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odes (LED), edge-emitting semiconductor lasers, and vertical
cavity surface emitting lasers (VCSEL).

Almost all commercial LEDs and laser diodes operate at
wavelengths between 400 nm to 1.6 �m. Visible LEDs are
commonly used for display purposes. Visible laser diode
sources are used for optical data storage, bar code scanners,
pointers, and laser printers. Near infrared laser diodes at 780
nm are used for compact disk (CD) players, CD ROMs, and
laser printers. In addition, laser diodes at 780 nm and 850
nm are used for short distance optical interconnects for their
low volume cost. Laser diodes at 808 nm are specifically de-
signed to pump solid state lasers. Laser diodes at 980 nm are
mostly designed to pump Er-doped fiber lasers and amplifiers.
The sources for long distance optical communications most
often operate at infrared wavelengths near 1320 nm or 1550
nm because standard fibers have minimum dispersion at 1320
nm and minimum loss at 1550 nm. VCSELs with reasonable
performances are currently limited to operate at around 650
nm � 980 nm.

As with any semiconductor device, discrete or integrated,
an interface must be made with the outside world for signal
input and output. The platform for the interface is typically
called the package. The package allows electrical and optical
connections to the semiconductor in a form that allows han-
dling and protection to the semiconductor. Initial optoelec-
tronic packages were borrowed from the electronics industry
in the form of a TO-can (which stands for Transistor Outline)
designed in the early 1960s. The TO-can is still a popular
package platform today for both laser diodes and photodiodes
and has been modified over the years for optoelectronics to
become the highest volume laser package to date. Also, in the
early 1960s, the plastic transistor package was developed that
has since become the mainstay of the LED market. More re-
cent optimizations to the package design in LEDs have uti-
lized the electronics industries Plastic DIP (dual in-line pin)
package developed also in the late 1960s that is commonly
known as the p-dip. Using similar transfer molded materials,
today’s LED packages are much smaller than the original
transistor designs and are known as plastic surface mount
packages or SMTs. As the technology improves, so does the
package platform, as evidenced by the trend in high perfor-
mance laser diodes used in the telecommunications industry.
The stringent criteria put on the package in terms of lifetime,
hermaticity, the environmental design forced designers in the
late 1970s and early 1980s to develop the butterfly package.
The butterfly package allows for pig-tailing fibers, mounting
of laser diodes, and their associated assessories in a small
hermatic container that has a dual in-line pin configuration.
This type of package is very popular today with cost insensi-
tive applications such as a single mode fiber for telecommuni-
cations. It is the success in terms of performance and commer-
cialization that has driven technologists today to find novel
methods to reduce the cost structure of the butterfly platform
while retaining some of the excellent features. Having good
performance with a low assembly cost structure has been the
drive of laser packaging in the 1990s that has lead engineers

PACKAGING OF OPTICAL to focus on a new technology that is based on silicon wafers to
mount the optoelectronic devices with the metrics of butterflyCOMPONENTS AND SYSTEMS
performance with the manufacturing ease of TO-cans, p-dips,
and simple surface mount platforms.In this article, several types of semiconductor optical compo-

nents are introduced, and packaging of optical components A detailed discussion of laser and LED sources and the
common package platforms could easily fill a book by itself.and systems will be discussed. Specifically, three common

types of optical sources will be addressed: light emitting di- For introduction purposes, some of the fundamentals of this
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technology will be presented. The interested readers are re- graded layer above are n-type doped. A constant layer caps
the graded layer and is capped in turn by a dielectric materialferred to some of the many good treatments in the literature

(1–4). such as silicon nitride. The p region of the p–n junction is
formed by the diffusion of Zn doping into an opening in the
dielectric. The p–n junction is contacted on the top by a metal

OPTICAL COMPONENTS such as gold, AuBe, or aluminum contacting the p-type, dif-
fused Zn-doped region. The n-type region is contacted on the

In this section, device structures of LEDs, edge emitting la- backside, with a metal such as AuSn or AuGe in contact with
sers, and vertical cavity surface emitting lasers (VCSELs) will the n-doped substrate. In some green and yellow LED de-
be introduced. The device packaging related to these optical signs, an original GaAs substrate is replaced with a GaP
sources will be addressed later. fused substrate so that the LED can collect more of the lam-

bertian light and direct through the transparent GaP sub-
Light Emitting Diodes strate.

Device characteristic curves for LEDs include the forwardLight emitting diodes (LED) emit light through carrier injec-
current-vs.-applied voltage curve, and the light emission ortion and electron-hole radiative recombination process. When
luminous intensity vs. forward current curve. Other usefulin forward bias, electrons are excited from the valence band
characteristics in optoelectronic applications include the spec-into the conduction band by minority carrier injection across
tral distribution and the luminous intensity vs. temperaturea semiconductor p–n junction. When many electrons are accu-
and angle, the latter due to the need to couple into a mediummulated in the conduction band and many holes are accumu-
such as optical fiber. An example of each is shown in Fig. 2.lated in the valence band, those carriers will recombine and
The spectral distribution of an LED is always wider than thatphotons are emitted.
of a laser.The LED material selection is dependent on the desired

wavelength of light to be emitted. The use of LEDs can be
divided into two broad categories: (1) as a light source for Device Structure: Lasers
short-distance optical-fiber communications and (2) as a light

