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Abstract—The surface-emitting laser (SEL) is considered one Light Output
of the most important devices for optical interconnects and LANS,
enabling ultra parallel information transmission in lightwave and Electrode
Transverse Mode field

computer systems. In this paper, we will introduce its history, fabri-
cation technology, and discuss the advantages. Then, we review the
progress of the surface-emitting laser and the vertical-cavity sur- DBR
face-emitting laser (VCSEL), covering the spectral band from in-
frared to ultraviolet by featuring its physics, materials, fabrication
technology, and performances, such as threshold, output powers,
polarizations, line-width, modulation, reliability, and so on.

Current
Confinement

Index Terms—DBR, distributed Bragg reflector, gigabit eth-
ernet, LAN, laser array, microlaser, microlens, multilayer, parallel

Longitudinal
Mode Field

transmission, quantum well, semiconductor laser, surface-emit- Optical
ting laser, vertical cavity laser, vertical-cavity surface-emitting Confinement
laser.
Substrate
l. INTRODUCTION Electrode ©

HAT IS THE surface-emitting laser (SEL) or the vertical @

cavity surface-emitting laser (VCSEL)? The structure is
substantially different from conventional stripe lasers, i.e., the Light Output
vertical cavity is formed by the surfaces of epitaxial layers and Reflector Electrode
light output is taken from one of the mirror surfaces as shown \‘u_;
in Fig. 1(a). o0

VCSEL [1], [2] looked to meet the third generation of devel- R n P AlGaAs

opmentin 1999, as seen from Table |, as we entered a new infor-
mation and technology erain 2000. The VCSEL is being applied \p b GaAs
in various optical systems, such as optical networks, parallel op- \
tical interconnects, laser printers, high density optical disks, and i \\
so on. We review its history and the progress of VCSELSs in wide
spectral ranges covered by varidlis-V compound semicon- n AlGaAs
ductors. Recent technologies and future prospects will be dis-
cussed.
We summarized the brief history of VCSEL research in
Table I. It is recognized that the author suggested the device Reflector " GaAs
of VCSEL in 1977, as shown in Fig. 1(b). The first device Substrate
came out in 1979, where we used a 1300-nm wavelength
GalnAsP-InP material for the active region [3]. In 1986, we (0)
made a 6-mA threshold GaAs device [4] and then employ&d. 1. Model of VCSEL. (a) Current model. (b) Initial idea.
the metal organic chemical vapor deposition (MOCVD). The

first room-temperature continuous-wave (CW) device using
Manuscript received July 13, 2000. This work was supported by the Milg’aAS material was demonstrated 'r! :!-988 [5] In 1989, Jewell
istry of Education, Science, Sport, and Culture with a Grant from COE Prograiemonstrated a GalnAs VCSEL exhibiting a 1-2-mA threshold

07CE2003. _ 110 [6]- These two experiments encouraged the audience to be
The author is with the P&I Microsystem Research Center, Tokyo Institute h f I- f |

Technology, 4259 Nagatsuta, Midoriku, Yokohama 226-8503, Japan. gettmg up at the stage of vertical-cavity surface-emitting laser
Publisher Item Identifier S 1077-260X(00)11545-X. research. Submilliampere threshold devices were demonstrated
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TABLE | In this paper, we would like to review the progress of VCSELSs
HISTORY OFVCSEL RESEARCH in a wide range of optical spectra based on GalnAsP, AlGalnAs,
, ” , GalnNAs, GalnAs, GaAlAs, AlGalnP, ZnSe, GalnN, and other
1 1977- First Idea and Initial Demonstrations .
materials.
II 1988- CW and Device Feasibility Study
1mr - 1999- Production and Extension of Applications Il. BAsics oFVCSEL

A. Threshold Current

by improving the active region and distributed Bragg reflectors The physical difference between VCSELs and conventional
(DBRS). stripe geometry lasers is summarized in Table Il. The major
Since 1992, VCSELs based on GaAs have been extensivegints are that the cavity length of VCSELs is in the order of
studied [7]-[9] and some 780, 850, and 980-nm devices are nm\{elength which is much smaller than that of st.ripe lasers,
commercialized into optical systems. We improved a 1500-nfgving about a 30gsm wavelength and several micrometers
VCSEL [10] demonstrated a 1300-nm room-temperature CHf lateral size. Those provide us with substantial differences in
device [11]. A wafer fusion technique enabled us to operaf@ser performances.
1550-nm VCSELSs at h|gher temperatures [12] In 1993, a room-We would like to discuss the threshold current of VCSELSs.
temperature high-performance CW red AlGalnAs device wd$1€ threshold currert, of SELs can be expressed by the equa-
demonstrated [13]. Since 1996, green-blue-ultraviolet device f&n with threshold current density;,
search was started [14], [15]. Since 1999, VCSEL-based optical eVNu, _ eVBe \»

transmitters have been introduced into gigabit per second LANs. L = 7(D/2)*Juy, = mw @)

NiTs TiTlspon
The initial motivation of SEL invention was a fully mono- . ) . )
lithic fabrication of laser cavity. Based upon this concept, thénerec is electron chargel” is the volume of active region,
current issues include high speed modulation capability at veipich is given by
low-power consumption level, reproducible array production, V = (D/2)%. )
and inexpensive moduling.

The VCSEL structure may provide a number of advantagé§€ threshold carrier density is given by

as follows: Now= N+ W 3)
1) ultralow threshold operation is expected from its small 0é
cavity volume, reaching microampere levels; The parameters used are defined as follows, where
2) (I — Iin)Iin > 100 is possible, wherd = driving «, absorption loss coefficient averaged per unit length;
current andly;, = threshold current; o diffraction loss coefficient averaged per unit length;
3) wavelength and thresholds are relatively insensitive,, mirror loss coefficient;
against temperature variation; Ag gain coefficient expressing differential gaity, =
4) dynamic single-mode operation is possible; dg/dN, with g as the optical gain per centimeters;
5) large relaxation frequency provides high-speed modul &g effective recombination coefficient;
tion capability; d total active layer thickness;
6) long device lifetime is due to completely embedded ad> diameter of active region;
tive region and passivated surfaces; L effective cavity length, including spacing layers and
7) high-power conversion efficiency, i.ex50%; penetration layers of Bragg reflectors;
8) vertical emission from substrate; Ny transparent carrier density;
9) easy coupling to optical fibers due to good mode, photon lifetime in cavity;
matching from single mode through thick multimoder, recombination lifetime;
fibers; £ optical energy confinement factdgr,= £,4;;
10) a number of laser devices can be fabricated by fulfy transverse confinement factor;
monolithic processes yielding very low cost chip prog; longitudinal confinement factor or filling factor rel-
duction; ative to stripe laserg = d/ L (for thick active layer)
11) the initial probe test can be performed before separating & = 2d/L (for thin active layer, which is located at
devices into discrete chips; the loop of optical standing wave);
12) easy bonding and mounting; 7 injection efficiency, sometimes referred as internal
13) cheap modules and package cost; efficiency;
14) densely packed and precisely arranged two-dimensionglon spontaneous emission efficiency.
(2-D) laser arrays can be formed; As seen in (1), we recognize that it is essential to reduce the

