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Cavity-length dependence of the property of optically pumped GaN-based vertical-cavity surface-emitting
lasers (VCSELs) with two dielectric distributed Bragg reflectors was investigated. The cavity lengths were
well controlled by employing etching with inductively coupled plasma and chemical mechanical polishing. It
was found that the lasing characteristics including threshold, slope efficiency and spontaneous emission
coupling factor were substantially improved with reducing the cavity length. In comparison with the device
pumped by a 400 nm pulsed laser, the lasing spectrum was featured by a red shift and simultaneous
broadening with increasing the pumping energy of a 355 nm pulsed laser. Moreover, the lasing threshold
was much higher when pumped by a 355 nm pulsed laser. These were explained by taking into account of the
significant heating effect under 355 nm pumping. Our results demonstrate that a short cavity length and
good heat-dissipation are essential to GaN-based VCSELs.

much attention owing to their superior properties over edge-emitting lasers and potential applications in

high-density optical storage, large area laser displays, lighting devices, etc. Both optically pumped and
electrically pumped GaN-based VCSELs have been realized'~'*. The VCSEL structure can be mainly concluded
into two types. One is the hybrid distributed Bragg reflector (DBR) VCSEL structure combining an epitaxially
grown DBR and a dielectric DBR'™ In this case, the most challenging problem is the preparation of high
reflectivity nitride-based DBR with smooth epitaxial surface due to the large lattice mismatch between GaN
and AIN (AlGaN). Besides, the crystalline quality of the quantum wells grown on such DBRs usually deteriorates.
Another structure is dielectric DBR VCSEL that contains two dielectric DBRs®”. For this structure, the prepara-
tion of high reflectivity dielectric DBR is much easier in comparison with the epitaxially grown DBRs. In
fabrication of dielectric DBR VCSEL, bonding and laser lift-off techniques are usually employed.

For GaN-based microcavity devices, the change of cavity length can strongly affect the spontaneous emission,
the cavity gain, the quality factor etc. In VCSEL, this should influence the lasing characteristics. Investigation of
VCSELs with different cavity lengths is important to further explore physical mechanism inside the cavities and
has a guiding significance on the realization of high performance GaN-based VCSELs. So far, however, no
experimental study of the properties among VCSELs with different cavity lengths has ever been reported. In this
letter, the lasing properties in dielectric DBR VCSELSs with cavity lengths ranging from 8.5 Ato 18 4 (4 is the peak
wavelength) is studied. Under the pumping by a 400 nm pulsed laser, the lasing spectrum was stable against the
variation of pumping energy. With reducing the cavity length, the lasing threshold decreased dramatically and
meanwhile, the spontaneous emission coupling factor, slope efficiency and lasing linewidth increased. However,
red shift of the lasing wavelength and linewidth broadening were observed when pumped by 355 nm laser as the
pumping energy was increased. In addition, the lasing threshold became higher compared with the case of
400 nm pumping. These were explained by heating effect.

O ver the past few years, GaN-based vertical-cavity surface-emitting lasers (VCSELs) have been attracting

Results

The schematic diagram of the epitaxial layer and the GaN-based VCSEL are shown in figures 1(a) and (b),
respectively. The device fabrication process was similar to our previous study'. Different cavity lengths of the
VCSELs were obtained through varying the thickness of the n-GaN layer. Specifically, after removal of sapphire
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Figure 1| Schematic structure of the (a) epitaxial layer and (b) GaN-based VCSEL with dielectric DBRs. (c) Diagrams of the experimental setup for

optical pumping measurements.

substrate, etching with inductively coupled plasma (ICP) was carried
out for different times to obtain three samples with different n-GaN
thicknesses. Followed by chemical mechanical polishing (CMP) and
deposition of the top DBR, three samples with cavity lengths of 18 4,
11.5 4 and 8.5 4 (including penetration depth of both DBRs) were
obtained, which are, for convenience here, defined as sample S, S,,
and S, respectively. The root mean square (RMS) roughness of the
GaN surface measured by atomic force microscopy (AFM) was
0.3 nm in a scan area of 2 um X 2 um after CMP. The sub-
nanometer roughness smooth surface provided favorable condition
for high reflectivity DBRs evaporation'®. The experimental setup for
optical measurements is shown in figure 1(c). The sample was ver-
tically placed and clamped on a holder without cooling treatment. All
the experiments were performed at room temperature.