Edge emitting semiconductor lasers have been around forindicator for display purposes. Because the Rayleigh scatter-
more than 30 years. Semiconductor lasers were first reporteding loss in fibers decreases with wavelength according to ��4,
in 1962 (5–8). Initial devices were based on forward biasedcompound-semiconductor alloys such as Ga1�xAlxAs and
GaAs p–n junctions. Optical gain was provided by electron-Ga1�xInxAs1�yPy, which cover the wavelength range 0.80 to
hole recombination in the depletion region, and optical feed-1.55 �m, are most suitable for optical fiber communications.
back was provided by polished facets perpendicular to theDisplay indicators, on the other hand, require sources emit-
junction plane. This type of homojunction design meant thatting in the visible region. GaP is suitable for this purpose
the carrier confinement of those lasers was poor, and the highbecause it has emission peaks in the red and green, two of
laser threshold prohibited laser operation at room tempera-the three primary colors, in addition to the infrared peak. The
ture. The concept of using wider bandgap material as one orred or green peak can be enhanced relative to the others by
both cladding layers to improve the laser carrier confinementcontrolling the impurities. High brightness red and yellow
and thus to reduce the leakage current was first proposed inLEDs based on direct bandgap InGaP have also been demon-
1963 (9). Optical mode confinement was also expected to im-strated and commercialized. More recently, LEDs based on
prove because a larger refractive index of the center activeGaN materials have improved the emission efficiency in the
layer would provide a waveguide effect. Seven years later, ablue dramatically, and the use of InGaN may extend the III-
continuous wave (CW) GaAs/AlGaAs double heterojunctionnitride based LED emission wavelength into the red. Now,
(DH) semiconductor laser operating at room temperature wasthere is a potential that a monolithic true color display can
demonstrated using a liquid phase epitaxial (LPE) growthbe built using red, green and blue LEDs on a same substrate.
technique (10,11). Commercial applications of edge emittingFigure 1 shows the cross-section of a surface-emitting LED
semiconductor lasers have since become practical. Today, theconsists of a p–n junction, with a controlled concentration
worldwide semiconductor laser annual sales revenue has ex-profile between the p-typed and n-typed material. The sub-
ceeded $400 million (12).strate in this example is GaAs. Other III-V compounds, such

Two types of lasers have been extensively studied. Theyas GaP, may be appropriate depending on the desired wave-
length of light to be emitted. The substrate layer and the include GaAs based near infrared AlyGa1�yAs/AlxGa1�xAs (x �
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Al or AuBe metal
p-type Zn doped diffusion

n-type constant GaAs.6P.4 Epi layer

n-type graded GaAs(1-x)P(x) Epi layer

n-type GaAs substrate

AuSn backside contact

Silicon nitride barrier

Figure 1. Cross-section of a surface-emitting LED.
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Figure 2. Characteristics of a red visible LED.

y 	 0) and InP based long wavelength InxGa1�xAsyP1�y/InP DH semiconductor laser, in which stimulated emission is ampli-
edge emitting semiconductor lasers. The epitaxial structures fied, is made of GaAs doped by Be, C, or Zn at 1 
 1017 cm�3.
for both types of lasers are similar. They are usually n–p–p The active layer thickness ranges from 50 Å to 2000 Å. On
type, n–i–p type, or n–n–p type. LPE used to be the dominant top of the active layer is a p-type AlxGa1�xAs cladding layer
epitaxial growth technique during the 1970s and early 1980s doped to 1 
 1018 cm�3 using Be, C, or Zn. Below the active
for high quality semiconductor laser material growth but has layer is a n-type AlxGa1�xAs cladding layer doped to 1 
 1018

gradually been taken over predominantly by metal organic cm�3 using Si, Sn, or Te. Cladding layer thickness usually
chemical vapor deposition (MOCVD) techniques. Molecular ranges from 1500 Å to 1 �m. Within each AlxGa1�xAs layer, x
beam epitaxy (MBE) is also a growth technique that has been is the value of aluminum (Al) mole fraction. When x is 0.3, for
used to demonstrate semiconductor lasers in research and de- example, the energy bandgap of AlxGa1�xAs is about 1.8 eV,
velopment environments with a limited success commercially. 0.4 eV wider than that of the GaAs active layer. When the
A GaAs/AlxGa1�xAs DH laser is shown in Fig. 3, consisting of p–n junction is forward biased, electrons in the n-type clad-
a multiple of compound semiconductor layers grown on a n- ding region are injected into the p-type active region. With a
type GaAs substrate. The p-type active layer of the GaAs p-type semiconductor of wide bandgap on the other side of

the p–n junction, the injected minority carriers are mostly
confined within the p-type active region. This carrier con-
finement allows population inversion to occur and optical gain
to increase efficiently. In addition, the refractive index of
GaAs is higher than that of AlxGa1�xAs, and this acts like a
waveguide to confine the majority of generated light within
the GaAs active layer. The light that is not confined and pene-
trates into the AlxGa1�xAs cladding layers will not be absorbed
by the cladding materials because of the wider bandgap and
will, therefore, benefit laser action.

The double heterostructure semiconductor laser represents
the single largest constituent of today’s total semiconductor
laser production because of its application in compact disk
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(CD) players and CD data storage. The current CD laser mar-
ket volume is greater than 80 million units per year (12). TheFigure 3. Schematic diagram of a GaAs/AlGaAs double heterojunc-

tion (DH) laser. high volume of this market has driven the unit cost of a pack-



502 PACKAGING OF OPTICAL COMPONENTS AND SYSTEMS

Figure 4. (a) Output power vs. current of
a DH laser, and (b) the correspondent la-
ser spectrum.
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aged laser to the region of $1, with a large volume pricing in Further reduction of laser threshold current density can be
achieved by using a strained QW active layer, such asthe $1 to $2 range. This has allowed businesses in the fiber

optics market to use the low cost CD laser in a historically InxGa1�xAs, sandwiched between the GaAs barriers with 0 �
x � 0.25, or between the InP barriers with x � 0.25. Thehigh cost environment. The CD laser has been used very suc-

cessfully for short short distance optical data links and has biaxial strain caused by the slight lattice mismatch between
the two material systems alters the valence band edge by re-driven laser wavelength specification from 850 nm for using

