
REPORTS 

speed. 1 to 50 mg of PFA could be applied in each 
coating step. 

13. The coated tubes were placed inside a quartz pipe 57 
mm in diameter, fitted with end caps designed to hold 
the coated tubes in the center while they were being 
rotated. The quartz pipe was fitted into a temperature- 
controlled furnace and purged with scientific-grade He 
(total impurities <1 part per million) at a flow rate of 
100 cdmin for 15 min. The temperature was raised at 
a rate of 5.0°Clmin to the final temperature (473 to 
873 K) and held there for 120 min. To ensure uniformity 
during pyrolysis, we rotated the tubes at 30 rpm. 

14. The gas was introduced on the core (feed) side of the 
NPCM at a pressure of 300 kPa, and the shell side 
pressure response was measured continuously. The 
membrane module was evacuated and returned to  
atmospheric pressure on both the core and shell sides 
before the introduction of the next probe gas. All 
experiments were conducted at 295 K. 

15. J. W. Hutchinson and Z. Suo. Adv. Appl. Mech. 29.63 
(1991). 

16. R. C. Reid. J. M. Prausnitz, B. E. Poling, The Properties 
of Cases and Liquids (McCraw-Hill, New York, ed. 4. 
1987). 

Room Temperature Lasing at  
Blue Wavelengths in Gallium 

Nitride Microcavities 
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Lasing action has been demonstrated at blue wavelengths in vertical cavity 
surface-emitting lasers at room temperature. The microcavity was formed by 
sandwiching indium gallium nitride multiple quantum wells between nitride- 
based and oxide-based quarter-wave reflectors. Lasing action was observed at 
a wavelength of 399 nanometers under optical excitation and confirmed by a 
narrowing of the linewidth in the emission spectra from 0.8 nanometer below 
threshold t o  less than 0.1 nanometer (resolution limit) above threshold. The 
result suggests that practical blue vertical cavity surface-emitting lasers can be 
realized in gallium-nitride-based material systems. 

Blue nitride-based semiconductor laser diodes 
(LDs) and light-emitting diodes (LEDs) have 
been developed over the past few years (1-13) 
and are having a large impact on industry as 
well as on fundamental research. Blue vertical 
cavity surface-emitting lasers (VCSELs) have 
attracted increasing attention (14, 15) because 
they are expected to surpass conventional blue 
nitride LDs in many applications. In particular, 
the use of two-dimensional arrays of blue 
VCSELs would drastically reduce the read-out 
time in high-density optical storage (compact 
disc and digital video disc) and increase the scan 
speed in high-resolution laser printing technol-. 
ogy (14). The short vertical cavity configuration 
is also especially suitable for reducing the 
threshold current in blue lasers, because wide 
band gap materials have large optical gain due 
to the giant joint density of states (1, 2). In 
addition, field pattems from VCSELs are natu- 
rally completely circular, whereas the aspect 
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ratio between vertical and horizontal modes is 
still 4 in conventional edge-emitting nitride la- 
sers (1 0). 
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17. P,, and P, (Pa) are the pressures on the shell side and 
core side of the tubular membrane, respectively; t (s) 
is time;A (m2) is the membrane area; R (m3 Pa mol-' 
K-') is the gas constant; T (K) is the temperature; V,, 
(m3) is the shell side volume; T' is the gas perme- 
ability (mol m-' sec' Pa-'); and S (m) is the mem- 
brane thickness. 
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The main obstacle to the room-temperature 
operation of blue VCSELs is the crystal growth 
of highly reflective nitride mirrors consisting of 
GaN and AlN or GaN and AI,Ga,-,.N with 
high aluminum content x on which the high- 
quality InGaN active regions are subsequently 
grown (16-19). The problems that arise in epi- 
taxial growth of high-quality films are the large 
difference in thermal expansion coefficients be- 
tween GaN (5.6 X 10-6/K) and AIN (4.2 X 
1OP6/K) and the large difference in their lattice 
constants (2.7%) (20). However, progress in 
crystal growth technology is now opening the 
door to the synthesis of highly lattice-mis- 
matched nitride semiconductor systems. 

We report here the fabrication of blue 
nitride VCSELs and the observation of lasing 
action at room temperature. Using a micro- 
cavity with a high Q factor of 500, we ob- 
served lasing action at a wavelength of 399 
nm under optical excitation. 

Disk-shaped VCSEL structures 18 pm in 
diameter are formed from a planar multilayer 
by reactive ion etching and arrayed in a two- 

Fig. 1. (A) Scanning electron microscope image 
of a two-dimensional array of CaN-based VC- 
SELs. (B) Cross-sectional image of the VCSEL 
structure observed by transmission electron 
microscopy. The structure of the CaN-based 
multilayer, grown on a (0001)-oriented sap- 
phire substrate, is as follows: a 30-nm CaN 
nucleation layer, 400-nm CaN, a nitride distrib- 
uted Bragg reflector (DBR) consisting of 43 
pairs of 38-nm CaN (dark layers) and 40-nm 
Ab,,,Ca0.,N (bright layers), 195-nm CaN, 
multiple quantum wells (MQWs) consisting of 
26 periods of 5-nm Ino,olCao,ggN barrier and 
3-nm In,,lCao,qN quantum well, and 18-nm 
CaN. The alum~num content x = 0.34 of the 
AlxCa,-,N was determined by x-ray diffraction 
measurements. The oxide DBR consisting of 15 
pairs of 48-nm ZrO, (dark layers) and 68-nm 
SiO, (bright layers) was evaporated on the top 
of the CaN-based multilayer to form a vertical 
cavity. 
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dimensional matrix with 22-pm spacing (Fig. 
1A). Laser emission from the vertical cavity 
comes out normal to the plane of the wafer. 

