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Abstract: High power and good beam quality of two-dimensional bottom-
emitting vertical-cavity surface-emitting laser array with GaAs microlens on
the substrate is achieved. Uniform and matched convex microlens is directly
fabricated by one-step diffusion-limited wet-etching techniques on the
emitting windows. The maximum output power is above 1W at continuous-
wave operation at room temperature, and the far-field beam divergence is
below 6.6°at a current of 4A. These properties between microlens-integrated
and conventional device at different operating current are demonstrated.
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1. Introduction

Vertical-cavity surface-emitting lasers (VCSELS) have been proved as strong competitors to
conventional edge-emitting semiconductor lasers as compact light sources in optical
communication and interconnect with attractive properties such as low threshold current,
wafer-level testing, compatibility with flip-chip bonding, and easy fabrication of two-
dimensional arrays [1-3]. These features, together with its high-speed modulation, have made
it widespread application in, for example, short-distance parallel fiber-optic interconnects.
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High-power VCSEL array representing an attractive light source for various field of medium
to high-power applications such as pumping the solid-state and fiber lasers is widely reported
[4,5]. However, for optical pumping of solid-state and fiber lasers, there are stringent
requirements on the high power and good-beam quality of the pump source. In this case,
uniform 2-D microlens improving the beam quality with the same footprint as the VCSEL
array is necessary. Up to now, various fabrication techniques for monolithic microlens-
integrated VCSELSs, such as photoresist reflow followed by dry-etching [6], focused ion beam
milling [7], mass transport after pre-shaping [8], and shadow mask re-growth [9] have been
reported. Yet, those methods require multiple process steps or expensive processing
equipments. Meanwhile, individual microlens array is not easy to integrate with the mass
VCSEL array exactly.

In this letter, a novel fabrication of microlens by using one-step diffusion-limited wet-
etching techniques on the emitting VCSEL array windows is demonstrated. The integration of
GaAs microlens directly on the substrate of VCSEL can still offer large alignment tolerance,
accompanied with the advantages of simple and compact device packaging.

2. Structure of microlens-integrated VCSEL array

<

POOOOD

GaAs Substrate
N-DBR

Active Layer

Solder N— /-
Cu-Heat Sink

P-DBR
P-Metal Contact

[5.0kV 8.0mm x100

(a)Microlens array (b)Each element array

Fig. 1. (a) Microlens array by one-step diffusion-limited wet-etching techniques with the
nominal diameter of each element about 100um. (b) Schematic diagram of microlens-
integrated 980nm bottom-emitting oxide-confined element array.

The schematic cross-section of microlens-integrated bottom-emitting 980nm VCSEL array is
illustrated in Fig. 1. The overall size of the microlens-integrated 6 x 6 VCSEL array
consisting of 36 elements with 120um center-to-center-spacing is about 1mm x 1mm X
0.2mm. The diameter of the active layer of each element array is about 90um, and the
emitting window of that is 100um. The epitaxy wafer is grown on (100) GaAs substrate by
using low-pressure metal organic chemical vapor deposition (MOCVD) with the active region
consisting of three Ing,GaggAs (6nm)/Gag18ASesP(8nm) quantum wells emitting the
wavelength of 980nm, which are embedded in 10nm thick GaAs barriers and surrounded by
AlGaAs claddings. The highly reflective p-type distributed Bragg Reflector (DBR) is built of
30 pairs of quarter-wavelength thick AlggGag;As/GaAs with a graded interface providing
99.9% reflectivity. To reduce the series resistance of p-DBR, carbon as a p-type dopant is
employed using extra modulated doping near interface to decrease the voltage drop without
increasing absorption losses. There is a 30nm thick AlAs layer located above the p-type
cladding layer for selective oxidation, which can supply lateral confinement to the current and
light after AlAs is oxidized and converted into AlLO, layer. The n-type Si-dopped Bragg stack
is composed of 22 pairs Al,Ga;.,As providing 99.2% reflectivity. The 30nm thick AlAs layer
is oxidized about 10 minutes at 420°C under nitrogen gas bubbled through water at 95°C to
form current apertures with oxidation depths from 8um~10um. The surface is passivated with
Al,O3 and a circular window on the top of the mesa is opened for evaporating a full size P-
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type contact consisting of Ti-Au-Pt-Au to provide a homogeneous current distribution and
serve as a metal pad for soldering.

A 100-nm-thick SiO, masking layer has been deposited on GaAs substrate firstly, and then
circular hole with an appropriate diameter is formed on the SiO, masking layer by standard
photolithography in order to expose the emitting window. The patterned samples are
immersed in a diffusion-limited etchant, which is composed of HBr, H,0,, and H,O in the
ratio of 1:1:15 at the static environment [10]. Due to the low mobility of Br, molecular, Br;
molecular near the edge of circular hole is consumed much faster than in the center of circular
hole. Such the spatial variation in the etching rate across the emitting window forms a
spherical profile on the surface of substrate. The lens curvature radius is dependent on the
etching time and the composition ratio of the solution. In addition, the etching progress should
set in the static environment because any disturbance against the nature diffusive motion of
the etching species would alter the details of microlens. The atomic force microscope (AFM)
technique is employed to quantitatively evaluate the surface profile of microlens. The
curvature radius of microlens of 959.9um and the focal length of 369.2um are achieved, and
the root-mean-square roughness of the whole microlens surface is about 11.8nm. After
fabricating microlens array by this method, emitting windows is opened by standard lift-off
process, which is surrounded by the large-area Ge-Au-Ni-Au electrical contact. The annealing
process is carried out at 420°C in a nitrogen environment for about 60 seconds. Finally, the
device is precise soldered upon a copper heat sink with indium solder. The total thickness of
the device is about 200um with polished surface on the N*-GaAs substrate to reduce the
scattering loss.