GaAs DH laser down to 780 nm for using CD laser (13,14). moving the degeneracy of the heavy hole and the light hole,
resulting in reduced transparency carrier density and in-Since a CD laser operates at a wavelength of 780 nm, its ac-

tive layer is made of AlGaAs with an Al mole fraction around creased modal gain and, thus, reduced threshold current den-
sity (19). The strain in the active region also results in a15%. The device fabrication is similar to any other type of DH

lasers. Typically, a CD laser has a threshold of 20 mA to 50 larger differential gain, which helps improve the device oper-
ation bandwidth (18,20). Due to critical thickness constraints,mA at room temperature and is operated at an output power

of around 3 mW to 5 mW, as shown in Fig. 4. The low thresh- the amount of strain in the active region and the active layer
thickness, or the number of QWs with strained InxGa1�xAs, isold CD laser is mostly used for portable consumer electronics

powered by batteries. A CD laser is usually designed to oper- limited. To overcome the critical thickness barrier, strain
compensated active layers are used to increase the net totalate at multimode or self-pulsation mode in the gigahertz

range to reduce the feedback noise from disk light reflection active thickness and the differential gain (21–24), thereby im-
proving the optical mode confinement and reducing the laser(15). These types of CD lasers, however, will not support

multigigabit data communications, as the laser’s self-pulsa- threshold current density. The strain compensated active
structure consists of compressively strained quantum-wellstion design is resonant at 1 GHz which adversely affects the

noise performance. and tensile strained barriers, or vice versa, so that the com-
pressive strain and the tensile strain are mutually compen-When the active thickness of a DH laser is reduced to be-

come comparable to the de Broglie wavelength (16), a quan- sating for each other. Active layers exceeding the critical
thickness can, therefore, be demonstrated without formingtum mechanical effect starts to occur, and the layer becomes

a quantum-well (QW). These QWs have been specifically used any lattice misfit dislocations.
In long haul telecommunicating systems, long wavelengthto design a new class of single quantum-well (SQW) lasers.

Two or more QWs can be placed between the two cladding semiconductor lasers are of interest because of the minimum
fiber dispersion at 1.3 �m and the minimum fiber loss at 1.55layers to form a multi-quantum-well (MQW) laser. The layers

separating the wells in the MQW laser are called barrier lay- �m (25). The dispersion shifted fiber will have both the mini-
mum dispersion and the minimum loss at 1.55 �m (26–28).ers. Compared to a SQW laser, the MQW laser has a larger

optical mode confinement factor, resulting in lower threshold The long wavelength semiconductor lasers are based on
InxGa1�xAsyP1�y active layer lattice matched to InP claddingcarrier density and lower threshold current density. In com-

parison with a DH laser, the QW laser has a smaller active layers (29,30). By varying the mole fractions x and y, any
wavelength ranging between 1.1 �m to 1.6 �m can be se-volume, a lower lasing threshold, and a higher differential

gain, leading to increased relaxation oscillation frequency and lected. An etched-mesa buried-heterostructure (EMBH) laser
(31) with a threshold current of around 15 mA at room tem-reduced relative intensity noise (RIN). Quantum well lasers

with small signal modulation frequencies above 20 GHz have perature and a single mode output power of around 10 mW
per facet is shown in Fig. 5. One problem with long wave-been demonstrated (17,18). High speed semiconductor lasers

are important for large bandwidth optical communications, as length semiconductor lasers is the threshold current sensitiv-
ity to temperature, at room temperature (small T0), due tocan be seen by the rapid deployment of optical fibers for

transoceanic telecommunication cables and networking back- poor carrier confinement and larger Auger nonradiative re-
combination (32). Improved thermal characteristics (33) andbones throughout the US and the world.
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fects, the device CW operation lifetime has been extended to
100 hrs (51), but is not yet long enough for any commercial
applications.

Recent advancement in blue light emitting diode (LED) de-
vices based on III-nitride materials (52) has prompted re-
search in the blue/violet semiconductor lasers using InGaN/
AlGaN MQW (53,54) or InGaN/GaN DH structures (55). The
III-nitride epitaxial structures are grown on c-plane or a-
plane sapphire substrates with a thick GaN buffer layer in
between because there are no lattice matched substrates
available. Lasers on a spinel (MgAl2O4) substrate have also
been demonstrated (56). Crystal quality, p-contact resistivity,
carrier and current confinement, and facet mirror reflectivity
have been the four major problems in the III-nitride semicon-

InGaAsP
(active)

p-InGaAsP

n-InP
(substrate)

p-InP

p-InP

n-InP

n-InP

ductor laser development (57). Continuous wave operation at
room temperature has been achieved at a wavelength aroundFigure 5. Schematic diagram of a 1.3 �m InGaAsP/InP DH laser

epitaxial structure (EMBH). 400 nm by improving the p-contact resistance and, thus, re-
ducing the device operating voltage (58). The device has a
threshold current of around 3 to 4 kA/cm2 and a lifetime of
about 20 h at 1.5 mW constant power when running at roomhigher modulation speed (17) have been demonstrated when

a MQW active layer is used for the long wavelength semicon- temperature. The improvement in reliability relies on further
reducing the contact resistance and reducing the grown-inductor lasers.

Red visible semiconductor layers operating in the range of crystal defects. The search for a lattice matched substrate will
help accelerate the device development cycles. It is expected635 nm to 700 nm can find applications in bar-code scanners,

laser printers, and laser pointers. They can also be used for that lifetimes need to exceed about 10,000 h continuous wave
operation at 60�C before serious commercialization is con-plastic fiber data links because of the minimum loss at 650

nm in the plastic fiber (34). With the emerging of digital video sidered.
disk (DVD) technology for data storage (35), the market de-
mand for both 635 nm and 650 nm semiconductor lasers is Vertical-Cavity Surface-Emitting Lasers
expected to soon catch up with the demand for the 780 nm