Figure 2(a), (b) and (c) show the emission spectra of S;, S,, and S;
at different pumping energies of a 400 nm pulse laser at room tem-
perature. It is known that when cavity length is changed, the position
of resonant mode moves. Because of the large cavity length, for each
sample there are a few resonant modes within the high-reflectance
band of the DBR. For comparison, peaks having similar wavelengths,
around 425 nm, were chosen in this study. It can be seen in each
spectrum that sharp peak emerged at around 425 nm and grew dra-
matically above the threshold. For Sy, lasing action was achieved with
a threshold pumping energy density of 6.3 mJ/cm® (corresponds to
the lasing energy of 120 n]/pusle), while the threshold pumping
energy density of S, was 2.2 mJ/cm? (corresponds to the lasing energy
of 42 n]/pusle). For the shortest-cavity-length sample S;, the thresh-
old pumping energy density decreased remarkably to 1.2 mJ/cm?
(corresponds to the lasing energy of 23 nJ/pusle). The S;, S, and S;
had the lasing linewidths of 0.20 nm, 0.26 nm and 0.36 nm, corres-
ponding to the frequency linewidths of 3.3 X 10" Hz, 4.3 X 10" Hz
and 6.0 X 10" Hz, respectively. It was then concluded in figure 2(d)
that, with reducing the cavity length, the lasing threshold decreased
dramatically, and meanwhile, the lasing linewidth increased.

Figure 3 shows the comparison of lasing intensity above threshold
as a function of pumping energy of the three samples. Here relative
slope efficiency can be evaluated by the slope of the line in figure 3. It
was seen that the efficiency increased rapidly with reducing the cavity
length. Supposing the value of the relative slope efficiency in S; equals
to 1, then the values of that in S, and S; were 11 and 15, respectively.
Therefore, the slope efficiency in short-cavity-length VCSEL is much
larger than that in long-cavity-length VCSEL. One reason for this is
attributed to the reduced internal loss inside the cavity with reducing
the cavity length. The other reason is due to the enhanced cavity gain
coefficient which will be discussed later.

The spontaneous emission factor f, which reflects the coupling
efficiency of the spontaneous emission to the lasing mode, plays an
important role to evaluate the performance of the VCSEL. In order to
understand the spontaneous emission factor f in GaN-based
VCSELs with different cavity length, we plotted the emission intens-
ities of the three samples in a double logarithmic scale as shown in
figure 4(a), (b) and (c). The f§ value is corresponding to the difference
between the heights of the emission intensities before and after las-
ing'®. The estimated f values in VCSELs with cavity length of 18 4,
11.5 Zand 8.5 A were 1.3 X 1072,1.8 X 107>and 2.9 X 107 respect-
ively. fis in the order of 10~ for edge-emitting semiconductor lasers.
This means that f§ in these VCSELSs is effectively coupled 1000 times
higher to the lasing mode compared with that of typical edge-emit-
ting semiconductor lasers.

Figure 5(a) shows the normalized lasing spectra of GaN VCSEL
with cavity length of 8.5 4 pumped by the 355 nm laser. Red shift
of the lasing wavelengths and linewidth broadening are clearly
observed, as shown in figure 5(b). On the contrary, the lasing spec-
trum remains almost stable when pumped by the 400 nm laser, as
shown in figure 5(c) and (d). In addition, the lasing threshold energy
(Ew, = 63 nJ/pulse, corresponds to an energy density of 3.2 mJ/cm?)
when pumped by the 355 nm laser is a few times higher than that
of the 400 nm laser (1.2 mJ/cm?). These results indicate that the
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Figure 2| (a), (b) and (c) are the emission spectra at various pumping energies for samples S, S,, S5 respectively. (d) Lasing threshold and lasing

linewidth as a function of optical cavity length.

pumping laser has a significant influence on the lasing properties of
the VCSELs.

Discussion
The increase of lasing frequency linewidth in figure 2(d) can be
explained from the following equation'”:
Thv(Av)?
P

N,
[NZ - (gl/gl )Nl]threshold

(1)

Avlaser =

Where v is the laser frequency, Pis the output power, N; and N, are
the population densities of the two energy levels involved in the
induced transition, g; and g, are the degeneracy of the two energy
levels. When pumped by the 400 nm laser, the lasing linewidth as
well as the lasing wavelength remained almost stable with the pump-

ing energy increased to three times of the threshold (Fig. 5(c) (d)).

