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Dynamic Beam Switching of
Vertical-Cavity Surface-Emitting Lasers
with Integrated Optical Beam Routers
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Abstract—Dynamic beam switching of vertical-cavity surface- active optoelectronic devices can be very densely packed in
emitting lasers (VCSEL's) have been demonstrated for the first monolithic two-dimensional arrays, the volume of optical
time using integrated optical beam routers. The output beam interconnection network is usually dominated by passive

of the VCSEL is switched electrically between two different tical el t h | fi hol 8l B
emission angles. High-speed switching up to 2 GHz has beenCPUCal €léments such as lenses, gratings, or olograms [8]. By

achieved with an 8um x 8 um device. Such beam-steering devices integrating the optical beam routing elements with the active
are particularly suitable for optical interconnect and photonic  optoelectronic devices, substantial reduction in the volume

switching applications. By integrating the beam routers with of the interconnection network can be achieved. Attempts
VCSEL's, the complexity and size of the switching nodes are aye peen made to integrate optical beam routers with edge-
significantly reduced. o L
emitting lasers [9], [10]. However, such structure is limited
~ Index Terms—Beam steering, laser beam steering, multistage to one-dimensional steering. Previously, we have proposed
interconnection - network, optical interconnections, optical 5 noye| VCSEL with monolithically integrated optical beam
phase shifters, optical switches, space division switching, . .
surface-emitting lasers. router. Optical beams emitted from the _VCSEL have been
steered away from the surface-normal direction by as large
as 9.6 [11].
. INTRODUCTION In this letter, we report on the dynamic beam switching
PTICAL interconnect can significantly improve the perproperties of the VCSEL with monolithic optical beam router.
formance of massively parallel computers with a largéhe emitting angles are switched electrically betweeraGd
number of processors, whose performance is limited by tRé. Dynamic switching up to 2 GHz has been demonstrated.
communications among processors [1]. It has high pardihe active area of the beam-steering VCSELu(8 x 8 um)
lelism, high spatial and temporal bandwidth, and is fréé comparable to that of standard VCSEL, therefore, most
from electromagnetic interference [2]. More importantly, mangdvantages of the VCSEL's such as low threshold current and
sophisticated interconnection networks such as hypercube &i@gh beam quality are maintained. By integrating such beam-
multistage networks can be readily implemented in the opticaWitching VCSEL'’s with different switching angles into two-
domain [3]. Early attempts to incorporate optical interconnegtmensional arrays, various types of optical interconnection
in massively parallel processors use high-speed optical fite@tworks, such as banyan network, can be constructed on a
links to replace electric wires. Recently, there is a growingonolithic substrate.
interest to use free space optical interconnections to further
exploit the parallelism of photons for dense, reconfigurable
interconnections [4].

Vertical-cavity surface-emitting lasers (VCSEL's) offer The schematic structure of the VCSEL with integrated beam
many advantages for optical interconnections, including lotuter is shown in Fig. 1(a). A phase shifter is created on half
threshold currents, small beam divergence angles, wafer scfiéhe VCSEL surface by etching the cap layer of the VCSEL
processing and testing, and the ability to form two-dimensiongy half wavelength. Alternatively, it can also be realized
arrays [5]. Recently, VCSEL's with threshold current loweby depositing dielectric materials on the VCSEL surface).
than 100 A [6], and power conversion efficiency of 50%lf the VCSEL operates in fundamental transverse mode, the
[7] have been demonstrated, making them ideal candidaggput beam has a uniform phase front before passing the
for low-power interconnection networks. Even though thehase shifter. Half of the wavefront of the emitting light will

experience an extra phase delay after passing through the phase
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Mo ahee Phase- and a 25-pair p-doped top DBR. An extra half-wavelength-
phiviel el shifled area thick pt-GaAs cap layer is grown on top of VCSEL to
implement the phase-shifters. Active mesas are formed by
wet chemical etching with §¥50,:H;05:H,O solution. The
same photoresist pattern is used as a mask for a subsequent
ion implantation for device isolation and lateral current con-
finement. After mesa etching and ion implantation, spin-on
glass (SOG) is spin-coated onto the wafer at 4000 r/m for
20 s. The wafer is subsequently cured at 380 The SOG

is a methyl siloxane polymer solution that is often used for
planarization and isolation. After curing, the SOG forms a
2000-A-thick dielectric layer for electric isolation. Top contact

3 windows are opened by a self-aligned process using reactive
‘/"3'*"'“"= n* Substrate ion etching (RIE). The phase shifter, which covers half of the
inGaAs 30Ws AlGaAs active mesa, is realized by etching the cap layer of the top DBR