15) vertical stack integration of multithin-film functional op-volume of active region in order to decrease the threshold cur-
tical devices can be made intact to the VCSEL resonatognt. Assume that the threshold carrier density does not change
taking the advantage of micromachining technology artiat much. If we reduce the active volume, we can decrease the
providing polarization independent characteristics;  threshold as we make a small active region. We compare the di-

16) compatible integration together with LSIs. mensions of surface-emitting lasers and conventional stripe ge-
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TABLE I
COMPARISON OFPARAMETERS BETWEEN STRIPE LASER AND VCSEL

Parameter Symbol Stripe Laser Surface Emitting Laser
Active layer Thickness d 100A-0.1ym 80A-0.5um
Active Layer Area N 3% 300um’ 5%5um’
Active Volume v 60pm’ 0.07 pm’
Cavity Length L 300um = lpym
Reflectivity R, 03 0.99-0.999
Optical Confinement £ =3% =4%
Optical Confinement é, 3-5% 50-80%
(Transverse)
Optical Confinement 6, 50% 2X1%X3 (3QW’s)
(Longitudinal)
Photon Lifetime 7, =1ps =1ps
Relaxation Frequency f <5GHz >10GHz
(Low Current Levels)

ometry lasers in Table Il. Notice that the volume of VCSELwhere
could beV = 0.06 um?, whereas the stripe lasers remain E, is bandgap energy;
V = 60 pm?. This directly reflects the threshold current: the C is spontaneous emission factor;
typical threshold of stripe lasers ranges from microampere or/ is driving current.
higher, while that for VCSEL is less than microampere due tOn the other hand the power conversion efficiengyfar above
a simple carrier confinement scheme, such as proton bombatdeshold is given by
ment. It could even be as low as microampere by implementing
isti i i | i P, _E Ly,
sophisticated carrier and optical confinement structures, as will — —p, 29 [ th (6)
: =y T My, i
be introduced later. b b

An early stage estimation of threshold ghowed that tr\]ﬁhere V, is bias voltage and the spontaneous component
gﬁrfﬁzofct?\grfgt igin dtijaerr:(iseurcel—?o:/r\]/e?/rec;p%ueig t;hg:ﬁ dsgl:ﬁ]rgs been neglected. In the case of surface-emitting laser, the
9 ) ’ tfreshold current could be very small and therefore, the power

minimum value originating from the decrease of optlcal COonversion efficiency can be relatively large, i.e., higher than
finement factor that is defined by the overlap of optical mo %. The power conversion efficiency is sometimes called
field and gain region when the diameter is becoming small. anII-pIug efficiency

addition, thg extremg rr!lnl_mlzanon of vo_Iume, in part_lcular, IN" rhe modulation bandwidth is given by
the lateral direction, is limited by the optical and carrier losses
due to optical scattering, diffraction of lightwave, nonradiative faap = 1.55f, @)
carrier recombination, and other technical imperfections.

where f,. denotes the relaxation frequency, which is expressed

B. Output Power and Quantum Efficiency by the equation
Also, we discuss the differential quantum efficiency of the
VCSEL. If we use a honabsorbing mirror for the front reflector, 1 7 1 1 8
the differential quantum efficiency, from the front mirror is Jr = 27T a I, ) (®)
expressed as
- . o (1/L)In(1/R;) @ The photon lifetimer,, is given by
T et aatam Mo+ (/D) (1//RR, ) __ nenfe o
P — ——
wherec is the total internal los$=«,, + aq) and Ry and R, @+ m
are front and rear mirror reflectivities. The photon lifetime is normally in the order of psec, which
The optical power output is expressed by can be made slightly smaller than stripe lasers. Since the
threshold current can be very small in VCSELS, the relaxation
Py =nansponCE,L, (I < Iin) frequency could be relatively higher than the stripe lasers even

=naEq(I — Iin) + NaNsponC EyLin, (I > I,) (5) in low driving ranges. The threshold carrier densify;, can
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be expressed in terms of photon lifetime, which represents 1 Optical Disks, Displays Transmission Systems
cavity loss and given by using (3) and (9); LAN's, Interconnects
Ne—jy L1 11 (o) Cenasene I
BT (efneg) T (dg/dN) T €T AiGalnAs/InP I
GalnNAs/GaAs -
It is noted that the threshold carrier density can be small if v gaassb/GaAs [ ]
make the differential gaidg/d N, the confinement factg, and GalnAs/GaAs S o-pots
the photon lifetimer,, large. AlGaAs/GaAs
AlGalnP/GaAs
C. Criteria for Confirmation of Lasing GalnN/GaN P 1,300 1,550
1 ]
When we face a new or ultralow threshold device to che« 200 400 600 800 1,000 1,200 1,400 1,600
the lasing operation, the existence of a break from the line Wavelength (nm)

increase of light output versus injection currehtl;) charac-
teristic is an easy observation. Sometimes a nonlinearity is dlg- 2. Materials for VCSELSs in wide spectral bands.
served in thel—L characteristic but this does not necessarilv

mean laser oscillation. Even with a nonlasing sample nonli Eletrgde Electrode
earity is owed to the “filtering effect,” electron-hole plasm:
emission, and nonradiating floor. The methods used to confil

the laser operation of vertical cavity, for example, are as follow

Active

Active
1) break or kink in £—I) characteristic; (a) Ring or curcular elecirode {b) Proton (H+) bonbardment

2) narrow spectral linewidtk:1 A;
3) difference of near field pattern (NFP) and far field pat
tern (FFP) between the emissions below and above 1

Electrode Electrode

DBR

BH ;
threshold; .mm,....m,,,\ Air Post
4) linearly polarized light of the emission above the Active Active
threshold. (c) Buried heterostructure (BH) (d) Air-post

Electrode Electrode
I1l. DEVICE DESIGN AND MATERIAL

A. Device Configuration

As already shown in Fig. 1(a), the structure common to mc AN
VCSELs consists of two parallel reflectors, which sandwich
thin active layer. The reflectivity necessary to reach the lasiliy
threshold normally should be higher than 99.9%. Together Wighy 3. structures for current confinement.
the optical cavity formation, the scheme for injecting electrons
and holes effectively into a small volume of active region is nec- 6) catastrophic optical damage (COD) level is very impor-
essary for the current injection device. The ultimate threshold ~ {54t for high power operation;
current depends on how to make the active volume small, as in—7) crystal growth at reasonably high temperatures (e.g.,
troduced in the previous section, and how well the optical field higher than half of the melting temperatures).
can be confined within the cavity to maximize the overlap with
active region. These confinement structures will be presenteddn Current Injection Scheme
the later sections.

