavity with mirrors of the sapphire/GaN

nterface and GaN/air interface. The epitaxial wafer with an RPG struc-

ure exhibits a narrower spectrum than with a normal structure; the

inewidths are 26.1 nm and 37.5 nm, respectively. The emission ratio

etween the MQWs and the peak of the GaN layers was also larger in the

PG structure. The temperature-dependent emission characteristics of

he epitaxial wafers with the two structures were measured from 10–300

 (spectra not shown here). The internal quantum efficiency was calcu-

ated as 50.6% and 31.8% for the two structures as 𝜂int = 𝐼 300K ∕ 𝐼 10K ,
here 𝐼 300K and 𝐼 10K are the integrated intensities at 300 K and 10

, respectively. The much higher internal quantum efficiency and the

maller linewidth in the epitaxial wafer with the RPG structure demon-

trate the high crystal quality of the active region. Typically, with an

ncrease in the number of QW pairs, In-rich InGaN precipitates are more

asily formed. The interfacial structure between InGaN and GaN can be

eteriorated in InGaN/GaN MQWs, owing to the relaxation of the ac-

umulated strain [53] . In the active region with the RPG structure, the

rowth was stopped temporarily after the first two QWs, and a 70-nm
686 
aN spacing layer was inserted before the next two QWs, so that the

tress accumulation was smaller than in the normal structure. With in-

reasing excitation power, the linewidth of the spontaneous spectrum

xhibited a sudden decrease, demonstrating the stimulated emission in

he UVA band at room temperature in the epitaxial wafer with the RPG

tructure, as shown in Fig. 2 b. However, this did not occur in the epi-

axial wafer with a normal QW active region. This demonstrates the

otential to develop UVA VCSELs using the InGaN active region with an

PG structure. A 355-nm YAG pulsed laser with a repetition frequency

f 50 Hz and a pulse width of 20 ns was used in the stimulated emission

easurement because a much higher excitation energy is required for

timulated emission in a bare epitaxial wafer. The interference pattern

f the spectra in Fig. 2 b is not as clear as Fig. 2 a. This is because that the

iameter of YAG excitation laser spot on the epitaxial wafer surface is

2 mm, which is much larger than 70 𝜇m. A larger area is excited and

he interference between the surface of GaN/air and GaN/sapphire can

e weakened. 

Owing to the very short single-pass gain area in VCSELs, the coupling

ondition between the optical field inside the cavity and the active layers

reatly influences the device performance. The coupling condition can

e described by the gain enhancement factor Γr , which is determined

y the spatial overlap of the optical field and the active region. Γr is

alculated as: 

r = 

𝐿 

𝑑 𝑎 

∫
𝑑 𝑎 

|𝐸( 𝑧 ) |2 d 𝑧 
∫ |𝐸( 𝑧 ) |2 d 𝑧 (1) 
𝐿 
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Fig. 2. Emission property of the epitaxial wafer . (a) Normalized PL spectra 

of epitaxial wafers with active region of RPG structure and normal structure; (b) 

PL spectra of epitaxial wafer with RPG structure at different excitation levels 
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Fig. 3. Optical field distribution in VCSELs with different active regions . 

(a) RPG structure; (b) normal structure. 

Fig. 4. Lasing characteristics of the UVC VCSEL . (a) Emission spectra of VC- 

SEL with different excitation levels; the black and red curves are magnified by 

40 times and 5 times, respectively, for clarity; (b) output intensity of VCSEL as 

a function of excitation energy 
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here L, d a , and E (z) are the cavity length, thickness of the active re-

ion, and optical field standing wave pattern, respectively. In VCSELs, a

arger gain enhancement factor means a stronger interaction between

lectrons and photons; the emission rate of the cavity mode can be

oosted by the cavity effect. The emission can be strongly enhanced with

ell-coupled optical modes (active region overlaps with the antinode of

he standing-wave pattern), whereas the emission is greatly suppressed

ith weak coupled optical modes (active region overlaps with the node

f the standing-wave pattern). Accordingly, the threshold of the VCSEL

s affected by the gain enhancement factor, calculated as: 

 𝑡ℎ = 𝛼𝑎 + 

1 
Γ𝑟 

𝛼𝑖 

( 

1 
𝜉
− 1 

) 