Vertical cavity surface emitting lasers (VCSELs) that oscil-CD lasers. Several material systems, such as AlGaAs (36),
late perpendicular to the device surface plane were first pro-InGaAsP (37,38), and InAlGaP (39–41), have been demon-
posed in the late 1970s (59) to overcome the difficulties facingstrated to work in this wavelength region, but InAlGaP is re-
edge emitting semiconductor lasers that oscillate in parallelgarded as the most appropriate material for it has a large
to the device surface plane. VCSELs have demonstrateddirect energy bandgap while completely lattice matched to a
many advantages over edge emitting semiconductor lasers.GaAs substrate. High temperature performance and high
First, the monolithic fabrication process and wafer scalepower operation have been the concerns for InAlGaP visible
probe testing as per the silicon semiconductor industry sub-semiconductor lasers due to carrier leakage into the p-clad-
stantially reduces the manufacturing cost because onlyding layer. Methods utilizing components, such as strained
known good devices are kept for further packaging (60,61).active layer (42,43), off-angle substrate (44,45). MQW active
Second, a densely packed two-dimensional (2-D) laser arraystructure (46), and multi-quantum-barrier (MQB) structure
can be fabricated because the device occupies no larger area(47) have been developed to improve the laser performance.
than a commonly used electronic device (62). This is very im-The new digital video disk (DVD) standard has increased
portant for applications in optoelectronic integrated circuitsthe data storage capacity from 650 Mb to 4.7 Gb on a single
(OEIC). Third, the microcavity length allows inherently singlesided disk of 12 cm in diameter. This storage capacity in-
longitudinal cavity mode operation due to its large mode spac-crease is attributed more to the tightening of system margin
ing. Temperature-insensitive devices can, therefore, be fabri-than to the shortening of laser wavelength from 780 nm to
cated with an offset between the wavelength of the cavity635 nm or 650 nm. A 135 min high definition motion picture,
mode and the active gain peak (63,64). Finally, the device canhowever, needs a storage capacity of 15 Gb. Since the present
be designed with a low numerical aperture (NA) and a circu-DVD standard has squeezed the system margin to the mini-
lar output beam to match the optical mode of an optical fiber,mum, the future generation of DVD technology has to rely to
thereby permitting efficient coupling without additional op-a great extent on laser wavelength shortening to expand the
tics (61,65).storage capacity in order to maintain the same disk size. Sev-

A conventional edge emitting semiconductor laser utilizeseral groups have been investigating green/blue lasers using
its cleaved facets as laser cavity reflectors because the lengthwide bandgap II–VI compound materials such as ZnCdSe/
of the active layer is usually several hundred micrometers.ZnSSe/ZnMgSSe grown on the GaAs substrate (48–50), and
The long active length provides sufficient optical gain to over-good performance lasers have been demonstrated. The device,
come the cavity reflector loss even though the reflectivity ofhowever, suffers a serious reliability problem because of
the facets is only �30%. In comparison, a VCSEL needs bothstacking fault-like defects that occur at and near the hetero-
of its cavity mirrors to be highly reflective since its activeinterface between the GaAs substrate and the II–VI materi-
layer is less than 1 �m thick. The first VCSEL was demon-als. Most II–VI semiconductor lasers degrade rapidly within

minutes when running at CW. By reducing the grown-in de- strated with GaInAsP/InP in 1979, which operated pulsed at
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Figure 6. Cross section TEM photo of an
etched mesa GaAs VCSEL structure.

77 K with annealed Au at both sides as reflectors (59). A room graded index separate confinement heterostructure
(GRINSCH). The total thickness of the spacers is such thattemperature pulsed operating VCSEL was demonstrated with

a GaAs active region in 1984 (66). Room temperature CW op- the laser cavity length between the bottom and the top DBRs
is exactly one wavelength or its multiple integer. The p-typeerating GaAs VCSELs succeeded by improving both the mir-

ror reflectivity and current confinement (67). doped DBR is grown on top of the active region. It consists of
22 pairs of Al0.16Ga0.84As/AlAs alternating layers which startVCSELs are now capable of generating an output power of

more than 100 mW with good thermal sinking (68,69). with an AlAs layer and stops with Al0.16Ga0.84As. Like the n-
DBR, each layer has an optical thickness of a quarter wave-VCSELs with lasing threshold of sub-100 �A (70,71) or wall-

plug efficiency of over 50% have been reported using lateral length. The most common p-type dopants utilized are carbon
(C), zinc (Zn) and Beryllium (Be). Typically, C is used for theoxidized-Al confinement blocks (72,73). Room temperature
p-doping in the top DBR when using MOCVD growth tech-CW InGaAsP/InP VCSELs have met some difficulties pri-
niques with the top several layers doped by Zn for better met-mary due to a low index difference between GaInAsP and InP,
alization contact (83). Finally, a GaAs cap is used to preventwhich causes difficulty in preparing a highly reflective mono-
the top AlGaAs layer of the p-DBR from oxidation. The cap islithic DBR (74). Nevertheless, CW InGaAsP VCSELs at 1.5
high p-doped with Zn as the dopant and is kept to 100 Å�m have been recently reported using GaAs/AlAs DBR mir-
thick, as the material will be highly absorptive to the opticalrors (75,76).
mode if it is too thick.Two dimensional arrayed VCSELs (62,77,78) can find im-

The exact number of quarter wavelength DBR mirror pairsportant applications in stacked planar optics, such as the si-
varies from one manufacturer to the other. The function ofmultaneous alignment of a tremendous number of optical
DBRs in a VCSEL is equivalent to cleaved facets in an edgecomponents used in parallel multiplexing lightwave systems
emitting laser: to reflect part of the laser emission back intoand parallel optical logic systems, free space optical intercon-
the laser cavity and to transmit part of the laser emission asnects, etc. High power lasers can also be made with phase-
the output. They are, in essence, similar to dielectric mirrors.locked, 2-D arrayed VCSELs (79,80), but have yet to be com-
The n-DBR reflectivity is typically higher than 99.9% at themercialized.
designed wavelength with a certain bandwidth and the p-The VCSELs being developed today are mostly in the near
DBR reflectivity is typically around 99.5% as the laser outputinfrared wavelength range based either on GaAs/AlGaAs or
mirror. A typical GaAs VCSEL output power versus inputstrained InGaAs active materials. GaAs VCSELs at 850 nm
current is shown in Fig. 7 for a mesa diameter of 10 �m andare preferred as the light sources for short distance optical
a laser emission aperture of 7 �m.communications because either Si or GaAs pin detectors can

be used in the receiver end to reduce the total system cost. A
typical etched mesa type GaAs VCSEL structure is shown in
Fig. 6. It includes three major portions: bottom DBR (diffrac-
tive Bragg reflector), active region, and top DBR.