Active Oxide

Active
(e) Oxide confinement (f) Oxide distributed Bragg reflector (DBR)

Let us consider the current confinement for VCSELs. In
Fig. 3, we show typical models of current confinement schemes
reported so far.

We show some material choices for VCSELs in Fig. 2. Wellist a) Ring or circular electrode type: This structure can limit
problems below that should be considered when making VC-  the current flow in the vicinity of the ring electrode. The

B. Materials

SELs, as discussed in the previous section: light output can be taken out from the center window. This
1) design of resonant cavity and mode-gain matching; is easy to fabricate, but the current can not be confined
2) multilayered DBRs to realize high reflective mirrors; completely within a small area due to diffusion.

3) optical losses such as Auger recombination, intervalenceb) Proton bombardment type: We make an insulating layer
band absorption, scattering loss, and diffraction loss; by proton (HF) irradiation to limit the current spreading

4) p-type doping to reduce the resistivity in p-type materials  toward the surrounding area. The process is rather simple,
for CW and high efficiency operation (if we wish to form and most of commercialized devices are made by this
multilayer DBRs, this will become much more severe); method.

5) heat sinking for high-temperature and high-power opera-c) Buried heterostructure (BH) type: We bury the mesa, in-
tion; cluding the active region, with a wide-gap semiconductor
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— M i d) Selective AlAs oxidation type: Due to the index difference
between AlAs and the oxidized region, we can confine the
—— A — A optical field as well by a lens effect.

e) Antiguiding type: The index is designed to be lower in the
— — M surrounding region in order to make a so-called antigu-
@) ®) iding scheme. The threshold is rather high, but this struc-

ture is good for stable mode in high driving levels.

— M
. E. Transverse and Longitudinal Mode

i Oxide Aperture g ,

,,,,, Hi “""“"_"x“"" The resonant mode in most SELs can be expressed by the
i< High Index well known Fabry—Perot TEM mode. The NFP of fundamental
-_—M —_—M mode can be given by the Gaussian function

(©) (d E = Eyexp[—3(r/s)’] (11)

— where
. -; High Index E  optical field;
A ; 4 ' ' r lateral distance;
Ll A: Active Region s denotes spotsize.

_M

(e

M: Reflector

Fig. 4. Structures for optical confinement.

The spotsize of normal SELs is several micronmeters, and
relatively large when compared with stripe lasers, i.e., 2r3
In the case of multimode operation, the mode behaves like the
combination of multiple TEN,. The associated spectrum is

broadened due to different resonant wavelengths.
FFP associated with Gaussian near field can be expressed by

to limit the current. The refractive index can be small "EEaussian function; spreading anglé is given by

the surrounding region, resulting in the formation of an
index-guiding structure. This is an ideal structure in terms
of current and optical confinement. The problem is that
the necessary process is rather complicated, particulatigre, ifs = 3 umandX = 1 m, thenAg = 0.05 (rad)= =3°.
in making a tiny three-dimensional (3-D) device. This kind of angle is narrower than conventional stripe lasers.
d) Air-post type: The circular or rectangular air-post is used
to make a current confinement. This is the simplest wdy Polarization Mode
for device fabrication, although nonradiative recombina- The VCSEL generally has linear polarization without excep-
tion at the outer wall may deteriorate the performance.tion. This is due to a small amount of asymmetric loss coming
e) Selective AlAs oxidation type: We oxidize the AlAs layefrom the shape of the device or material. The device grown on a
to make a transparent insulator. (100)-oriented substrate polarizes in (110) or equivalent orien-
f) Oxidized DBR type: The same method as above is appliggtions. The direction can not be identified definitely, and some-
to oxidize DBR, consisting of AlAs and GaAs. This istimes switches over due to spatial hole burning or temperature
only one volume confinement method that can reduce thriation. In order to stabilize the polarization mode, special
nonradiative recombination. care should be taken. This issue will be discussed later.
By developing new process technology, we could reach the
laser performance, which is expected from the theoretical col. SURFACEEMITTING LASER IN LONG-WAVELENGTH BAND

sideration. A. GalnAsP-InP VCSEL

The first SEL device was demonstrated by using
GalnAsP-InP system in 1978 and published in 1979 [3].
The optical confinement schemes developed for VCSELs arlie importance of 1300- or 1550-nm devices is currently
introduced in Fig. 4. The fundamental concept is to increase tinereasing because parallel lightwave systems are really needed
overlap of optical field with gain region. to meet rapid increase of information transmission capacity in
a) Fabry—Perottype: The optical resonant field is determinédNs. However, the GalnAsP—InP system, which is conven-
by the two reflectors forming the plane that is parallel t§onally used in trank communication systems with the help
the Fabry—Perot resonator. The diffraction loss increasektemperature controller, has some substantial difficulties for
if the mirror diameter gets too small. making VCSELSs due to the foIIOWing reasons.
b) Gain-guide type: We simply limit the field at the region 1) Auger recombination and inter-valence band absorption
where the gain exists. The mode may be changed at higher  (IVBA) are noticeable.
injection levels due to spatial hole burning. 2) Index difference between GalnAsP and InP is relatively
¢) BH: As introduced in the previous section, an ideal index small to make DBR mirrors.
guiding can be formed. 3) Conduction band offset is small.

206 = 0.64(\/2s). (12)

D. Optical Guiding
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(MgO/8Si)s 5 Mirror GaN
1.3um GalnAsP Act. AWZn/AulTi/AU/NI/AU Electrode 3t
S
SiOz Insulater L ol
Cap S
g gp-lnP Cladding g P
n-InP Blocking 0 A=1,300
TS p-InP Blocking o 1] i GalnNAs
<\n-lnP Cladding s A=1,550nm
p-GalnAsP Etch Stop 2 InAs
:/ Q «—n-InP Substrate g 0y
Si0/Si)s Mirror !
(Si02/Sis w4 AuGe Electrode Lattice Matched to GaAs
-1
Fig. 5. 1300-nm VCSELs with thermally conductive dielectric DBR. 4.0 4.5 5.0 5.5 6.0 6.5

Lattice Constant (A)

Two hybrid mirror technologies are being developed. Oqgg. 6.
uses a semiconductor/dielectric reflector [10]. Thermal prob-
lems for CW operation are extensively studied. A MgO-Sj
mirror with good thermal conductivity was demonstrated a
achieved the first room-temperature CW operation with 13%
nm surface-emitting lasers, as shown in Fig. 5 [11]. Bett
results have been obtained by using@4—Si mirrors [16].

