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Highly Uniform Vertical-Cavity Surface-Emitting
Lasers Integrated with Microlens Arrays

S. Eitel, S. J. Fancey, H.-P. Gauggel, K.-H. Gulden, W. Bach®éshior Member, IEEEand M. R. Taghizadeh

Abstract—n this paper, work is described on the fabrication
of highly uniform 8 x 8 arrays of GaAs—AlGaAs vertical-cavity
surface-emitting lasers (VCSEL's). Oxide-confined VCSEL arrays
show an average threshold current of 0.740.02 mA, an average
output power of 2.05+0.03 mW at 8 mA and an average power
conversion efficiency of 14.3%. Their wavelength is measured to
be 96A-0.35 nm over the array. In addition, we describe the align-
ment and integration of these device arrays with arrays of refrac-
tive microlenses to allow beam shaping typically required in system
applications.

Index Terms—Microlens arrays, optical interconnections, ver-
tical-cavity surface-emitting lasers.

I. INTRODUCTION

HERE IS increasing interest in the use of optical tech-
niques for the transfer of digital data within electronic
systems. A key component of future optoelectronic inter-
connects will be surface-normal arrays of devices that will
allow the exploitation of three-dimensional interconnects,
taking advantage of the possibilities of high space-bandwidth
connections allowed by optics [1]. Vertical-cavity surface-emit-
ting lasers (VCSEL's) offer high bandwidth, high efficiency
emission of optical data with good contrast, and excellent beam
quality. Many workers are developing arrays of devices with
powers in excess of 1 mW per device to provide the sources for
future interconnect systems [2], [3].
In this letter, we describe 8 8 arrays of VCSEL's designed
for the types of system applications referred to above, stressing
in particular the uniformity of the electrical and optical param- (b)
eters _Of these arr‘?‘ys' We_further describe a S|mple an_d eﬁeCEY 71. (a)High-resolutionimage of VCSEL array. The individual devices may
technique for the integration of these VCSEL arrays with arraye seen, as may the reflective Fresnel zone plates for alignment of the microlens

of refractive microlenses using a combination of optical and maway in three of the array corners. (b) Further magnified image showing one of
chanical methods the three Fresnel zone plates deposited with the top-layer metal on the VCSEL

array.

Il. ARRAY FABRICATION AND CHARACTERISTICS vapor phase epitaxy (MOVPE) on an n-type GaAs substrate.

The VCSEL's described here were designed for top emissidRe structure consists of a one-wavelength AlGaAs cavity with
at 960-nm wavelength. They were grown by metal-organi@ree central In13Gay.s7As quantum wells, sandwiched be-
tween two distributed Bragg reflectors (DBR’s) of alternating
GaAs and A)Ga 1As layers with linear heterointerface
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Fig. 2. DC characteristics of the 64 individual devices of an oxide confined
8 x 8 VCSEL array. quirements and, furthermore, has the considerable benefit of
providing a measure of physical protection for the emitter array

the p-contact rings to the corresponding bond pads is d@—the system environment,

posited. For the oxide-confined arrays, an additional 25-nmAn 8 x 8 array of refractive microlenses has been fabricated

Alp osGaoaAs oOxidation layer embedded in the second! fused silica using thermal reflow of photoresist followed by

Alg.9Ga 1 As layer above the cavity was oxidized in a Wet-ox[naSk erosion [4]. The lenses are on a 2608-pitch, to match

idation furnace at 428C to form the buried current aperture.the_VCSEL array descrlbeq ab_ove. They have a sag of .7'9 and
a diameter of 16Q:m resulting in a focal length of 908m in

The pitch between the individual devices is 2b and the . . . X .
whole VCSEL array occupies an area of %@.8 mn¥. air. Following fabrication, both surfaces have been antireflection
rceoated.