Therefore, the factor 1 N

p [N2 - (gz /gl )Nl]threshold
constant value for the GaN-based VCSELs. As demonstrated in
equation (1), the frequency width of the cavity resonance Av strongly
affects the lasing frequency linewidth. For a GaN-based Fabry-Perot
cavity, the well-known imperfect crystalline quality of the GaN layer
should generate extra internal losses in the cavity'>'®. The Av value
changes with the cavity length, as given by the following equation'®:

L
- @)
X[ln(Rle) 24 L[O(,‘}

is approximately as a

v

Av =Q=2nn

Where Q is the quality factor, n is the refractive index, L, is the cavity
length, o; is the internal loss. The experimental results can be well
described by the dashed curve in figure 2(d) according to equations (1)
and (2). Then the internal loss o; caused by the GaN layer was estimated

l ' 4 ' , ' ' ' to be 149 cm™" at the lasing wavelength of 425 nm. This value is similar
’ to the reported result (about 160 cm™" at 425 nm) in Ref. 20.
! , / W L=18) The variation of f§ values in Fig. 4 with respect to the cavity length
3000 + / ® L=1151 1 can be analyzed based on the following equations*:
3 ! ® A L=85) 3 Q
3 4 // P:WV/(/I/HP (3)
> 2000 ;e ] .
=
@ I and
/
2 A b2t (@
= 1000 | ® . 1+F,
A
,,‘ _____ -] Where F, is the Purcell factor, and V. is the effective optical
oot —m--7"" - . volume of the laser.
0 10 20 30 According to equations (2) and (3), F, can be rewritten as:
E-Eth (nJd/pluse)
2
Figure 3 | Lasing intensity above the threshold as a function of pumping F,= i 4 (5)
energy. 21528, [In(RRy) ™ 124 L]
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Figure 4 | (a), (b) and (c) are emission intensities as a function of pumping energy plotted in double logarithmic scale. The lines are guides for the eye.

Sc is defined as V/L., which represents the spot area of the laser
emission. Thus, it was easily seen that the F, value increased with
decreasing the cavity length. Consequently, the f§ value increased too.

The lasing threshold is a key parameter to evaluate the perform-
ance of semiconductor lasers. The decrease of lasing threshold with
reducing cavity length is considered to be related to the following
three aspects. First is the enhanced cavity gain coefficient with redu-
cing the cavity length due to the cavity quantum electrodynamics
effects. The gain characteristic is an important parameter of VCSELs
since it has significant influence on lasing threshold. The enhanced
cavity gain coefficient factor x can be written as™:

2Av,
nl

K=

(6)

Where I is the linewidth of the spontaneous emission without a
cavity, and Av, is the frequency spacing between cavity modes which
can be expressed as:

c
Av.~ 7
ve 2nL, @
and so yields
c
~ 8
nnl 'L, (8)

It is obvious that the « factor increased inversely with reducing the
cavity length, leading to the significantly enhanced cavity gain and
thus reduced lasing threshold and increased slope efficiency. For
samples S1 and S3, the cavity length is reduced approximately a half,
and « factor is then doubled.

The second aspect is the increased spontaneous emission fac-
tor f value with reducing the cavity length, as discussed above.
The f value reflects the coupling efficiency of spontaneous emis-
sion to the lasing mode. The higher f value represents a higher
coupling efficiency, which decreases the lasing threshold.
Experimental results demonstrate that, for samples S1 and S3
where the cavity length is reduced approximately a half, the f
value is doubled.

The third aspect is the reduced absorption loss by the GaN layer at
the lasing wavelength and the less absorption of the injected laser.
Single pass optical loss due to a single layer can be calculated from*:

1—exp(—od) 9)

Where o is the absorption coefficient at the lasing wavelength (or
at the injected laser wavelength), d is the thickness of the layer. The
thickness of the removed n-type GaN layer was about 1.6 pm by
comparing the thicknesses of S; and S;. According to equation (9),
this thickness corresponds to a single pass optical loss of 2.3% since
the absorption coefficient o; is 149 cm™" at the lasing wavelength of
425 nm. The absorption loss of the 400 nm injected laser intensity
was considered to be a little higher than this value due to its shorter
wavelength. A single pass reflection loss of 2.0% due to DBRs can

be calculated from the expression 1 — exp(—o,L.), in which
1 1

on = —1In and R; = 99%, R, = 97%. Itis clear that the optical
L. VRR,

loss due to absorption by GaN is substantial.

From the discussions above, it is concluded that reducing the
cavity length is a favorable way to decrease the lasing threshold of
GaN-based VCSELSs.