Bandgap versus lattice-constant diagram.

Iso, stripe geometry lasers were demonstrated with a threshold
24 mA at room temperature [25]. It is reported that char-
teristic temperature is approximately 120K at room temper-

Gture [25]. If we can increase the nitrogen content up to 5%, the

. o ) . wavelength band of 1300-1550 nm may be covered. In partic-

The other is an epitaxial bonding of GalnAsP—InP active r(a'lar, GaAs—AlAs Bragg reflectors can be incorporated on the

tglon and GsA S_QIbA S mgro:s, whgre aTiailiUIseG(lﬁper?' same substrate, and AlAs oxidation is utilized [26]. Some con-
lon was achieved by optical pumping. the S~ S MIMOLyeration of device design was presented [27]. In any case, this

has advantages in both electrical and thermal conductivity. CW, o+ il substantially change the surface-emitting laser per-

threshold of 0.8 mA [17] and maximum operating temperatug in the | lenath L Lfirst real-
of up to 69°C [12] have been reported for 1550-nm VCSEL:FZgSaan\(;(e:SSIEL uesir(ig%hvivsa\s/;setggn [ng]nge. arsoalfirst rea

with dquble—bondepi mirrors [17]. More recently, the maximum The long-wavelength VCSEL formable on GaAs, as shown in
operation was achieved at 7C [18]. In 1998, a tandem struc- ig. 7 will have a great impact upon the realization of high per-

ture of 1300-nm VCSEL optically pumped by a 850-nm VCSE mance devices. GalnNAs—GaAs is expected as a new mate-

has been demonsirated o achieve 1.5 mW of output power [1; 1 for long wavelength VCSELs. Every GaAs-based structure

However, the cost of wafer consumption in wafer fusion devic%%m be applied, and a large conduction band offset is expected.

may become the final bottleneck of low-cost commercializatiog., ..o "1 350.nm edge emitting lasers and a 1186-nm VCSELs

Recently, a GaAsSb QW on GaAs substrate has be\5?/relre demonstrated. We achieved a lasing operation in GalnNAs

ifgﬂsgst%jafr thetpur%osebof 1:;’00'2"; \:CSELS [zg]b%"%ge emitters grown by chemical beam epitaxy (CBE), demon-
SoD— S system has been found to Torm a goo tratingZy > 270 K [29]. The Ga_.In.As ternary substrate

[21]. Tunnel junction and AlAs oxide confinement.structu.realiII be viable to make a high performance laser device by in-
may be very helpful for long-wavelength VCSEL Ir'nOvat'OQ*,orporating[n = 0.25. Some sophisticated method to form this

[22]. ternary substrate is attempted= 0.1 growing [30].
B. AlGalnAs—AlGalnAs VCSEL .During t.he research of GalnNAs Iasers,. we found that a
) ) . highly strained GalnAs—GaAs system containing large In-con-
The AlGalnAs lattice matched to InP is also considered. Thignt 4094) can provide an excellent temperature characteristic
system may exhibit a larger conduction band offset than the ¢ 81], i.e., operating wittl;, > 200 K [32]. This system should

ventional GalnAsP system. Moreover, we can grow a thin AIA@e viable forA > 1200-nm VCSELs for silica-fiber-based
layer to make the native oxide for a current confining apert”Fﬁgh-speed LANS [33].

like the GaAs—-AlAs system. The preliminary study has been'a qyantum dot structure is considered as a long-wavelength

made to demonstrate a stripe laser in our group, where a laggg, e layer on a GaAs substrate. A 1150-nm GalnAs-dot

Ty was demonstrated. By using this system, the first monolithfgcsg| was reported with a threshold current of 0.5 mA [73].
VCSEL was fabricated, demonstrating room-temperature CW

operation [23]. V. SURFACE EMITTING LASER IN MIDWAVELENGTH BAND
C. Long Wavelength VCSELs on GaAs Substrate A. 980-nm GalnAs—GaAs VCSEL

Another interesting system is GalnNAs lattice-matched to The GalnAs—GaAs strained pseudomorphic system grown on
GaAs, as is shown in Fig. 6. This system has been pioneeeeaAs substrate emitting 0.98n of wavelength exhibits a
by Kondowet al. [24] with a gas-source molecular-beam epihigh laser gain and has been introduced into SELs together with
taxy (GSMBE). Also,A = 1190-nm stripe lasers were fabri- GaAs—AlAs multilayer reflectors [34]. A low thresholgZ@ mA
cated, where the nitrogen content is 0.4%. Room-temperatateCW) has been demonstrated by Jew#dil.[6]. The threshold
CW operation of horizontal cavity lasers recently has been oturrent of VCSELSs has been reduced to submilliampere orders
tained, exhibiting the threshold current density of 1.5 kA7cmin various institutions of the world. Very low thresholds reported
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Active Layer and Wavelength

p-Electrode
p-GaAs/AlAs DBR
AlxOy Confinement
Insutator

Light Output I

(a) Highly Strained GalnAs
Quantum Well
¢ A=1,100-1,200nm

(b) GalnNAs Quantum Well
¢ 2=1,300-1,550nm

n-GaAs/AlAs DBR
n-GaAs Substrate

(c) GainNAs Quantum Dot
n-Electrode ¢ A=1,300-1,550nm

Fig. 7. Choices of long wavelength VCSELs formable on GaAs substrate.

before 1995 are 0.7 mA [7], 0.65 mA [8], ane0.2 mA [35].  AuwzZn/Au Electrode AlOy
Moreover, a threshold of 94A at room-temperature CW op-
eration was reported by introducing the oxide current and of Poyimide
tical confinement [36]. The theoretical expectation is less tha N-GaAs/AlAs DBR
10 uA, if some good current and optical confinement structure SainAs/GaAs QWs
can be introduced. n-GaAs/AlAs DBR