+ 

1 
Γ𝑟 

1 
𝜉𝐿 

ln 1 
𝑅 

(2)

here 𝛼𝑎 , 𝛼𝑖 , and 𝑅 are the loss in the active layer, loss in other lay-

rs, and mirror reflectivity, respectively. 𝜉 = d/L , where d and L are the

hicknesses of the active layer and the cavity, respectively. From the

quation, it is clear that Γr has a significant influence on the threshold

ain of VCSELs, especially when the thickness of the active region is

mall. The threshold of VCSELs can be effectively reduced by enhanc-

ng the coupling between the active layers and the optical field. In this

tudy, an epitaxial wafer with an RPG structure is specially designed

o enable different groups of QWs located at two adjacent antinodes of

he standing wave inside the cavity to increase the coupling between

he active region and the optical field to obtain a larger Γr . To explore

he optical field distribution, we calculated the standing wave pattern

f a 400-nm resonant mode in the VCSELs with active regions with the

PG structure and normal structure using the transfer matrix method,

s shown in Fig. 3 a, b; Γ was 1.8 and 1.4 for the two structures, respec-
r 

687 
ively. Moreover, the loss of carriers through spontaneous emission was

onsiderably reduced because the spacer medium around the nodes of

he optical field contained no free carriers [54] . Thus, a lower thresh-

ld and higher power efficiency were expected in VCSELs with an RPG

tructure. 

The fabricated UVA VCSEL with an RPG structure and a wedge-

haped cavity was optically excited in the same conditions as for PL

easurement of the epitaxial wafers. Fig. 4 a shows the emission spectra

t different excitation levels measured from the same position of the VC-

EL chip. The spectra with low excitation levels are enlarged for clarity;

everal weak peaks attributed to the spontaneous emission of the cav-
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Fig. 5. Output intensity of VCSEL as a function of excitation energy . The 

data is plotted in double logarithm coordinates to show the typical “S ” shaped 

curve for lasing action. 
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Fig. 6. Lasing spectra and the corresponding threshold characteristics of 

UVA VCSELs emitting at points . Point A (409 nm), point B (398 nm), point C 

(391 nm), point D (381 nm), point E (376 nm). 
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ty modes can be distinguished. The mode spacing 𝜆𝐹𝑆𝑅 was ∼20 nm,

nd the effective cavity length L at this measured point was 1181 nm,

alculated as: 

 = 

𝜆2 0 

2 
[
𝑛 − ( 𝑑𝑛 

𝑑𝜆
) 𝜆0 

]
𝜆𝐹𝑆𝑅 

(3)

here n is the refractive index at the emission wavelength 𝜆0 (398 nm);

 𝑛 ∕ 𝑑 𝜆 is its dispersion, and 𝜆𝐹𝑆𝑅 is the mode spacing. With increas-

ng excitation energy, a narrow peak emerges at 398 nm in the UVA

and and increases significantly when the excitation energy exceeds the

hreshold. The linewidth of the cavity mode shows a sharp decrease

rom 5.6 to 0.23 nm, demonstrating the lasing action. Fig. 4 b shows the

utput intensity as a function of excitation energy. The threshold en-

rgy density was fitted as 0.41 mJ/cm 

2 , corresponding to a threshold

ower density of 411 kW/cm 

2 , which is a low value for UV VCSELs.

he output intensity as a function of the excitation energy plotted in

ouble logarithm coordinates is shown in Fig. 5 . The typical “S ” shape

f the output behavior demonstrates the lasing action; the spontaneous

oupling factor ( 𝛽) is ∼0.001. 

In EELs, the lasing wavelength is usually determined by the active re-

ion. Active layers with different alloy contents are required for devices

orking at different wavelengths. However, the resonant wavelength of

he cavity mode of VCSELs can be modulated by the cavity length owing

o the relatively short cavity. Changing the cavity length shifts the res-

nating wavelength and the optical field in the cavity. Eventually, the

ain enhancement factor and the lasing wavelength can be adjusted for

evices with different cavity lengths, as long as the gain spectrum of the

ctive region can cover a wide spectral range. In this study, the emission

f a single VCSEL chip can be tuned in a large range in the UVA band,

enefiting from the wedge-shaped cavity. Fig. 6 shows the lasing spec-

ra and the corresponding threshold characteristics of the UVA VCSELs

easured at several different positions (points A–E) along the surface of

 single VCSEL sample. The lasing wavelength obtained at point A was

09 nm, and the threshold energy density was ∼0.49 mJ/cm 

2 . The effec-
688 
ive cavity length of point A is ∼550 nm, as calculated from the mode

