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Oxide-Confined Vertical-Cavity Surface-Emitting
Lasers Pumped Nd:YVOMicrochip Lasers

Y. P. Lan, Yung-Fu CherMember, IEEEK. F. Huang, H. C. Lai, and J. S. Pan

Abstract—in this letter, we demonstrate an experimental study output

of using a large area oxide-confined vertical-cavity surface-emit- focusing  Ng:yvo, Soupler
ting laser (VCSEL) to pump a Nd:YVO 4 microchip laser. The max-

imum output power of 1.2 mW in TEM,, mode is obtained with

a pump power of 8.2 mW. Experimental results show that the com-
plex transverse modal behavior of VCSELSs in the higher injection
current may cause an impediment of power scaling.

Index Terms—Oxide-confined, solid state lasers, transverse
mode, vertical-cavity lasers.

AR: 0.808 um AR:1.06 pm

IODE-PUMPED solid-state lasers have been shown qy. 1. schematic of oxide confined VCSEL pumped Nd:Y/@icrochip
be efficient, compact, and reliable all-solid-state opticédser.

source. Numerous approaches in realization of various optical
configurations of diode-pumped solid-state lasers have beggnfined VCSELs to pump a microchip laser. The maximum
introduced [1]. An edge-emitting diode laser is usually use@btput power of 1.2 mW iflEMgo mode is obtained with a
as a pump source in a typical diode-pumped solid-state lage#mp power of 8.2 mW. Experimental results show that the lim-
Recently, vertical-cavity surface-emitting lasers (VCSELdtations of power scaling arise mainly from the complex trans-
have been proposed to be an alternative pump source [grse modal behavior of VCSELs inthe higher injection current.
The advantages of VCSELs over edge-emitting lasers areThe experimental setup for the oxide confined VCSEL
longitudinal single-mode emission, lower threshold currentgUmped microchip laser is shown in Fig. 1. The laser crystal
simply array integration, and smaller wavelength drift witfs 1 mm long and doped with 2.0% Rt concentration. The
ambient temperature changes. Furthermore, the circular syghsorption coefficient of the present Nd:YY@rystal is about
metric cavity exhibits round and astigmatism-free beama0, 40, and 20 cm' at the pump wavelength of 806, 808.5,
which is beneficial in beam-focusing applications. The modand 812 nm. The saturation intensity of the laser crystal is
behavior of the VCSELS strongly depends on the confinemetout 2.42 kWicrh. One side of the Nd:YVQ crystal was
mechanism. The first available devices were air-post VCSEE8ated so as to be highly reflecting at the lasing wavelength
with index-guiding by a step-like index profile of etched £t > 99.8%) and highly transmitting at the pump wavelength
mesas. Compared with the air-post VCSELS, proton implantéd > 95%). The other side was antireflection coated at the
VCSELs represented for quit a long time the state-of-the-a@sing wavelength(® < 0.2%). The output coupler is a
device because of their lower threshold currents and higte@ncave mirror with the radius of curvature 10 mm and the
efficiencies. Using gain-guided VCSELs to pump microchifeflectance ofR = 99.2%. The total length in the present
laser has been previously demonstrated; the operation regiofegonator is~5.0 mm.
just above lasing threshold because of limitations of availableThe pump lasers, grown with metal-organic chemical
pump power [3]. vapor deposition (MOCVD) to emit at a wavelength within

In recent years, VCSELSs have made substantial progress wift$ £ 3 nm, consist of a multiquantum-well active region
the advent of oxide-confined structures that promise a furth@fd doped semiconductor distributed Bragg reflector (DBR)
reduction of the threshold current by a more efficient curreftirrors to form the vertical cavity. The active region comprises
confinement and low-loss optical confinement [4]. In this workhree Ab 0sGay 92As—Alg 36Ga 64As quantum wells with

we present the first experimental investigations of using oxidéell and barrier thickness of 100 and 10Q respectively.
The spacers at both sides of quantum well were added to

i ) i form a1l — A cavity. A high-Al composition A} 97Gay o3AS
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Fig. 2. I-L characteristic of the present oxide confined VCSEL.