It has been made clear that the oxide aperture can functic
as a focusing lens since the central window has a higher ind¢
and the oxide region exhibits a lower index. This provide u
with some phase shift to focus the light toward the center axi¢ gGaas Substrate ——
which reduces the diffraction loss. The Al-oxide is effective
both for current and optical confinements and solves the prot AuGe/Au Etectrode =] —
lems on surface recombination of carriers and optical scatterin
We demonstrated 70A [37], [38] of threshold by using oxide
DBR structure, 4Q:A [39], and 8.5u.A [40]. (CY

In 1995, we developed a novel laser structure employing
selective oxidizing process applied to AlAs, which is one
member of the multilayer Bragg reflector. The schematic
structure of the device now developed is shown in Fig. 8(a)
[37], [38]. The active region is three quantum wells consisting
of 80 A GalnAs strained layers. The Bragg reflector consists
of GaAs—AlAs quarter wavelength stacks of 24.5 pairs. After
etching the epitaxial layers, including active layer and two
Bragg reflectors, the sample was treated in a high-temperature
oven with water vapor that had been bubbled by nitrogen gas. (3843 aub
The AlAs layers are oxidized, preferentially with this process, )
and native oxide of Aluminum is formed at the periphery of ) ] ]
etched mesas. Itis recognized from SEM picture that only Al@ia?z'ed(i)l :g?ae}gfs“icnsg;gf"e of oxide-confined GalnAs-GaAs VCSEL. (b)
layers in DBR have been oxidized, as shown in Fig. 8(b) [41].

The typical size is 20:m core starting from a 3g¢m mesa [43]. Also, high efficiency operation at relatively low driving
diameter. We have achieved about 1 mW of power output apdels j.e., a few milliamperes, became possible, which has been
submicroampere threshold. The nominal lasing wavelengthig,q 1o achieve with stripe lasers. This is due to the availability
0.98:m. We have made a smaller diameter device having5 4t |y resistive DBRs in corporation with Al-oxide aperture. In
§tarted from 20um mesa. The m|n|mum'threshold aCh'eveﬂevices of about im in diameter, higher than 20% of power

is 70 uA at room temperature CW operation [38] as shown igyversion efficiencies were reported [44], [45].

Fig. 9._As the theoretically predicted, threshold is abowtAL Regarding the power capability, near 200 mW has been
and this record may soon be cleared. demonstrated by a large size device in [46]. In a 2-D array
A relatively high power higher than 50 mW is becoming posavolving 1000 VCSELSs with active cooling, more than 2 W of

sible [42]. The power conversion efficiency 50% is reportedCW output was achieved [47].

Light Output
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Fig. 9. Lasing characteristic showing the threshold of:20 1.2 [
1.0}
In these low-power consumption devices, high-speed modu- g 08] 233]

lation is possible in low driving currents around 1 mA as well. :E; 0.6
This is substantially important in low-power interconnect ap- ,=:_x 0.4
plications enabling>10 Gb/s transmission or 1 Gb/s zero-bias o

. - . 0.2
operation [48]. Transmission experiments over 10 Gb/s and [017]
zero-bias transmission have been reported. We measured an 0 Painirinir

eye diagram for 10 Gb/s transmission experiment through a 0 1 20urre?“(mA‘; 5 6
100-m multimode fiber [49].

Finally, VCSELs in this wavelength may find the marketin 10 ®)
Gb LANSs together with high-speed detectors and silica fibergg. 10. InGaAs-GaAs VCSEL grown on (311) B substrate. (a) Device
In any way, GalnAs VCSELSs show the best performance, aégfacrti;;%oﬁhd (b)I-L characteristic exhibiting single mode and single
the research to challenge the extreme characteristics will be con-

tinued.

B. 980-nm GalnAs—GaAs VCSEL on GaAs(311) Substrate

Most of VCSELs grown on GaAs (100) substrates show
unstable polarization states due to isotropic material gain and
symmetric cavity structures. VCSELSs grown by MBE on GaAs
(311) A substrates, however, show a very stable polarization
state [50]. Also, trials of growth on (GaAs) B substrates by
using MOCVD has been performed [51], [52]. Single trans-
verse mode and polarization mode controlled VCSELs have
not been realized at the same time.

In this section, we introduce a single transverse mode and
polarization controlled VCSEL grown on a GaAs (311) B sub-
strate. Both higher order transverse modes and a nonlasingf-11. Spectraofan oxide-confined InGaAs—-GaAs VCSEL formed on (311)

o . B substrate for dc and 5-Gb/s modulation conditions.
thogonal polarization modes are well suppressed with a suppres-
sion ratio of over 25 dB [53].

The schematic structure of a fabricated top-emitting VCSEL Fig. 10(b) shows a typicdl-L andI-V characteristic under
grown on GaAs (311) B is shown in Fig. 10(a), which hagom-temperature CW operation. The threshold current is 260
been grown by low pressure MOCVD [54]. The bottonnA, which is comparable to the lowest value reported for
n-type DBR consists of 36 pairs of /Ga;As—GaAs non(100)-substrate VCSELs. The threshold voltage is 1.5 V
doped with Se. The top p-type DBR consists of 21 pairs @nd the maximum output power is 0.7 mW at 4 mA.

Zn-doped A} ;Ga 3As—GaAs and a 70-A-thick AlAs carbon In the entire tested driving randé < 161,;,), a large side-
high-doping layer inserted at the upper AlGaAs interface by tlmode suppression ratio (SMSR) of over 35 dB and an orthog-
carbon auto-doping technique proposed by us [41]. The actiweal polarization suppression ratio (OPSR) of over 25 dB were
layer consists of three 8-nm-thickgrGa, sAs quantum wells achieved at the same time. The single polarization operation was
and 10-nm GaAs barriers surrounded by ABa, sAs to form  maintained at 5-GHz modulation condition [55], [56], as shown
a cavity. An 80-nm-thick AlAs was introduced on the uppein Fig. 11.