Generally, the epitaxial material is grown by either
MOCVD or MBE techniques. The bottom DBR is n-type
doped, grown on an n-type doped GaAs substrate. Silicon (Si)
and selenium (Se) are two commonly used n-typed dopants.
The n-DBR is comprised of 30.5 pair (81,82) of
Al0.16Ga0.84As/AlAs, which starts and stops with the AlAs layer
alternated by the Al0.16Ga0.84As layer. Each DBR layer has an
optical thickness equivalent to a quarter of the desired lasing
wavelength. The intrinsic cavity region is comprised of two
Al0.6Ga0.4As spacer layers and three to four GaAs quantum-
wells with each quantum-well sandwiched between two
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Al0.3Ga0.7As barriers. With the quantum-well width of 100 Å
and the quantum barrier width of 70 Å, the lasing wavelength Figure 7. ILV characteristics of a mesa type GaAs VCSEL with the
is around 850 nm. The Al0.6Ga0.4As spacer can be replaced by mesa diameter of 10 �m and the emission aperture of 7 �m. The laser

wavelength is around 850 nm.an AlxGa1�xAs spacer with x graded from 0.6 to 0.3 to form a
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InGaAs MQWs, VCSELs operating at other wavelengths,
such as 780 nm based on AlGaAs MQWs, 650–690 nm based
on InAlGaP MQWs, and 1.3 nm to 1.5 nm VCSELs based
InGaAsP MQWs have received attention in the research com-
munity.

The vast majority of the semiconductor laser market is at
780 nm, which is predominantly used for CD data storage and
laser printing. As a result, the development of VCSELs at 780
nm is of strategic importance from a commercial stand point.
A typical VCSEL at 780 nm has an epitaxial layer structure
similar to that of a VCSEL at 850 nm (87–89). The larger
bandgap requirement for 780 nm drives the MQW active re-
gion to the AlGaAs ternary system. The active region usually
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consists of 3 or 4 periods of Al0.12Ga0.88As quantum-wells sand-
Figure 8. Threshold current of a typical GaAs VCSEL varying with wiched between the Al0.3Ga0.7As barriers. The DBR mirror
ambient temperature with minimum threshold current at 40�C. stack consists of Al0.25Ga0.75As/AlAs with the bandwidth cen-

tered at 780 nm. The laser performance of a 780 nm VCSEL
is similar to that of a 850 nm GaAs VCSEL. The increased
aluminum concentration in both the active region and theWithin the microcavity structure of a VCSEL, only one

Fabry Perot cavity mode exists in the designed DBR reflective DBR mirror stack over that used in the 850 nm VCSEL raises
a concern with the 780 nm VCSEL device reliability becausebandwidth. A laser can only be sustained at the wavelength

of the cavity mode. Clearly, a temperature insensitive VCSEL of the poor edge emitting semiconductor laser performance at
780 nm. There has been no reliability data published so farcan be demonstrated by taking advantage of the microcavity

mode characteristic (63). Typically, the peak of the active gain for the 780 nm VCSELs, and study is on-going to address
the issue.profile shifts with the temperature at a rate of 3 to 5 Å/�C,

and the cavity resonant mode shifts at a rate of 0.5 to 1 Å/�C Red visible VCSELs are of interest because of their poten-
tial applications in plastic fiber based optical interconnects,(84). If the resonant cavity mode is designed to initially sit at

the longer wavelength side of the gain profile, the gain peak bar-code scanners, pointers, laser printers, and most recently,
the DVD format optical data storage. The epitaxy structurewill gradually walk into the cavity mode with the rise of tem-

perature. Conversely, the gain peak usually decreases in of a red visible VCSEL is grown on a GaAs substrate misori-
ented 6� off (100) plane toward the nearest �111 � A or on awavelength with the temperature. Together, the actual gain

for the VCSEL cavity mode will vary little with temperature, (311) GaAs substrate (90–93). It consists of 3 to 4 periods of
In0.56Ga0.44P QWs with InAlGaP or InAlP as barriers, InAlP asand the VCSEL threshold current will stay almost constant

within a certain temperature range. This temperature insen- both p-type and n-type cladding layers, and two DBR mirrors.
The active QW layer is either tensile or compressive strainedsitivity allows the VCSEL to be designed to operate optimally

at the system temperature mid-point region. For example, to enhance the optical gain. Typically, the QW thickness is
60 Å to 80 Å, and the barrier thickness is 60 Å to 100 Å. Thewith modest speed optical data links, the VCSELs can be de-

signed to operate with minimum threshold current at around total optical cavity length including the active region and the
cladding layers ranges from one wavelength or its multiple40�C in a required working range of 0� to 70�C, as shown in

Fig. 8 (64,85). The system can be implemented without any integer up to eight wavelengths. The DBR mirrors are com-
posed of either InAlGaP/InAlP or Al0.5Ga0.5As/AlAs. Theauto power control (APC) circuitry, thereby simplifying the

packaging and reducing the system cost (61). The application Al0.5Ga0.5As/AlAs DBR mirror performs better because of a rel-
atively larger index difference between the two DBR constit-of this method has also allowed the demonstration of VCSELs

operating at a record high temperature of 200�C (82). uents, thus, a higher reflectivity and a wider bandwidth. In
general, because the index difference between Al0.5Ga0.5As andVCSELs of superior performances have been demonstrated

using strained InGaAs operating at around 980 nm as the AlAs is much smaller than that used for the 850 nm VCSELs,
more mirror pairs are needed to achieve the required DBRgain medium (64,86). The strain in the active region provides

higher gain that allows lower lasing threshold and higher dif- reflectivity. Generally, more pairs in the DBR mirror intro-
duce higher series resistance, and thus, more heat will beferential gain that allows larger intrinsic modulation band-

width. In addition, the InGaAs VCSEL has a wavelength generated in the active region. The active junction tempera-
ture will, therefore, be higher. Currently, submilliamperetransparent to the GaAs substrate, allowing the light emis-

sion toward the substrate side and, thus, allowing epitaxy threshold red VCSELs have been demonstrated. More than 5
mW output power from a red VCSEL has also been reported.side down packaging similar to active down packaging in edge