Fig. 4. The input—output characteristics for the present VCSEL pumped

813 ! ! ! ! T Nd:YVO, laser operating in th@EM,, mode.
812 |
1.064 pm, R = 10 mm, andZL = 5 mm, the cavity mode size is
T 81 i around 41um. Note that the pump-to-mode size ratio should be
=2 designed to be less than unity for operating in't&\V,; mode
5 810 i [5]. Fig. 4 shows the input—output characteristics for the present
;E VCSEL pumped Nd:YVQ laser operating in th€ EMy, mode.
§ 809 i It can be seen that the threshold pump power is around 1.8 mW;
5 the maximum output power at 1064 nm is about 1.2 mW; and
§ 808 |- _ the slope efficiency is 17.6%. The slope efficiency is lower than
the typical result obtained with an edge-emitting laser diode
so7 |- | because the high value of reflectivity on the output coupler is
used to have a low threshold [6]. Even so, to our knowledge, the
806 : t L ) A present result is the highest output power achieved to date with
o} 10 20 30 40 50 60 a VCSEL to pump a Nd:YVQlaser. The drop of output power

Current (mA) for the pump power higher than 8.2 mW is due to a strongly
increased NA of the VCSEL not due to a decrease of pump
Fig. 3. Emission center wavelength of the present VCSEL as a function pbwer absorption at long wavelengths. Impediment of power
Injection current. scaling is found to be due to the transverse-mode change of
oxide confined VCSEL in the high injection current. Transverse
the output characteristic of the present VCSEL. The threshglsbde patterns of the present VCSEL are presented in F|g 5
current is 10.5 mA and the maximum output power withoybr injection currents of 16 mA (a), 22 mA (b), 30 mA (c),
temperature control is 9.8 mW. The center wavelength of téd 39 mA (d). At injection current of 16 mA, which corre-
present VCSEL changes with driven current at around 0.%ponds to a low pump rate, the transverse pattern contains both a
nm/mA, as can be seen from Fig. 3. The dominant mechanis order modg TEM, () and a high-order Laguerre Gaussian
in causing the redshift of the VCSEL emission is Joule heatiggG) mode (TEM, 4 ) with a divergence of about 25Here
at the heterojunction interfaces of the DBR stacks and nefe divergence is defined as the full angle at half the maximum
the active region because of nonradiative recombination. Evigifensity. With increased injection current from 22 to 39 mA,
so, the Wavelength emission before rollover is still within thﬁ|gher order LG modes appear in the transverse mode patterns
absorption bandwidth (806—-812 nm) of the Nd:YY€@rystal.  and the divergence angle increases from 23, via 32 up to about
The coupling optics is used to reimage the pump beam indoe at the currents defined. The previous studies show that the
the laser crystal. Both lenses and objectives in Fig. 1 beve=  tendency to higher order mode emission in the higher injection
0.45. For the present cavity, the mode size on the microchipdgrrent is mainly caused by the influence of pump induced cur-

given by [1] rent spreading in the confinement region and secondarily by the
A effects of spatial hole burning and thermal gradients in the cavity
w?="1/LR-L) 1) [71. 18]
T A strongly increased NA of the VCSEL leads to a larger

where J; is the lasing wavelength, R is the radius of curvaaverage pump size and causes a reduction of the overlap effi-
ture of the output coupler and L is the cavity length. Rpr=  ciency. The overlap efficiency is proportional to the factor of
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lieve that the transverse mode control in a large area VCSEL is
the key issue to further scale up output power in a microchip
laser.

We have demonstrated an oxide-confined VCSEL pumped
microchip laser with a slope efficiency of 17.6% and an output
power greater than 1 mW in thBEM 9 mode operation. From
the experimental results it can be concluded that even though
there is substantial scope for further power scaling, the trans-
verse mode control in a large area VCSEL becomes important
because of the coupling efficiency.
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