Now we discuss the behavior of the lasing performances of
VCSELs under different pumping lasers. Compared with the case
of 400 nm pumping, the lasing wavelength shifts to red and line-
width increases when pumped by the 355 nm laser with increasing
the pumping energy, and the lasing threshold became higher. We
consider these variations are caused by heating effect. First, under the
pumping of the 355 nm laser where the photon energy of the laser is
higher than the GaN bandgap, most of the photons were absorbed
within the first hundreds nanometers by the GaN layer with an
absorption coefficient of about 10° cm™ *, resulting in a rapid
increase of sample temperature. This heating effect of the 355 nm
laser has been employed to the decomposition of GaN during laser
lift-off process, where the sample temperature is expected to be
higher than 850°C****. Second, a large number of carriers were gen-
erated in the GaN layer by the 355 nm laser, which would turn into
heat during the transport process. In case of 400 nm laser pumping,
however, the photon energy of the laser is smaller than the GaN
bandgap and it can be absorbed in the InGaN well layers only and
almost no transport process is necessary. Third, when pumped by a
355 nm laser, the quantum defect is much higher than that when
pumped by a 400 nm laser. The high quantum defect also means a
high thermal generation. As is known that, the DBRs formed by
Si0,/Ta,0s, have extremely low thermal conductivity. Thus, consid-
erable amounts of heat generated in GaN layer could not dissipated
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Figure 5 | Normalized lasing spectra (a) (c) and lasing wavelengths and FWHM of the lasing spectra (b) (d), as a function of pumping energy pumped by

the 355 nm laser and 400 nm laser, respectively.

quickly. Instead, it accumulated to a high level and ultimately
enlarged the cavity length, due to thermal expansion, and caused
the red shift of the laser wavelength with increasing pumping energy.
The elongate of the cavity length would increase the threshold value
too. On the other hand, the increase of lasing FWHM can be
explained by the aggravated interaction with phonons (or lattice
vibration) as a result of heating. These results revealed that the per-
formance of the VCSELs is strongly influenced by the heating effect.
While in electrically injected GaN-based VCSELSs, the heating effect
could also be serious due to the high driving current density and large
resistance, thus increasing the threshold current density. Therefore,
excellent heat dissipation ability is crucial to realize the electrical
pumped GaN-based VCSELs, which is consistent with previous
reports'>'. Apart from the heating effect, pulse width of the pump
laser may also play some role. At the same pumping energy, the laser
with narrower pulse width could have a higher peak power. This
means that a higher carrier density can be achieved instantaneously.
In our experiments, pulse widths of the 355 nm and 400 nm pump-

ing lasers were 25 ns and 150 fs, respectively, with a difference in the
order of ~10°. It is clear that, for 400 nm pumping laser, a much
higher carrier peak density is expected which may lead to a lower
threshold.

Figure 6 shows the experimental results of the lasing threshold of
the GaN-based VCSELs as a function of the cavity length obtained
under different pumping lasers. The circle points were the results
pumped by the 355 nm pulse laser including our data of sample S;
and the results taken from Ref. 7 and Ref. 8 that had similar VCSEL
structures with ours. Also added in the figure (solid squares) were our
data that pumped by the 400 nm pulse laser. It was seen that the
lasing threshold measured by the 355 nm laser followed the same
variation curve as we discussed above. It was quite clear that the
thresholds were much higher when pumped by the 355 nm laser
compared to the 400 nm laser.

In summary, optically pumped GaN-based VCSELSs with different
cavity lengths were fabricated and characterized. The experimental
results showed that with the cavity length reduced from 18 4t08.5 4,
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the lasing threshold decreased, and meanwhile, the slope efficiency,
spontaneous emission coupling factor and lasing linewidth
increased. In addition, under the pumping of 355 nm laser, the lasing
spectrum exhibited red shift and linewidth broadening with
increased pumping energy due to the heating effect. Meanwhile,
the lasing threshold was higher than that under 400 nm pumping.
These results reveal that the performances of the GaN-based VCSELs
are greatly influenced by cavity length and heating effect. Therefore,
to control the cavity length and improve heat dissipation ability are
particularly important for design and fabrication of GaN-based cur-
rent injected VCSELs.