emitting lasers. The epitaxy down packaging will more effi- Unfortunately, the carrier confinement of the red visible
VCSELs is poor because of the smaller bandgap offset be-ciently dissipate heat generated in the p-DBR mirror and the

active junction region, resulting in lower junction tempera- tween the quantum-well and the barrier and between the ac-
tive and the cladding. Therefore, the red visible VCSELs areture and higher output power. However, 980 nm VCSELs are

not preferable for short distance optical data communications extremely temperature sensitive, and more studies are
needed to improve the red visible VCSEL high temperaturebecause the low cost Si or GaAs PIN detectors cannot be used

for the receivers. performances. VCSELs with wavelengths shorter than 650
nm pose more problems because of even worse carrier con-Apart from 850 nm VCSELs based on GaAs multi-quan-

tum-wells (MQWs) and 980 nm VCSELs based on strained finements. Designing a red visible VCSEL that can effectively
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Figure 9. VCSEL with native aluminum
oxide for lateral current confinement. (a)
Current confinement on p-side, and (b)
current confinement on both p-side and
n-side.
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confine the carriers in the active region is a challenging re- can be accomplished by monitoring the current variation gen-
erated in this detector.search topic.

Long wavelength VCSELs at 1.3 �m and 1.55 �m have Super low threshold microcavity type VCSELs have been
proposed that utilize the spontaneous emission enhancementdrawn attention because of their potential applications in

telecommunications and medium to long distance data links, due to more spontaneous emission being coupled into the las-
ing mode (101,102). Although a laser without a threshold issuch as local area networks (LAN) and wide area networks

(WAN), where single mode characteristics are required. The theoretically possible when the spontaneous emission cou-
pling efficiency � is made approaching unity, the proposedlong wavelength VCSELs are based on InP substrates, with

InGaAsP MQWs used as active media. However, the lattice structures are difficult to make in practice. One of the suc-
cessful examples in research today is to use oxidized lateralmatched monolithic InGaAsP/InP DBR mirrors do not have

sufficient reflectivity for the long wavelength VCSELs be- carrier confinement blocks by oxidizing an AlAs layer in the
DBR or the cladding regions (70,71,103), as shown in Fig. 9.cause of the small index difference between the two DBR mir-

ror pair constituents, InGaAsP and InP. In addition, the Typically, sub-100 �A threshold can be achieved with this
technique. VCSELs with oxidized mirrors have been demon-Auger recombination induced loss becomes evident due to

smaller energy bandgap for the long wavelength VCSELs. To strated with extremely simple epitaxy layers (104,105).
High speed data transmission requires that a VCSEL beovercome the difficulty, dielectric mirrors with 8.5 pairs of

MgO/Si multilayers and Au/Ni/Au on the p-side and six pairs modulated at multigigahertz. The cavity volume of a VCSEL
is significantly smaller than that of an edge emitting laser,of SiO2/Si on the n-side have been used instead of the semi-

conductor DBR. A continuous wave 1.3 �m VCSEL has, there- resulting in a higher photon density in the VCSEL cavity.
The resonance frequency of a semiconductor laser typicallyfore, been demonstrated at 14�C (94). To further improve the

device performance, wafer fusing techniques have been scales as the square root of the photon density, thus indicat-
ing that a VCSEL has a potential advantage in high speedadopted to bond GaAs/AlAs DBR mirrors onto a structure

with an InGaAsP MQW active layer sandwiched between the operation. However, the parasitic series resistance caused by
the semiconductor DBR and the subsequent device heatingInP cladding layers that are epitaxially grown on the InP sub-

strate (95,96). The InP substrate is removed to allow the limit the maximum achievable VCSEL modulation band-
width. Currently, a modulation speed of larger than 16 GHzGaAs/AlAs DBRs to be bonded onto one or both sides of the

InGaAsP active region. As the DBR mirrors are either n-type has been reported with an oxide confined VCSEL at a current
of 4.5 mA (106). Modeling results indicate that a gain com-or p-type doped, the completed fused wafer can be processed

like a regular GaAs VCSEL wafer. In this way, a 1.5 �m
VCSEL has been successfully fabricated that operates CW up
to 64�C (75,76). Manufacturing yield and reliability is to be
investigated with the VCSEL wafer fusion technique. For
commercial interest, the CW operation must at least be
driven to the 100�C range for the junction in addition to addi-
tion to a number of other issues, such as wall plug efficiency,
reliability, and consistency, to name a few. Typically, reliabili-
ties of 100,000 h and above are needed for commercialization
of the technology in fiber optic communication applications.

Automatic power control (APC) is one of the important fea-
tures that is easily accomplished with edge emitting lasers
because of the backward emission that can be monitored from
the cleaved facet. With VCSELs of wavelength shorter than
870 nm, the laser beam only emits toward the top epitaxy
side. The backward emission is absorbed by the GaAs sub-
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strate unless the substrate is removed. However, due to the
unique vertical stacking feature of VCSELs, a detector can be Figure 10. Small signal modulation response of a 3 �m VCSEL at
integrated underneath or above the VCSEL structure during various bias current. The maximum 3-dB bandwidth is about 15 GHz.

(After (107)the epitaxy growth (89,97–100). VCSEL operation with APC
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Figure 11. Several types of plastic molded LED packages.