cavity spacer layer to form an oxide confinement. We oxidized The selective oxidation of AlAs is becoming a standard cur-
the AlAs layer of etched0 m x 50 xm mesa at 480C for 5 rent and optical confinement scheme for milliampere threshold
min in an Nb—H> O atmosphere by bubbling in 8@ water and devices. The technology for mode-stable lasers using (311) B
formed an oxide aperture @f5 um x 3.0 pym. substrate is demonstrated for polarization control [56]. We have

ff@% 30d|31 oo |
TS AT
11d8 5GHz
g i
950 952 954 956 958 960
Wavelength(nm)

n

Relative Power (10dB/div.)
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obtained completely single-mode VCSEL by employing mo§t. AlGalnP Red VCSEL

of the available advanced techniques. Generally, the light-emitting device in short wavelength re-

gions may have more severe operation problems than longer
VI. SURFACE-EMITTING LASERS INNEAR INFRARED-RED  wavelength regions since the photon energy is large and p-type
BAND doping is technically harder to perform. If aluminum is included
A. 850-nm GaAlAs—GaAs VCSEL in the system, the degradation due to Al-oxidation is appre-
ciable. The AlGalnP-GaAs system, emitting red color ranging
. ?rom 630—670 nm, is considered a laser for the first generation
buried hetero (CBH) structure as the GalnAsP-InP laser. If . : o
. L d}gltal video disc system. GalnAlIP—-GaAs VCSELs are devel-
order to decrease the threshold, the active region is also con= " . - -
ed, room-temperature operation exhibiting submilliampere

stricted by the selective meltback method. In 1986, athresh(ﬁ]reshold 8 mW output, and 11% conversion efficiency have

0f6 mAwas demonst_rated forthe active region diametey.m been obtained [59]. The wavelength is 6720 nm with oxide aper-

under pulsed operation at 20°® [4]. The threshold current . X

density is about/u, = 200 ;A /um?. It is noted that a micro- ture of2 um x 3 um._The thresholld is 0.38 mA, the output is
th ' 0.6 mW, and the maximum operation temperature i$G§12].

cavity of 7,m long and 6:m in diameter was realized. L 0 ; :
The MOCVD grown CBH VCSEL was demonstrate(an 1998, submilliampere thresholds, 11% power conversion ef

by a two-step MOCVD growth and fully monolithic tech-
nology [57]. The first room-temperature CW operation was
achieved in [5]. The lowest CW threshold current was 2/ll. SURFACEEMITTING LASERS INGREEN-BLUE UV BAND

o

MmA (Ju, = 260 NA/éLmQ)- The differential quantum effi-  \jsiple SELs are extremely important for disk, printers, and
ciency is typically 10%. The_ maximum CW output POWEHisplay applications. In particular, red, green, and blue surface
is about 2 mW. The saturation of the output power is dugitters may provide much wider technical applications, if re-
to a temperature increase of t_he device. Stable single-mogged. The ZnSe system is the material to provide CW op-
operation is observed with neither subtransverse modes Rpition of green-blue semiconductor lasers that operate over
other longitudinal modes. The spectral linewidth above thg)oo hours. It is supposed to be good for green lasers, and the
threshold is less than 1 A, which is limited by the resolution g OCVD may be a key for getting reliable devices in mass pro-
the spectrometer. The mt_)de sp_acing of this device was 17_0 ction. We have developed a simple technique to get a high
The side-mode suppression ratio (SMSR) of 35 dB is o_btaln ddoping by an ampule diffusion of LiN to ZnSe. Also, a di-
atl/Iy, = 1.25. This is comparable to that of well designeqyjectric mirror deposition was investigated, and relatively high
DBR- or DFB-dynamic single-mode lasers. reflectivity was obtained to provide an optical pumped vertical
Submilliampere thresholds and 10-mW outputs have bega,ity. Some trials regarding optical pumped and current-injec-
achieved. The power conversion efficiency of 57% has begpy, surface-emitting lasers have been made [14].
demonstrated in [58]. Some commercial optical links have al-GaN and related materials can cover wide spectral ranges
ready been in markets. The price of low-skew multimode f'b%rreen to UV. The reported reliability of GaN-based LEDs and

ribbons may be a key issue for inexpensive multimode fiberps [62], [63] seems to indicate a good material potentiality for
based data links. SELs as well.

As for the reliability of VCSELSs, 10hours of room-temper-  optical gain is one of the important parameters to estimate
ature operation is estimated, based upon the acceleration {gstihreshold current density of GaN-based VCSELs [64]. The
at high terr_1p_erature using proton-defined device [5S_)]. In 199§stimation of linear gain for GaN—Al Ga, oN quantum well
some preliminary test results were reported on oxide-defingdcaried out using the density-matrix theory with intraband
devices, exhibiting no substantial negative failures. broadening. The transparent carrier density of GaN is higher

than other IlI-V materials like as GaAs, presumably origi-
B. 780-nm GaAlAs-GaAs VCSEL nating from its heavy electron and hole masses. Generally,

The VCSEL in this wavelength was demonstrated in 198kie effective masses of electrons and holes depend on the
by optical pumping, and the first current injection device wasandgap energy. Thus, it seems that the wide-bandgap semi-
developed by [9]. If we choose the Al contento be 0.14 for conductors require higher transparent carrier densities than
Ga Al As, the wavelength can be as short as 780 nm. Thisrrow-bandgap materials. The introduction of quantum wells
is common for compact disc lasers. When the quantum-wellfar wide-bandgap lasers is very effective. This result indicates
used for active layer, blue shift should be taken into account.that the GaN-AJ;Ga oN quantum well is useful for low

We show the design below [60]. The active layethreshold operation of VCSELSs [65].

Gay s6Alg.14As is formed by a super lattice consisting of The trial for realizing green to UV VCSELSs has just began.
GaAs (33.9 A), and AlAs (5.7 A), with 14 period. The DBR isSome optical pumping experiments have been reported [14],
made of AlAs—Al 35Ga&y 65 As—Alg 3Gay 7AS—Alg 35Gay.65AS  [15]. It is necessary to establish some process technologies
as 1 period. The n-DBR has 28.5 pair and p-DBR consists of ## device fabrication, such as etching, surface passivation,
pairs. The threshold in 1991 was 4-5 mA and the output wasbstrate preparation, metallization, current confinement
0.7-0.8 mW. Later on, the multiquantum wells (MQW) mad#&rmation, and so on [65]. We have made a preliminary study
of Al content(xz = 0.1/0.3) was introduced, and the thresholdo search for dry etch of a GaN system by a chlorine-based
of 200 A and the output of 1.1 mW were demonstrated [60].reactive ion beam etch, which was found to be possible.