Methods

Device Fabrication. The VCSEL layer structure, grown on a 2-inch (0001) c-plane
sapphire substrate by a metal-organic chemical vapor deposition (MOCVD) system,
consists of a 30 nm GaN nucleation layer, a 2 um undoped GaN layer, a 2 um Si-
doped GaN layer, MQWs active region, a 20 nm Mg-doped AlGaN electron blocking
layer and a 380 nm Mg-doped GaN layer. The active region consists of ten periods of
2 nm InGaN quantum well and 18 nm GaN barrier. Fabrication of VCSELs was
processed as follows. First, 12.5 pairs of Ta,Os/SiO, layers were evaporated on the top
of the grown VCSEL structure to form the first dielectric DBR. The reflectivity of the
DBR R; is about 99% at central wavelength. Next, the samples were bonded to a Si
substrate. A pulsed excimer laser operating at a wavelength of 248 nm was used in the
laser lift-off process to remove the sapphire substrate. After removal of residual Ga by
HCI solution, ICP etching was carried out to remove the high dislocation region of
undoped GaN layer and reduce the thickness of n-GaN layer. Then, three samples
with different layer thicknesses were fabricated. The thicknesses of the residual
epitaxial layer were controlled by the etching time of ICP. Afterwards, CMP technique
was employed to polish the n-GaN surface using a colloidal silica material in alkaline
environment. Finally, the top DBR consisting of 11 pairs of Ta,0s/SiO, layers was
deposited on the polished n-GaN surface. The reflectivity of the top DBR R, is 97%
around the central wavelength.

Measurements. The lasing characteristics of the VCSELs were studied by either a
400 nmand ora 355 nm pumping laser. The 400 nm laser was obtained by taking the
second harmonics of the 800 nm fundamental wave with ab-BaB,O, (BBO) crystal.
While the fundamental source was a regenerative amplifier (Spectra Physics, Spitfier),
operating with a pulse width of 150 fs and a repetition rate of 1 kHz, seeded by a
mode-locked Ti:sapphire laser. The 355 nm laser was with 25 ns pulse duration and
30 kHz repetition with the third-harmonics of a Q-switched YVO, pulse laser. The
pumping laser beams with focused spot size of 50 pm in diameter were incident
normally on the VCSELs surface. The emission light was collected into a spectrometer
using a grating of 1200 lines/mm with a spectral resolution of 0.15 nm.

1. Someya, T. et al. Room temperature lasing at blue wavelengths in gallium nitride
microcavities. Science 285, 1905-1906 (1999).

2. Zhou, H. L. et al. Near ultraviolet optically pumped vertical cavity laser. Electron.
Lett. 36, 1777-1779 (2000).

3. Kao, C. C. et al. Fabrication and performance of blue GaN-based vertical-cavity
surface emitting laser employing AIN/GaN and Ta,0Os/SiO, distributed Bragg
reflector. Appl. Phys. Lett. 87, 081105 (2005).

4. Wang, S. C. et al. Optically pumped GaN-based vertical cavity surface emitting
lasers: Technology and characteristics. Jpn. J. Appl. Phys., Part 1 46, 5397-5407
(2007).

5. Feltin, E. ef al. Blue lasing at room temperature in an optically pumped lattice-
matched AlInN/GaN VCSEL structure. Electron. Lett. 43, 924-926 (2007).

6. Song, Y. K. et al. A quasicontinuous wave, optically pumped violet vertical cavity
surface emitting laser. Appl. Phys. Lett. 76, 1662-1664 (2000).

7. Chu, J. T. et al. Room-temperature operation of optically pumped blue-violet
GaN-based vertical-cavity surface-emitting lasers fabricated by laser lift-off. Jpn. J.
Appl. Phys, Part 1 45, 2556-2560 (2006).

8. Zhang, J. Y. et al. Low threshold lasing of GaN-based vertical cavity surface
emitting lasers with an asymmetric coupled quantum well active region. Appl.
Phys. Lett. 93, 191118 (2008).

9. Chen, S. Q. et al. Spectral dynamics of picosecond gain-switched pulses from

nitride-based vertical-cavity surface-emitting lasers. Sci. Rep. 4, 4325 (2014).

Higuchi, Y., Omae, K., Matsumura, H. & Mukai, T. Room-Temperature CW

Lasing of a GaN-Based Vertical-Cavity Surface-Emitting Laser by Current

Injection. Appl. Phys. Express 1, 121102 (2008).

.Lu, T. C. et al. Continuous wave operation of current injected GaN vertical cavity
surface emitting lasers at room temperature. Appl. Phys. Lett. 97, 071114 (2010).

12. Cosendey, G., Castiglia, A., Rossbach, G., Carlin, J. F. & Grandjean, N. Blue
monolithic AlInN-based vertical cavity surface emitting laser diode on free-
standing GaN substrate. Appl. Phys. Lett. 101, 151113 (2012).