Figure 13. A seven-segment LED package.

pression limited oxide VCSEL with a diameter of 3 �m has
an intrinsic 3-dB bandwidth of 45 GHz (107) and a measured

The second most important LED application is the seven-3-dB bandwidth of 15 GHz at 2.1 mA due to the parasitic
segment LED display, which is used to display numericalresistance and the device heating, as shown in Fig. 10.
number and alphabet, as shown in Fig. 13. Seven or more
visible LED dies, depending on the brightness requirement
and number of digits, are mounted onto a metal preform and
wire bonded before going through the plastic molding process.PACKAGING

The development of LED based virtual display has acceler-
ated the development of packaging technology for large LEDLED Packaging
arrays. Figure 14 shows how a 34K LED array is flip-chip

Hundreds of millions of LEDs are sold annually in the world, bonded to a thin film fan out conductor pattern on a glass
90% of which are packaged using plastic molding technology. substrate (108). Similar to liquid crystal display (LCD) pack-
A variety of types of LED packaging formats, such as the top aging, either passive or active matrix addressing technology
emission type, side emission type, and surface mount type are can be adopted in reducing the LED array packaging com-
designed to ease the final assembly. Visible discrete LEDs are plexity.
often used as equipment function indicators. As a result, ei-
ther clear plastics or color plastics are used as the packaging
materials, depending on the final application. IR LEDs are Edge Emitter
mostly used for optical interconnect, remote control, and sens-

In general, edge emitting laser packaging should achieve gooding. Figure 11 shows several general types of packaged dis-
thermal conduction, stable optical interface between the lasercrete LEDs. The packaging usually starts with mounting LED
and fiber/lens if used for optical communications, autopowerdies onto aluminum preforms with silver based epoxy. After
control capability, and a stable environment such as herma-the wirebond, the chip sets are overmolded with plastics. Fi-
ticity. For applications in optical communications, the packag-nally, the electrical contact pins are separated. As with any
ing cost can be significant because of the need for a thermalhigh volume manufacturing, the packaging flow is handled
electric cooling device, optical isolator, optical modulator, highautomatically in most assembly lines using similar cost effec-
speed electrical connections, external cavity line width con-tive tooling that is found in the electronics industry.
trolling units, and so on. The necessity of using active align-In addition to being the light indicators, the visible dis-
ment to couple a laser into a single mode fiber also contrib-crete LEDs can find large volume applications in other fields.
utes very significantly to the total packaging cost. ExtensiveCompared with incandescent lamps, LEDs are more energy

efficient and more reliable, and therefore, LED lamps are
ideal light sources for traffic lights and automobile tail lights.
The visible discrete LEDs are also becoming more popular for
small displays. They are usually packaged in a dot matrix
format, as shown in Fig. 12. Full color outdoor displays are
another application that consumes large quantities of discrete
visible LEDs. For example, a typical VGA grade outdoor dis-
play will need at least 1 million discrete LEDs in red, green,
and blue colors.
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Figure 14. A 34k-LED array flip chip mounted on a transparent
glass submount.Figure 12. A dot matrix LED package.
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Figure 16. A slanted TO-56 can to reduce the laser noise due to
reflected light from the glass window.

Monitor detector

Laser chip

Submount

Stem

Cap

Glass window

Header

Figure 15. A TO-56 can.

on copper, iron, or nickel, depending on the heat dissipation
and cost requirements. Both the heat sink and the header can
be plated with gold for better heat dissipation.studies have been conducted to achieve efficient passive align-

If autopower control (APC) is needed, a silicon PIN detec-ment between the laser and the fiber.
tor is directly mounted onto the header with a Sn- or In-solderThere are several basic edge emitting laser packaging
to receive the laser emission from the back facet. The detectortechnologies with two main commercial categories—TO-can
on the header is tilted to avoid any reflected light from cou-and Butterfly packages. Most commercial semiconductor la-
pling directly back into the laser, thus destabilizing the lasersers are packaged using the TO-can technology that was bor-
operation. The detector can sometimes be made directly onrowed from the electronics industry. The low cost manufact-
the silicon submount that will detect one-half of the coneurability of TO-can allows it to be widely used for many
shaped backward laser emission for the last power moni-consumer applications such as CD data storage, bar code
toring.scanners, laser pointers, laser printers, and serial fiber optic

data links. Butterfly (dual-in-line pin) type packages were de- Gold wire bonding process is traditionally used to connect
veloped during the 1980s and have since been used predomi- electrodes of semiconductor lasers and photodiodes to the cor-
nantly for fiber pig-tailing in the 14 and 20 lead configura- responding posts of the TO-headers. Depending upon applica-
tions. The butterfly package costs more to manufacture and tions, the semiconductor laser cathode can be either in com-
has mostly been used for long wavelength semiconductor la- mon with the monitoring photodiode cathode or in common
sers in telecommunication applications as it provides a plat- with the monitoring photodiode anode. Finally, a lid is her-
form for high reliability design. Plastic molding usually drives metically sealed onto the header using welding. Hermetic
down the cost of optoelectronic device packaging dramatically, sealing is needed to improve the laser reliability. The laser
as is seen from the majority of LED packages, but its applica- emits through a glass window of the lid which is typically
tion is limited to low power laser diodes because of its disad- sealed and attached by a glass frit. The glass window is AR
vantage in heat dissipation and hermaticity. Silicon wafer coated to reduce the backward reflection that is detrimental
board type packaging technology has been developed for pas- to the laser signal-to-noise ratio (SNR). A slanted lid can be
sive alignment of laser diode to fibers and integrated optoelec- used to steer the backward reflection light away from enter-
tronics. The commercialization of silicon wafers board tech- ing the laser cavity, as shown in Fig. 16.
nology is beginning (109). Recently a 14 pin DIL package has
been agreed upon by a number of laser suppliers as a stan-

Butterfly Package. Dual-in-line butterfly laser packagesdard for optical communication-type edge emitting lasers.
(Fig. 17) are generally used for optical communications. Laser

TO-Can. Semiconductor lasers packaged in metal TO-cans
dominate today’s commercial semiconductor laser market.
Earlier, TO-cans had a diameter of 9 mm, but the trend has
been turned to use a smaller type TO-56 package with a di-
ameter of 5.6 mm, as shown in Fig. 15. Low thermal imped-
ance TO-3 cans have been used for high power laser diode
packaging for their high thermal capacity. Both the TO-56
can headers and TO-56 can lids are manufactured using stan-
dard low cost metal stamping process. The laser chip is usu-
ally mounted upside down on a Si submount with AuSn or
other types of high temperature solder. Electrical transmis-
sion lines are deposited on the submount for electrical con-
tacts. The Si submount on which the laser chip has been
attached is then mounted vertical with In-solder onto a cop-
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Package
body