As may be seen in the cross-sectional 
view of our VCSEL structure (Fig. lB), a 
2.5-A cavity containing In,,,Ga,,N multiple 
quantum wells as the active region is sand- 
wiched between two highly reflective mir- 
rors: the nitride-based distributed Bragg re- 
flector (nitride DBR) (16-19) and an oxide- 
based one (oxide DBR). The peak reflectivi- 
ties were 98% and 99.5% for the nitride and 
oxide DBRs, respectively. The nitride layers 
were grown by metal organic chemical vapor 
deposition, and the oxide layers were formed 
by electron-beam evaporation. The technical 
details of the growth procedure have been 
reported elsewhere (15, 16). 

Spontaneous emission of a single VCSEL 
was measured at room temperature (Fig. 2A). 
The beam from a He-Cd laser (A = 325 nm) 
was incident normally on the sample surface 
and focussed to a 20-pm-diameter spot with an 
objective lens, and emitted light was collected 
by another objective lens from the backside of 
the sample. The laser spots and the emission 
images were monitored with a color charge- 
coupled device camera. A typical microscopic 
emission image from the single VCSEL below 
threshold is shown in Fig. 2B. 

The spontaneous emission spectrum of the 
VCSEL below threshold (Fig. 2C) was modi- 
fied by microcavity effects. The main peak at 

Fig. 2. (A) Experimental set-up to 
measure microscopic emission imag- 
es. (B) Microscopic emission image 
from a single VCSEL below threshold 
measured at room temperature, with 
a He-Cd laser (A = 325 nm) as the 
excitation source. (C) Spectrally re- 
solved spontaneous emission of (B). 
The arrow indicates the stop band of 
the nitride DBR. 

Fig. 3. Emission from a single VCSEL measured at 
room tern erature with an excitation source of a 
dye laser = 367 nm), pumped by a nitrogen 
laser. (A) Emission intensities accumulated for 
180 pulses are plotted as a function of excitation 
energy per pulse. The incidence and detection 
directions are opposite to those used for the 
spectrum presented in Fig. 2C to avoid degrada- 
tion of the oxide DBR by illumination with the 
high-power excitation source. (B) Emission spec- 
tra from the VCSEL at various excitation powers 
(4, = 43 nJ threshold energy). 

A = 399 nm is a cavity resonance mode, and 
the two other peaks at A = 389 nm and 408 nm 
are due to modulation produced by the trans- 
mission spectrum of the nitride DBR. The small 
bandwidth of 14 nm is due to the small differ- 
ence of refractive index between GaN and 
Al,.,,G%.,N, that is, about 0.12. However, 
this bandwidth is comparable with or even larg- 
er than the typical spectral linewidth of lumi- 
nescence from InGaN quantum well structures. 

The spectral linewidth of the cavity mode 
may be as narrow as 0.8 nm (Fig. 2C), giving a 
Q factor of 500, which corresponds to a cavity 
with 98% reflecting mirrors, neglecting internal 
losses. This value is in good agreement with the 
independently measured reflectivities of the ni- 
tride and oxide DBRs, which were 98% and 
99.5%, respectively. We estimate that the opti- 
cal'gain of the InGaN quantum well at the 
threshold is g, > 1/(2L,N) ln(R,R,) = 890 
m- ', where L, is the thickness of the quantum 
wells, N is the number of wells, and R, and R, 
are the reflectivities of the DBRs. The estimated 
gain is comparable with the optical gain of 
InGaAs-GaAs quantum wells (21). 

The dependence of the laser output power on 
input excitation power was measured at room 
temperature. As an excitation source we used a 
dye laser (BPBD365) with a peak wavelength of 
367 nm, pumped by a pulsed nitrogen laser with 
a pulse repetition rate of 3 Hz and a typical pulse 
width of 8 to 10 ns. Emission intensities accu- 
mulated for 180 pulses as a function of excita- 

enitat in 

0 10 20 30 40 50 €4 70 380 390 400 410 
Excltatlon energy (Wpulse) Wavelength (nm) 

tion energy per pulse (Fig. 3A) show that a clear 
threshold is observed at a pump energy of E, = 
43 nT, which corresponds to 10 mTlcm2. Assum- 
ing a reflectivity of the nitride DBR at 367 nm 
of 50%, absorption in quantum well layers of 
50%, and quantum efficiency of 1O0/o, we esti- 
mate the sheet canier density at threshold to be 
2 x 10'2 to 4 X 10'2 m-2. 

In previous reports on optically pumped 
nitride lasers, nonlinear input-output character- 
istics similar to those shown in Fig. 3A were 
often confused with lasing action. In some cas- 
es, the emission intensity was weak under low- 
power excitation because of nonradiative re- 
combination. In other cases, amplified sponta- 
neous emission was observed instead of laser 
emission. Although spectral narrowing is also 
observed in amplified spontaneous emission, 
the typical linewidth of such emission spectra is 
a few nanometers, which is still much broader 
than that of laser emission. High-resolution 
measurements of the emission spectra (Fig. 
3B) from the VCSEL for increasing excita- 
tion powers show a transition from the 0.8- 
nm-width spontaneous emission peaks spec- 
trally filtered by the microcavity below 
threshold to very sharp emission peaks above 
threshold. Note that the linewidth of these 
sharp peaks is less than 0.1 nm, which is the 
resolution limit of the detection system. Such 
a spectral narrowing is direct evidence of 
lasing action. 
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