3. Results and discussions
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Fig. 2. L-1 and V-I characteristics of microlens- integrated and conventional VCSEL array at a
current of 4A D.C.

The threshold current, threshold voltage and differential resistance of microlens-integrated
device, shown in the Fig. 2, are 0.96A, 2.04V and 0.41Q, respectively. A maximum output
power under CW operation is above 1W corresponding to a power density of 0.44kW/cm* at
room temperature, which is limited by thermal roll. The maximum slop efficiency is
0.36W/A, which is greatly lower due to much more internal heating in the active region. Yet,
the L-I, V-I characteristics of the ordinal VCSEL without microlens seems better than
microlens-integrated device. A maximum output power, the threshold current, threshold
voltage and differential resistance of ordinal device without microlens are 1.17W, 0.79A,
1.96V and 0.39Q, respectively. The output power of conventional device is a little higher than
that of microlens-integrated device because of deposition an antireflection coating (AR) on
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the emitting windows, which can reduce some reflectivity for the conventional device in favor
of improving the output power. Due to the microlens on GaAs substrate, the equivalent
reflectivity R, of n-DBR should be slightly increased, meanwhile, the effective cavity length
is elongated, and the relatively larger roughness of the microlens surface creates additional
scattering losses. It can be concluded that the threshold current of microlens-integrated
VCSEL array (0.96A) could be a little higher than that of conventional VCSEL device
(0.79A) without microlens according to the following empirical formula:

eMV 1 1 1
I = 2N, ex o +—1In . ,
th T]i Tsp tr p{ MLZ [Leff i 2 ( Rmp Rbot )]}

where e, M, Vg, Mi, Tsp, Nir, LZ, Lesr, @i, Riop, and R, are the charge of electron, the number of

quantum wells, the volume of the active region, the internal quantum efficiency, the carrier
lifetime, the transparent carrier density, the width of quantum well, the effective cavity length,
the total loss of scattering and absorption, the reflectivity of p-DBR, and the equivalent
reflectivity of n-DBR and microlens.
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Fig. 3. Comparison of far-field distribution of microlens-integrated and conventional VCSEL
array at different driving currents. The inset of each figure is the far-field lasing intensity
distribution under different currents.

The obvious improvement is the far-field beam divergence of 6.6°[full-width at half-
maximum(FWHM)] for microlens-integrated VCSEL array compared to the beam divergence
of 14.8° for conventional VCSEL device without the microlens at a current of 4A, as shown in
the green line of Fig. 3(a) and (b). It is in good agreement with theoretical value of 6° for
microlens-integrated device according to our design before. The far-field characteristics of
microlens-integrated device are much better than conventional device in the whole range of
operating currents from 1A to 4A. The far-field divergences of microlens-integrated device
are 3.7°, 4.5°, 5.9°, 6.6°, when operating currents are 1000mA, 2000mA, 3000mA, 4000mA,
respectively. Yet, the far-field beam divergences of conventional device are 10.3°, 10.9°,
13.4°, and 14.8° at the different operating currents from 1000mA to 4000mA. The convex
GaAs-microlens can introduce a small additional reflectivity when the light travels through
the microlens, so the light emitted out of the n-DBR is partly reflected by the surface of the
convex microlens back into the active region. The fed-back light overlaps in the quantum well
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active layer. The total accumulative field strength that the quantum well active layer
experiences is therefore spatially concentrated toward the aperture center, which can
effectively reduce the far-field beam divergence [11]. Far-field lasing intensity distributions
for both devices are illustrated in the inset of Fig. 3 (a) and (b) above threshold current. The
beam quality of microlens-integrated device seems much better than that of conventional
device in the whole range of operating currents from 1A to 4A. Although the beam quality
will be deteriorated as increasing the operating current, which is caused by the current
crowding due to the ring shape of n-contact, the microlens-integrated device could always
keep excellent beam quality whenever the device operates in lower or higher currents. Owing
to the circularly symmetric far-field distribution with lower beam divergence, the beam of
microlens-integrated VCSEL array can be easily collimated into a fiber in a simple butt-
coupling arrangement.
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Fig. 4. Spectral performance between microlens-integrated VCSEL array and conventional
VCSEL array at different operating currents.

Figure 4 shows that the peak wavelength of microlens-integrated VCSEL array is about
981.7nm with the FWHM of the spectrum is 0.7nm at a current of 4A, and that of
conventional VCSEL array is 982.3nm with the FWHM of spectrum is 0.9nm at the same
condition. As is expected, the spectrum shifts toward longer wavelengths with increasing
drive current for microlens-integrated device (0.79nm/A) and conventional VCSEL device
(0.88nm/A). The spectrum envelope width of conventional device (0.9nm) is a bit higher than
that of microlens-integrated device (0.7nm). The main reason is that the fabrication of
microlens on the substrate can bring additional weak optical feedback, which can suppress
higher order transverse mode lasing effectively. As a result, the conventional device operates
in higher order transverse modes compared to microlense-integrated device; high heat
generation will be achieved in the active region under the same package. Thus, the red-shift of
conventional device is larger than that of microlens-integrated device with the operating
current increased.

4. Conclusion

Microlens-integrated bottom-emitting VCSEL array is achieved with diffusion-limited wet-
etching technique. The maximum CW output power of 1W is obtained at room temperature.
The peak wavelength is 981.7nm and the FWHM of the spectrum is 0.7nm. The microlens-
integrated device improves greatly the far field distribution profile with much smaller beam
divergence of 6.6°.
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