pacing. With increasing cavity length, the lasing peak was tuned to

98 nm, 391 nm, 381 nm, and 376 nm for points B–E, respectively. The

orresponding cavity lengths were 1181 nm, 1363 nm, 1808 nm, and

921 nm. The spacing between the measured points was ∼1 mm, and

he threshold energy densities were 0.41, 0.45, 0.39, and 0.43 mJ/cm 

2 ,

espectively. Because of the large differences in cavity length, the las-

ng modes at these points are belong to different longitudinal resonate

rder. The RPG structure in the epitaxial wafer used in this study was

esigned for cavity modes at ∼400 nm to enable the separated QWs lo-

ated at two adjacent antinodes of the standing wave. With different

asing wavelengths, the field distribution inside the cavity varies owing

o the phase shift, which may influence the coupling between the optical

eld and the active region. To estimate this effect, the field distribution

f the tunable lasing modes at different wavelengths was calculated, as

hown in Fig. 7 . When the lasing wavelength deviates from 400 nm, the

ntinodes of the mode field drift gradually from the active region; the

ismatch increases with the deviation in the mode wavelength from

00 nm. However, in the tuning range of 376–409 nm in this study, the

ismatch between the active region and the mode field is not large and

an guarantee effective coupling of electrons and photons. 

The VCSELs show tunable lasing spectra. Fig. 8 a shows the normal-

zed lasing spectra of points A–E on a single VCSEL chip. Low-threshold

asing extends from 376–409 nm, and a substantial proportion of the

VA band below the band gap of GaN can be covered. Using the modu-

ation effect of the cavity length, wavelength-tunable UVA VCSELs were

ealized without the need to grow different active layers, which is much

impler than fabricating EELs. The linewidth of the UVA VCSELs at dif-

erent wavelengths and the reflection spectrum of the top DBR are illus-

rated in Fig. 8 b. The full width at half maximum (FWHM) of the lasing

eak broadens monotonically from 0.22 nm to 0.53 nm when the peak
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Fig. 7. Optical field distribution of tunable lasing modes with wavelengths 

of 376 nm, 381 nm, 391 nm, 398 nm, and 409 nm, respectively . 

Fig. 8. Spectral characteristics of the tunable VCSELs . (a) Normalized lasing 

spectra of points A–E on a single VCSEL chip; (b) linewidth of lasing peak at 

different wavelengths (blue points) and reflectivity spectrum of top DBR (black 

curve) 
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Fig. 9. Threshold power density as a function of lasing wavelength of re- 

ported UV VCSELs . 
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avelength decreases from 409 nm to 376 nm, which is likely due to the

ecrease in mirror reflectivity. Furthermore, the absorption loss caused

y cavity layers is larger at shorter wavelengths, which may also cause

roadening of the lasing peak. In the UVC VCSELs lasing at 275.9 nm

abricated in our previous study, the linewidth was larger ( ∼0.78 nm),

aused by large absorption losses [30] . 
689 
The threshold power density as a function of the lasing wavelength

f the previously reported UV VCSELs is summarized in Fig. 9 , along

ith the results reported in this study. The threshold power densities in

his study ranged from 383–466 kW/cm 

2 , and were among the lowest

alues for UV VCSELs. The lasing wavelengths can cover a large part of

he UV band below the GaN bandgap. The related physical mechanism

an be attributed to: (1) the decrease in optical loss in the cavity; (2)

he enhancement of optical–electronic coupling by the RPG structure

ith high crystal quality; and (3) the wavelength-tuning effect of the

edge-shaped cavity. The results and device design in this study are

lso promising for electrically injected UV VCSELs. 

. Conclusion 

We have demonstrated low-threshold optically pumped UVA VCSELs

ith an RPG structure and a wedge-shaped cavity. Using the modulation

ffect of the cavity length, the lasing emission at different positions on a

ingle VCSEL chip can be tuned from 376–409 nm, covering most of the

VA region below the GaN band gap. The threshold of the output in-

ensity versus the pump energy, and the clear narrowing of the spectral

inewidth demonstrate the lasing action. The threshold pumping power

ensity ranges from 383–466 kW/cm 

2 , which are among the lowest val-

es for UV VCSELs. Such low threshold lasing in the UVA band can

e attributed to the RPG structure, the atomic-level flat cavity surface,

nd the high reflectivity of the dielectric DBRs. Furthermore, the device

tructure in this study holds potential for electrically injected UV VC-

ELs. This study is promising for the development of a small-footprint,

ower-efficient UV light source for atomic clocks, medical applications,

nd compact disinfection systems. 
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