@) mirror. In order to maintain the fundamental mode operation,
the etching depth is controlled to be half-wavelength-thick by
slow wet chemical etching with $80,:H>05:H,O = 1:1:50
solution. The etching rate is characterized to be 1.17 nm/s. The
accuracy is withint:3%. In the future, it can be more precisely
controlled by employing an etch stop layer. The VCSEL'’s
electrodes are then deposited by metal evaporation and liftoff
processes. Fig. 1(b) shows the scanning electron micrograph
(SEM) of an 8um x 8 um device.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Dynamic switching of the optical beam router has been
successfully demonstrated. Two different emitting angles are
achieved by separately controlling the injection currents into
the phase-shifted area and nonphase-shifted area. The far-field
attern is observed by projecting the images onto a charge-

(b)
Fig. 1. (a) The schematic diagram and (b) the SEM micrograph of tlge

oupled device (CCD) camera. The tested device has a mesa
size of 8um x 8 um (both phase-shifted and nonphase-shifted
areas are 4m x 8 pm). When only the nonphase-shifted area

is equal to half of the wavelength. The etching thickneng pumped, most of the injection current goes to the nonphase-

of the optical beam router can_be accurately _c_ontrollled kQﬁiﬂed area. The laser lases only in the nonphase-shifted area.
etchstop layers or it can be achieved by depositing dielect

Tis device behaves like a standard VCSEL and the beam
materials on the VCSEL surface. The switching angle c

its in the surface-normal direction. The threshold current
be varied by changing the spacing between the phase-shiffe IS | u irecti u

. . o easured to be 4.6 mA, and a circular far field pattern is
and nonphase-shifted regions or the refractive index of t Bserved. as shown in Fig. 2(a). When both electrodes are
phase-shifters. ' i X

: NP . . d simult ly, th i tput b i itched
Dynamic switching is achieved by separately pumping tr{)umpe simutaneousy, e main oulptt beam 1 Switche

: . ; 6 2.9 from the surface-normal direction [Fig. 2(b)]. The
phgse-shn‘ted and th? nonphase-shifted regions. When h | threshold current for both areas is measured to be 6.4
regions are pumped simultaneously, the output beam is ste | The peak intensity of the steered beam is 10% higher
away from the surface-normal direction, as described earligt, | e surface-normal beam because of higher injection
When only one region is pumped above threshold, the devig o -

. t. B tch d off of the phase-shifted , th
becomes a normal VCSEL and the output beam switches b g ot BY SWIREHIngG on and oft of e phase-shied area, e

. . itting beam direction is switched back and forth between
to the surface-normal direction. Therefore, the optical bea6g and 2.9 steering angles. The full-width-at-half-maximum
direction can be controlled electrically. ' '

(FWHM) angles are 4°1 and 2.2 for the surface-normal
beam and the steered beam, respectively. The surface-normal
beam has broader divergence angle because it has a smaller

The fabrication processes for the beam-switched VCSEmitting area. It is possible to make the divergence angles more
are described in the following: The epitaxial structure isymmetric by adding another separately-pumped nonphase-
grown by metalorganic chemical vapor deposition (MOCVD}hifted region adjacent to the original one and pumping it
The VCSEL itself consists of a 35-pair n-doped quarteonly during surface-normal beam operation. The minor lob of
wave GaAs—AlGaAs bottom DBR, a full-wavelength-cavityhe far field pattern in Fig. 2(b) results from the discrete-step
with three InGaAs—GaAs strained quantum-well active regiodesign of the phase-shifter.

VCSEL with integrated optical beam router.
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Fig. 2. Far-field patterns of the beam-switching VCSEL when current
injecting to (a) only the nonphase-shifted area; (b) both areas.
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trace is the signal from surface-normal beam. It is out of phase
with the control signal. The middle trace corresponds to the
steered beam, which is in-phase with the control signal. Clear
switching is observed. At higher frequencies, a sinusoidal
wave from a frequency synthesizer is used as the control
signal. For frequencies from 1 MHz to 2 GHz, clear in-
phase and out-of-phase signals are observed. The switching
signals at 2 GHz is shown in Fig. 3(b). The switching speed
is determined by several factors. It is affected by carrier
diffusion and the relaxation oscillation frequency of the VC-
SEL. The switching speed can be theoretically simulated by
solving coupled rate equations, taking into consideration the
carrier diffusion between the phase-shifted and nonphase-
shifted regions. The detailed results will be presented in a
later publication. By combining the beam-steering VCSEL'’s
in two dimensions, various optical interconnect and switching
networks can be realized. The beam-switching VCSEL's are
very attractive for ultra compact and dense optical interconnect
network for parallel computer systems.
is
V. CONCLUSION

The dynamic beam-switching in VCSEL's has been ex-
perimentally demonstrated for the first time. Optical beam
switching between ©and 2.9 from the surface-normal di-
rection has been achieved withy8n x 8 ;m beam-steering
VCSEL'’s. Switching speed up to 2 GHz has been measured.
This novel device maintains the advantages of VCSELSs:
low threshold currents (6.4 mA) and low beam divergence
angles (2.1). They are very attractive for ultra-dense optical
interconnect for massively parallel computers.
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