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The characteristics of high-power bottom-emitting vertical-cavity surface-emitting lasers (VCSELs) with an aperture of 500 um are reported. The
output power and the spectra of the device are measured at different injection currents under CW, quasi-CW, and pulsed operation. The maximum
peak output power of 92 W is achieved at room temperature, which is, to the best of our knowledge, the highest value reported for a single device.
The thermal effect under pulsed operation is far lower than that at the other two operation modes. © 2011 The Japan Society of Applied Physics

becoming strong competitors to conventional edge-
emitting lasers due to their advantages such as low
threshold current, circular light-output mode, high packaging
density for two-dimensional (2D) arrays, and single long-
itudinal mode emission."'® A continuous-wave (CW)
room-temperature output power of 1.95W with 500 um
aperture size was reported,'® and a record output power
of 3W with an aperture size of 350 um was achieved in
Princeton Optronics.'” In order to further increase the output
power, 2D arrays were fabricated. More than 230 W of CW
power and 100 W of quasi-CW (QCW) power were obtained
from a 5 x 5mm? array chip.'®
Due to their advantages such as high-temperature
operation, intrinsic spectral stability, and high peak power,
short pulse operation has wide applications in medical
treatment, and industrial equipment, such as laser cutting,
laser drilling, and laser welding. VCSELs have great
potential in pulse operation with high peak power due to
the absence of catastrophic optical damage (COD). More
than 10 W pulsed power was reported from a 19-element
array.'” VCSEL arrays with 2.2kW pulsed power were
obtained.'® 10W of pulsed power was reported from a
single device with an aperture diameter of 320um in
2001."® In another work, a peak pulsed power of 12.5 W was
achieved at an injection current of 20 A from a single device
with the same size above.!” In this letter, the performances
of VCSELSs with a peak power of almost 100 W are reported.
A schematic view of the bottom-emitting VCSEL
structure is shown in Fig. 1. The epitaxy wafer is grown
on a GaAs substrate by metal-organic chemical vapor
deposition (MOCVD). The wafer mainly consists of three
parts: n-Distributed Bragg Reflector (DBR), active region,
and p-DBR. The active region is composed of three 8-nm-
thick Ing,GaggAs quantum wells for an emission wave-
length of about 980 nm, which are embedded in 10-nm-thick
GaAs barriers. The carbon-doped p-DBR is built of 30
periods of quarter-wavelength thick AlyoGagAs/GaAs
with a graded interface to reduce the series resistance. The
center wavelength of p-DBR is 980 nm with a reflectivity of
up to 99.9%. The Si-doped n-DBR contains only 20 pairs of
quarter-wavelength thick Al 9Gag As/GaAs with a graded
interface providing a reflectivity of 99.3%. This reflectivity
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Fig. 1.

is optimized by balancing the threshold current and the
output power to realize high differential quantum efficiency
under pulsed operation.

The mesa structure is formed by wet chemical etching.
The samples are then exposed to high humidity in a furnace
(420°C) for the selective oxidation process. A SiO, layer is
deposited on the mesa. After selective etching of a circular
SiO;, film, TiPtAu is evaporated on the mesa by electron
beam deposition to provide a uniform current distribution.
The substrate is then thinned down to 150 um to reduce
the light absorption, and an antireflection coating of HfO,
is deposited on the GaAs substrate to form the emission
window. An AuGeNi/Au film is evaporated around the
HfO, window to form the n-contact. After rapid annealing,
the wafer is cleaved into single devices and then soldered
junction-down with In-solder on copper heatsinks.

The output power of VCSELSs can be calculated using the
following expression:

hv AT
Pouw =mg X — x (I —Ip) x [ 1 = s (D
q T

off
AT = (I’Ry + IV})) X Rperm X (1 =) x D, (2)

where 7y is the differential quantum efficiency, hv is the
photon energy, ¢ is the electronic charge, / is the injection
current, Iy is the threshold current, AT is the internal
temperature rise, To is the cut-off temperature, which is
170K, Rq is the differential resistance, V; is the junction
voltage, Ryerm 1S the thermal resistance, n is the power
conversion efficiency, and D is a coefficient, which is
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Fig. 2. Dependence of differential efficiency on injection current (a) under
CW and QCW operation and (b) under pulsed operation, respectively.

dependent on the work condition of VCSELSs. It can be seen
from eqgs. (1) and (2) that AT rises with the increase of the
injection current, so the output power shows an increase and
then a decrease when AT is high enough with the increase of
current. This phenomenon was observed clearly under CW
operation due to higher internal temperature rise.