A GaAlAs—GaAs laser can employ almost the same circul

iciency, 8 mW of output power were achieved [61].
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The GaN system has large potentialities for short wavelenc |
lasers. AIN-GaN DBR and ZrO-Sy®BR are formed for VC-
SELs [64], and some selective growth techniques have been :
tempted. A photo-pumped GalnN VCSEL was reported [1E.
Also, we are trying to grow GalnN-GaN on silica glass fo !
large-area light emitters [66]. ~

VIII. | NNOVATING TECHNOLOGIES

A. Targeting Characteristics

By overcoming any technical problems, such as making tit
structures, ohmic resistance of electrodes, and improving h
sinking, we believe that we can obtain a.&-device. A lot of
effort toward improving the characteristics of SELs have be
made, including surface passivation in the regrowth process sdugsiii dre
BH, microfabrication, and fine epitaxies. — 1 um

As introduced before, very low thresholds of around 70, 40,
and about 1Q:A were reported by employing the aforemenfig. 12. SEM picture of InP microstructure by ICP etching.
tioned oxidation techniques. Therefore, by optimizing the de-

vice structures, we can expect a threshold lower than microam—An example of scanning electron microscope (SEM) picture
peres in the future [67]. P 9 P P

- . . . . of an etched InP system for microcavity structure is shown in
The efficiency of devices is another important issue f y y

. S : . . . ig. 12. In order to further achieve substantial innovations in
various applications. By introducing the oxide confineme EL performances, the following technical issues remain un-
scheme, power conversion efficiency has been drastica ved or nonoptim’ized'
improved due to the effective current confinement and the | idati ' di licati "
reduction of optical losses. Also, the reduction of driving AlAs oxi atlo.n and its app |9at|on to curr.ent confine-
voltage by innovating the contacting technology helped a lot. :‘Aegt ?r:j 2ptécalirt:eam lzocusmgn([jmr]], t[71]’ odulation
As introduced earlier, higher than 57% of power conversion ) g odulation doping, D” >//tF)>e, a 4 n- ype modulatio
efficiency, sometimes called wall-plug efficiency, has been Oup;?]?utr?] 3\/‘:2?;%"‘&%; foa:rgitrif/le engines [72], [73]
realized. A noticeable difference of the conventional stripe laser Q : i 9 b L=h
is that high efficiency can be obtained at relatively low driving Strained quantum wells and strain compensauon,.
ranges in the case of VCSELs. Therefore, further improvement Angled sups}rates, .suc.h as (31#‘)' (311B), (411); ;
may enable us to achieve highly efficient arrayed devices, INew matelrla czmb|pat!on§ such as GalnNAs-GaAs for
which have not been attained in any other type of lasers. ) \(/)vr;?evr\i?:;;?%tecﬁr:?lsuselot% Achiove opimum combina.

The high-speed modulation capability is very essential for tion of active region(lmd mirrors: P
communication applications. In VCSELs, 10-Gb/s or higher i X ' .
modulation experiments have been reported. For VCSEL ) Tr::mstp)arent@rrors to increase quantum efficiency and
systems, it is a great advantage that over 10-Gb/s modulation ?\)/luuﬁiu UF;%Vtvfr:; barriers o prevent carrier leakage to
is possible at around 1-mA driving levels. This characteristic q P 9

is preferable for low-power consumption optical interconnect 10 [_Jl:clad(lji_ng Ia_yer;
applications [68]. ) Tunnel junction.

The final screening for applicability of any component an Amontg_ themt, tr:et A:;A‘S on'd?t'on tfe_chr:r(])logy seeth tod be
system is reliability of devices. A high-temperature acceler 1€ ,:EOS r:rT]IzOL/Ian ec n?hogy .8. cog Ilne € Cllirr?n 0 reduce
tion life test of proton-implanted VCSELs showed an expecté e thréshold. vioreover, the oxidized fayer works 10 give some

room-temperature lifetime of over 1Gours [59]. There is no amount of phase shift to focus the beam providing index guiding

h th long-life devices by VCSELEVIY- . .
reason why we can not have very long-iite devices by A tunnel junction was introduced in SELs [74]. Recently, the

since the active region is completely embedded in wide-ga . . o : :

semiconductor materials and the mirror is already passivate(f. Verse tunnel junction began t(.) be utilized for effective carrier
The lasing performance of VCSELS will be improved by Op|_nject|on [22] and gno_ble self-aligned current aperture was pro-

timizing and solving the following issues: 1) improvement O?osed, as shown in Fig. 13 [22].

crystal quality; 2) quantum structures (strain, wire/dot, modula- o )

tion doping); 3) polarization control: 4) wavelength control; anf- Polarization Steering

5) high-power and low-operation voltage. A wide variety of functions, such as polarization control, am-
Microetching technology is inevitable for making reproplification, and detection, can be integrated along with SELs

ducible arrayed VCSELs. We have prepared ICP (inductiveby stacking. The polarization control will become very impor-

coupled plasma) etching for well-controlled and low-damagant for VCSELs [75]. One method incorporates a grating ter-

etch of GaAs and InP systems [69]. minator to a DBR. The other method includes the utilization of

01 b~ W
~— — — —

~

(o¢}
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50pm Stripe | ‘/I,,Sio2 Insulator _and vertical to_surface transmission electro-photonic (VSTEP)
integrated device [77].

\—\<Current Flowy__/ High power capabilities from VCSELs are very interesting
because they feature largely extending 2-D arrays. For the pur-
| Tunnel Junction | pose of realizing coherent arrays, a coherent coupling of these
Destroyed arrayed lasers has been tried by using a Talbot cavity and con-
Iﬂggﬁc‘m sidering phase compensation. It is pointed out that 2-D arrays
Active are more suitable to make a coherent array than a linear config-
Region uration since we can take the advantage of 2-D symmetry. The

A=1.550 nm research activity is now forwarded to monolithic integration of

VCSELs, taking the advantage of small-cavity dimensions. A

densely packed array has also been demonstrated for the pur-

Fig. 13. Scheme of parallel fiber-optic module based on surface-emitting lagg@se of making high-power lasers and coherent arrays.

array. Also, there are now attempts to integrate surface-operating
photonic elements using quantum wells, such as an optical

Put-in Microconnector switch, frequency tuner, optical filter, and super-lattice func-

tional devices. Monolithic lenses can be formed on VCSELs

“f { T by an etching process to narrow the beam divergence [78].
PML _SMF

Planar Microlens

Laser Sub-mount

X. VCSEL APPLICATIONS

Lastly, we consider some possible applications, including
optical interconnects, parallel fiber-optic subsystems, etc. We
Optical Fiber Array summarized possible application areas of VCSELs in Table IlI.