.Holder, C., Spcek, J. S., DenBaars, S. P., Nakamura, S. & Feezell, D. Demonstration
of nonpolar GaN-based vertical-cavity surface-emitting lasers. Appl. Phys. Express
5,092104 (2012).

14. Liu, W. J. et al. Room temperature continuous wave lasing of electrically injected
GaN-based vertical cavity surface emitting lasers. Appl. Phys. Lett. 104, 251116
(2014).

15. Liu, W.]. et al. Low threshold lasing of optically pumped GaN-based VCSELs with
sub-nanometer roughness polishing. IEEE Photon. Technol. Lett. 25, 2014-2017
(2013).

16. Tawara, T. et al. Low-threshold lasing of InGaN vertical-cavity surface-emitting
lasers with dielectric distributed Bragg reflectors. Appl. Phys. Lett. 83, 830-832
(2003).

17. Davis, C. C. [Chapter 6 Laser Radiation] Lasers and Electro-optics: Fundamentals
and Engineering [pages 118-119] (Cambridge University Press, Great Britain,
1996).

18. Hu, X. L. et al. Fabrication and Characterization of High Quality Factor GaN-
based Resonant-cavity Blue Light-emitting Diodes. IEEE Photon. Technol. Lett.
24, 1472-1474 (2012).

19. Butte, R. et al. Room temperature polariton lasing in III-nitride microcavities, a
comparison with blue GaN-based vertical cavity surface emitting lasers. Proc. of
SPIE 7216, 721619 (2009).

20. Yu, G. et al. Optical properties of wurtzite structure GaN on sapphire around
fundamental absorption edge (0.78-4.77 eV) by spectroscopic ellipsometry and
the optical transmission method. Appl. Phys. Lett. 70, 3209-3211 (1997).

. Campillo, A. J., Eversole, J. D. & Lin, H. [Cavity QED modified stimulated and
spontaneous processes in microdroplets.] Optical Processes in Microcavities.
[Chang, R. & Campillo, A. J. (ed.)] [187-189] (World Scientific, Singapore,
1996).

22. Feezell, D. F. et al. Thin metal intracavity contact and lateral current-
distribution scheme for GaN-based vertical-cavity lasers. Appl. Phys. Lett. 90,
181128 (2007).

23. Kelly, M. K., Ambacher, O., Dimitrov, R., Handschuh, R. & Stutzmann, M. Optical
Process for Liftoff of Group III-Nitride Films. Phys. Status Solidi A 159, R3-R4
(1997).

24. Wong, W. et al. In,Ga; 4N light emitting diodes on Si substrates fabricated by Pd-
In metal bonding and laser lift-off. Appl. Phys. Lett. 77, 2822-2824 (2000).

1

=4

1

—

1

w

2

—_

Acknowledgments

The authors would like to acknowledge the funding supports received from the National
Natural Science Foundation of China (grant nos. 61106044, 61274052 and 11474235), the
Doctoral Program Foundation of Institutions of Higher Education of China (grant no.
20110121110029) and the Fundamental Research Funds for the Central Universities (grant
nos. 2013121024).

Author contributions

B.Z. conceived the project. W.L, X.H.,].Z. and Z.C. fabricated the samples. S.C., W.L.and H.
A. constructed the experimental apparatus. W.L., S.C. and L.Y. characterized the samples.
W.L. and X.H. analyzed the data and wrote the manuscript under the supervision of B.Z. All
authors participated in discussion and commented on the manuscript.

| 5:9600 | DOI: 10.1038/srep09600



Additional information

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Liu, W.J. et al. On the importance of cavity-length and heat
dissipation in GaN-based vertical-cavity surface-emitting lasers. Sci. Rep. 5, 9600;
DOI:10.1038/srep09600 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 5:9600 | DOI: 10.1038/srep09600


http://creativecommons.org/licenses/by/4.0/

	Title
	Figure 1 
	Figure 3 Lasing intensity above the threshold as a function of pumping energy.
	Figure 2 
	Figure 4 (a), (b) and (c) are emission intensities as a function of pumping energy plotted in double logarithmic scale.
	Figure 5 Normalized lasing spectra(a) (c) and lasing wavelengths and FWHM of the lasing spectra (b) (d), as a function of pumping energy pumped by the 355&emsp14;nm laser and 400&emsp14;nm laser, respectively.
	References
	Figure 6 Lasing threshold of the GaN-based VCSELs as a function of the cavity length plotted together with other published results.