The main dc characteristics of the VCSEL arrays we . :
measured on wafer level. For a nonoxidized array Witr):devices-rhe patented s_ch_eme [5] dgvek_)ped for the |n_tegrat|on_ of the
with 10-zm diameter of the p-contact opening and/l#-mesa two cqmponents is illustrated in Fig. 3. '!'he vgmcal_spam_ng of
diameter, the values are as follows: mean threshold curreﬁji}(.a m'crdens array from the \./CSE!‘ chip emitters is qch_|eved
2.6510.05 MA (£2%): mean threshold voltage: 1.88.01 V by placing a precisely machln.ed ring around the chip |t.self.
(40.5%): output power: 1.250.02 MW (-1.5%) at 8 mA. To produce anf/6.69 peam using the microlenses described
The average peak power conversion efficiency is 6.3%. qugove’ we Would_requwe a standoff fro_m the VCSEL surface of
VCSEL's emit at 956 nm with a maximum variation of 0.7 nm; 5 pm, for a r_mcrqlens subsirate t_h|ckness of 59151 The
For an oxidized VCSEL array, Fig. 2 shows the output pow@r{lizzcirigplg):;t;%% ring may be positioned approximately and

and voltage versus current characteristics of all 64 individu® . . . .
The critical lateral alignment of the microlens array is

devices (§im oxide aperture diameter) and illustrates thé hieved using reflective Fresnel zone plates deposited as part
rforman rogr mpar he nonoxidized V o o
performance progress compared to the nonoxidized CSoFthe top-level metallization mask of the VCSEL fabrication

array. The average threshold current of @&B402 mA &3%) " X
is reduced by more than a factor three and the average ou@%:t These zone plates are positioned in the comers of the

power of 2.05:0.03 mW &1.5%) at 8 mA is almost doubled. SEL array, as shown in Fig. 1(b). The focal length of the

Since the resistances are similar (8€or the oxidized, 792 for diffractive Ienses_ Is chosen to produpe a focus near the_ top
nonoxidized VCSEL's at 8 mA), the reduced mean thresho?cﬁ"face of the microlens array, in which corresponding align-
’ ment marks are positioned. Upon illumination at a wavelength

current implies a reduced mean threshold voltage of-£01@1 f 633 f hich th flacti i Cl
V (£0.7%), which is only 140 mV above the photon potentiaP 53 m, o Whic € refiective aignment lenses were
signed, it is straightforward to bring the alignment spots and

The average power conversion efficiency (not shown) peal . L . .
ge p y ( ) P arkers into coincidence, as shown in Fig. 3. By using three

around 4 mA with a value of 14.3%. The mean emissioE Y trol rotational llast lational
wavelength for the oxidized array is 967 nm for individual resnel lenses, we can control rotational as wetl as transiationa

operation at 1 mA with a difference between the maximum ar%jgnment. The estimated lateral alignment precision of this
minimum value of only 0.7 nm#0.07%).

technique is~2 ym. The microlens array is attached to the
The performance progress for oxidized devices is gener

aﬂ pporting ring using UV-curing optical adhesive, cured only
attributed to the efficient carrier injection into the active regio llowing final adjustment. We have found that it is possible ta
and the low-loss index guiding due to the oxide aperture. Bo

bsequently remove the microlens array without damage to
the oxidized and nonoxidized VCSEL array show a remarkab

e VCSEL chip.
uniformity of electrical and optical parameters, which can be To protect the bond wires on the VCSEL assembly, we

attributed to small thickness variations of the MOVPE growﬁu_t 100—200/1m-d§ep ch_a_nnels in_the substr_ate side of the
crolens array using a dicing saw. The 510+thick substrate

epitaxial layer structure, uniform wafer processing, and sm | h d fst fracture | | handli
variations in the oxide aperture diameter across the array ar S ShOwN no evidence of Sress or fracture In normal handing
ollowing the cutting of these grooves. Note that since vertical

positioning is produced independently (by the supporting ring),
the focal plane of the reflective beam is not critical. Fig. 4

The integration of VCSEL's with microlenses allows us t@hows a section of the integrated VCSEL/microlens array,
alter the divergence of the emitted beams to match system viwed through the microlenses.

I1l. I NTEGRATION OFVCSEL'S WITH A MICROLENS ARRAY
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1/6.6 (1/¢? points) may be clearly seen. The distribution of
the divergence across the whole array is 0 without
attached microlenses and £0.7° after integration with the
microlens array. Both of these FWHM uniformity measure-
ments were made at a VCSEL current of 8 mA.

IV. CONCLUSION

In this letter, we have described both significant progress in
the manufacture of uniform high-power:8 8 VCSEL arrays
and a practical technique for integration of the VCSEL's with
microlens arrays to adapt the divergent sources for system ap-
plications. The packaged combination is of interest as a source
in digital optoelectronic interconnects and other areas.
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Fig. 5. The far-field beam profile of a nonoxidized VCSEL operating at
8-mA current shown before and after the integration of the VCSEL array with
microlenses. The resulting reduction in the divergence may be clearly seen.
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