We performed an experimentnfL0-Gb/s modulation of VC-
Fig. 14. MOB concept to ease the assembling of components without precBELS and transmission via 100-m multimode fibers. The BER
alignment. is shown in Fig. 15 [79]. Long-wavelength VCSELSs should be
useful for silica-based fiber links that provide ultimate transmis-

quantum wires [72] and off-angled substrate, where we can dffon capability by taking advantage of single-wavelength op-
ferentiate the optical gain between one lateral direction and tion and massively parallel integration. The development of
perpendicular direction [50]. As already introduced, reasonalof00-1550-nm VCSELs may be one of the most important is-
low threshold and well controlled polarization behaviors ha@!es in SEL research [79].

been demonstrated by (311)A and (311)B substrates. The delhe red-color VCSEL emitting 650 nm can match the
vice formation on (311)B GaAs substrates employing MOCVI®W-loss band of plastic fibers. Short-distance data links are
methods has been attempted by solving the difficulties of crysgnsidered by using 1-mm diameter plastic fibers with a
growth and p-type doping. We have achieved 2800f CW developed graded index. This system provides us with very
threshold, single transverse, and single polarization operati§&Sy optical coupling, and VCSELs can very nicely match this
OPSR of about 30 dB was obtained. In Fig. 11 we show t@@plication.

spectra of a (311) B-based InGaAs—GaAs VCSEL under dc andBY taking advantage of wide-band and small-volume trans-
a 5-Gb/s modulation condition [56]. At a high-speed moduldnission capability, the optical interconnect is considered to
tion condition, some deterioration of OPSR was observed. TRe inevitable in computer technology. A parallel interconnect
physical understanding is not clear at this moment and is opggheme is wanted and new concepts are being researched. Ver-
to question. In any way, the use of angled substrates, which pfi§al optical interconnect of LSI chips and circuit boards may
vide us with differential gain in two orthogonal polarizationsPe another interesting issue. New architecture for a 64-channel
will be very effective for controlling the polarization indepeninterconnect has been proposed and a modeling experiment

dent of structures and the size of devices. was performed using GalnAs VCSEL arrays [80].
Several schemes for optical computing have been consid-

ered, but one of the bottlenecks may be a lack of suitable op-
tical devices, in particular, 2-D VCSELs and surface-operating
A wide variety of functions, such as frequency tuning, answitches. Fortunately, very low threshold VCSELs have been
plification, and filtering, can be integrated along with SELs byleveloped, and stack integration together with 2-D photonic de-
stacking. Another possible way of moduling is to use the micreices are now considered.
optical bench concept [76] to ease the assembling of compo-Green to UV VCSELSs will be useful in the optoelectronics
nents without precise alignment, as shown in Fig. 14. Moréeld as in ultra-high density optical memories. We proposed a
over, a 2-D parallel optical-logic system can deal with a largaodel of optical pickup [81] using VCSEL in Fig. 16. This kind
amount of image information with high speed. To this demandf simple pickup is now commercialized. A near-field optics
an SEL will be a key device. Optical neural chips have beatheme is considered to realize high-density optical memories
investigated for the purpose of making optical neurocomputdB2]. In Fig. 17, a possible device was demonstrated [83], which

VCSEL Array Terrace

IX. VCSEL-BASED INTEGRATION TECHNOLOGY
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TABLE Il
APPLICATIONS OFVCSELs

Technical Fields Systems
1. Optical Communications LAN:Ss, Optical links, Mobile links, etc.
2. Computer Optics Computer links, Optical interconnects,
High speed/Parallel data transfer, etc.
3. Optical Memory CD, DVD, Near field, Multi-beam, Initializer, etc.
4. Optoelectronic Equipments Printer, Laser pointer, Mobile tools, Home appliances, etc.
5. Optical Information Processing Optical processors, Parallel processing, etc.
6. Optical Sensing Optical fiber sensing, Bar code readers, Encoders, etc.
7. Displays Array light sources, Multi-beam search-lights,
8. Illuminations High efficiency sources, Micro illuminators, , etc.
Adjustable illuminations, etc.

10Gbit/sec Multi-Mode
Fiber Transmission

107
> %
10% o °.
8 5 Gbitls —> % %
=} 108 PRBS = 27-1 'Y Oe
% k o®
T 497 |— 10Gbits ) %
. . PRBS = 27-1 o
w10 % o
B q0° ¢ 4
©
107 e 4
10-11 " . o
25 -20 -15 -10 -5
Averaged Power (dBm)
@ Back to Back

a

Fiber Length (GIS50): 100m
1 Vpp modulation, 107-1 PRBS
Received Power: -10dBm

© 100 m Multimode Fiber

Fig. 15. BER of high-speed modulation of VCSELs transmitted via 100-m-long multimode fibers.

is useful for full-color flat displays and large-area projectors, il- Holographic

luminations and light signals, light decorations, UV lithography,  optical Element ! Light Beams (To Optical Disk)
laser processes, medical treatment, etc. ‘

XIl. SUMMARY

The technology for SELs has been developed and high-per-
formance devices have began to be realized. Threshold current
below 10-10Q.A was demonstrated and extremely low thresh-
olds lower than 1A are the target of research. Reasonably
high-power>200 mW and power-conversion efficiensyb7%
are also demonstrated, which are equivalent to or better than Substrate
conventional stripe lasers.

Long-wavelength devices are facing some difficulties with
high temperature and large output, but there are seveFal 16. Idea of optical pickup using surface-emitting laser.
innovating technologies to open up the bottlenecks. Very
short-wavelength lasers may cultivate wider applications uftra-low-power consumption and high-power applications
realized. The SEL is now considered a key component aver any other semiconductor laser.

Electronics VCSEL Array
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Surface

Emitting 1R,
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NI Sy Active
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Y Metal &
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Scanning Phase Sensitive
Direction [11]

Optical Disk

Fig. 17. VCSEL for the generation of optical near field using nano-aperture. [12]

Vertical optical interconnects of LSI chips and circuit boards
and multiple fiber systems may be the most interesting field refi3]
lated to VCSELs. From this point of view, the device should
be as small as possible. The future process technology for it, in-
cluding epitaxy and etching, will drastically change the situatiori14]
of VCSELs. Some optical technologies are already introduced
in various subsystems and, in addition, the arrayed microoptigs;
technology would be very helpful for advanced systems.

The most promising application will be gigabit LANs. GaAs [16]
VCSELs emitting 850 nm of standardized wavelength are
mass produced for-1-Gb/s LAN and simple optical links. 17]
For high-end systems, 1300-1550-nm devices are requestéd.
By using VCSEL and micromachining technology, we demon-
strated a temperature-insensitive surface normal Fabry—PerI(JJ?]
filter for add—drop filtering in WDM. To establish an appro-
priate module technology utilizing VCSELSs, an MOB has been
investigated together with planar microlens array. Related té)lg]
planar microlens array application and ultra-parallel informa-
tion processing, an image recognition system is investigateEO]
using synthetic discriminant function (SDF) filtering.

In summary, the ultra-parallel optoelectronics based upon ar-
rayed devices, including VCSELSs, will open up a new era for[21]
the 2000 millennium.
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