The dependences of differential efficiency on injection
current at CW, QCW, and pulsed operation are presented
in Figs. 2(a) and 2(b) respectively. From Fig. 2(a), it is
observed that the differential efficiency changes little when
the injection current is less than 4 A, and it decreases rapidly
at higher current because of the high internal temperature
under CW operation. The differential efficiency is almost the
same during the whole current range under QCW operation.
Figure 2(b) shows that the differential efficiency increases
with the increase of injection when the current is less
than 70 A. With the current beyond 70 A, the differential
efficiency remains almost constant. Under pulsed operation,
the slow increase of internal temperature with the increase of
injection current improves the matching between the peak
gain and the center wavelength of the resonator, which
results in the increase of differential quantum efficiency.
Figure 2 also presents that the differential efficiency under
pulsed operation is much larger than that under CW
and QCW operation. From eq. (1), we can see that the
differential efficiency decreases linearly with increasing AT.
The much lower internal temperature rise AT causes the
higher differential efficiency under pulsed operation com-
pared with the lower differential efficiency under CW and
QCW operation.

Figure 3(a) shows the CW light—current—voltage (L—I-V)
characteristics of a 500-um-diameter single device at room
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Fig. 3. L-I-V characteristics of a VCSEL single device (a) under CW
operation and (b) under QCW operation.

temperature. The threshold current and the differential
resistance are 0.8 A and 0.08 €2, respectively. A maximum
output power of 1.62 W is obtained at a current of 4.5 A at
room temperature. Figure 3(b) presents the QCW L-I-V
characteristics of the device. The pulse width and repeti-
tion rate are 50 us and 100 Hz, respectively. The threshold
current and the differential resistance are 0.8 A and 0.12 €2,
respectively. The maximum output power of 2.89W is
achieved at a current of 6 A, which is limited by the power
supply. Thermal rollover is observed under CW operation
when the current is beyond 4.5 A. The reduction of the
output power is not observed even at a current of 6 A under
QCW operation.

The emission spectra of CW and QCW are shown in
Figs. 4(a) and 4(b), which show the dependence of the peak
wavelength on the injection current. The spectral full width
at half maximum (FWHM) is about 1.2nm, and remains
almost the same at different currents. The thermal effect of
CW operation can also be seen from the change of intensity
of the lasing spectra. The redshift of the lasing wavelength
from 979.18 to 984.73nm is observed when the injection
current increases from 2 to 6 A at CW operation. The
redshift rate is about 1.4 nm/A, which reduces to 0.3nm/A
under QCW operation. Generally the temperature rise of the
active region results in a wavelength shift of the VCSEL at a
rate of about 0.06 nm/K. According to the wavelength shift
shown in Fig. 4, the temperature rise of the active region
under CW and QCW operation is about 90 and 20°C,
respectively. That is why thermal rollover is observed under
CW operation.

© 2011 The Japan Society of Applied Physics



Appl. Phys. Express 4 (2011) 052102

L. Zhang et al.

— 1A
——2A
— 3A
——4A|
I 5A|
——6A

Intensity(arb. unit)

T
975 980 985 990 995
Wavelength(nm)

(@)

—— 1A
——2A
— 3A|
—— 4A
—— 5A

Intensity(arb. unit)

T T T
970 975 980 985 990
Wavelength(nm)

(b)

Fig. 4. Wavelength spectra at different injection currents (a) under CW
operation and (b) under QCW operation.

In order to obtain higher power, the pulse characteristics
of single devices with an aperture diameter of 500 um are
measured. The pulse width and repetition rate are 60 ns and
100 Hz, respectively. The dependence of the output power
on the injection current is shown in Fig. 5(a). A maximum
peak output power of 92 W is achieved at a current of 110 A,
limited by the power supply, corresponding to a power
density of 15kW /cm?. To the best of our knowledge, this is
the highest value reported for a single device.

Figure 5(b) shows the dependence of the peak wave-
length on the injection current. The redshift of the lasing
wavelength is only 0.87 nm when the current increases from
30 to 90 A with a shift rate of 0.0145 nm/A, which is far less
than the value measured under CW and QCW operation.

In conclusion, the characteristics of a single device with
an aperture diameter of 500um are measured under CW,
QCW, and short pulsed operation. From the spectra of the
device, the thermal effect under pulsed operation is far
lower than that under the other two operation modes. The
maximum peak output power of 92W is obtained under
pulsed operation, which is the highest value reported for a
single device.
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