Solder

Z-sleeve
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Optical isolator
sub-assembly
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per heat sink that sits on the header. In some designs, the
laser ship is directly mounted upside down onto the copper Figure 17. A dual-in-line butterfly package for long wavelength

semiconductor lasers.heat sink without any Si submount. The TO-header is based
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is coupled into a single mode fiber with a core diameter of less
than 10 �m. Butt-coupling (or direct coupling) is one of the
commonly used active alignment techniques for fiber pig-
tailing. In this scheme, a laser chip is first mounted onto a
subcarrier and turned on. An optical fiber is brought close
to the emission end of the laser to achieve the best coupling
efficiency and then secured onto the subcarrier. The butt-cou-
pling usually has a loss of more than 3 dB because of the poor
matching in numerical aperture (NA) between the laser beam
and the fiber. The coupling efficiency can be improved dra-
matically by inserting a lens between the laser and the fiber
(110). Many types of lenses can be used, but a gradient-index
(GRIN) lens is among the best in performances (111). An inte-
grated ball lens can be made directly using the glass fiber tip,
and relatively good coupling has been achieved (112). Because
edge emitting semiconductor lasers are very sensitive to am-
bient temperature, a high end telecommunication laser or la-
ser subassembly is always mounted on a thermal-electric (TE)
cooler to maintain constant operation temperature. A butter-

Laser array

z

y

x

V groove

Silicon

Solder
metallization

Alignment
pedestals

Standoff

fly package, therefore, includes contact pins symmetrically
Figure 19. A four-channel laser array mounted on a V-grooved Sidistributed along the two long axial sides that allow dc pre-
waferboard using the passive alignment concept.bias and RF modulation to the laser diode, dc bias to the laser

power monitoring photodiode, dc bias to the TE cooler, contact
to the thermistor, and both RF and case grounding. Some pins
of the standard butterfly package (14 & 20 pins) are not used. edge emitting lasers is a major assembly effort and typically,
An uncoated fiber facet tends to reflect some portion of the has been almost hand assembled using active alignment. The
incoming laser signal back into the laser cavity, increasing need to align an edge emitting semiconductor laser array to
the laser noise and reducing the side mode suppression ratio. pigtailed fibers without any active alignment is critical in the
Optical isolators have been used in most of the high end tele- drive to reduce packaging costs. Passive coupling alignment
communication laser packages to block the reflected laser is preferred to increase the packaging throughput and to re-
beam. On lower cost packages either the fiber or the laser duce the manufacturing cost. A 4-channel silicon wafer board
facet is slightly angled to suppress back reflections. Gener- package is shown in Fig. 19 (113). Four V-grooves have first
ally, a butterfly package can be designed to accommodate the been fabricated uniformly spaced apart on the Si waferboard.
multi-Gigabit bandwidth requirement with a wide variety of The V-groove spacing is determined by the laser spacing of a
technical performance specifications. 4-channel laser array. The laser array is flip chip mounted

CD lasers at 780 nm are commercially available at a sub- adjacent to the end of the V-grooves with its position aligned
stantially low price. A standard TO-can packaged CD laser to the marks on the Si waferboard. A self-alignment tech-
can be coupled through a ball lens or a GRIN lens into a nique can also be used to position the laser chip using solder
multimode fiber as an alternative approach to a butterfly la- reflow, as shown in Fig. 20 (114). Four fiber cores are then
ser package to provide a low cost, short distance data commu- placed into the V-grooves on the Si waferboard with their in-
nication solution at several hundred megahertz or up to 1 put ends leaning against the end of the V-grooves. A Si cover-
GHz (13,14). Usually, a lens is mounted in a cylindrical recep- carrier with V-grooves for the fiber cores and a space for the
tacle (commonly known as an optical subassembly), with laser chip is placed back onto the Si waferboard using optical
room to fit a TO-can packaged laser, as shown in Fig. 18. The glue to secure the whole package. No lenses are used between
multimode optical fiber is connected to the other end of the re- the lasers and the fibers as the laser emission facets are right
ceptacle. against the fiber input ends, and their relative positions are

predetermined with very high placement accuracy.
Silicon Wafer Board. Silicon wafer board packaging technol-

ogy has been driven by the need to package arrays of lasers
VCSEL Packaging

to arrays of fibers. Individually aligning fibers to arrays of
Current commercial VCSELs are predominantly developed
for optical interconnect applications. The VCSEL packaging
is, therefore, centered around how to effectively interface be-
tween VCSELs with optical fibers at a substantially low cost.
Fortunately, the VCSEL has a circular beam shape; it can be
efficiently coupled into an optical fiber. A single VCSEL can
be packaged in the same way as a surface emitting light emit-
ting diode (LED) on either a TO-type can or a plastic molded
leadframe (Fig. 21). A plastic molded lens can be integrated
to the leadframe surface mount type package to adjust the
laser beam divergence angle, thus to match the NA of the
fiber for better coupling efficiency.Figure 18. Serial link package.
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Figure 20. Self alignment using solder
reflow.
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One-dimensional (1-D) or two-dimensional (2-D) array robotic passive coupling alignment and polymer material
molding to achieve high volume, low cost manufacturing.capabilities are a unique advantage of VCSEL technology.

The OPTOBUS� data link package is an example how a 1-D The leadframe type GUIDECAST� OIU has worked suffi-
ciently to transmit data at 155 Mb/channel. When a higherVCSEL array can be packaged to couple into multimode fibers

(61), as shown in Fig. 22. The OPTOBUS� data link package data transmission speed is needed, the leadframe capacitance
and inductance and the electrical crosstalk between the cop-uses a 1 
 10 VCSEL array. A leadframe with 10 copper leads

for the VCSEL anodes and two copper leads for the VCSEL per leads become limiting factors. VCSEL Tape Automated
Bonding (TAB) packaging is used to address the problemcathodes is first embedded into a 10-channel polymer wave-

guide GUIDECAST� optical interface unit (OIU). The 12 (115), as shown in Fig. 24. The VCSEL array is directly flip-
mounted bonded onto the TAB. The polymer GUIDECAST�leads are bent toward the input end of the GUIDECAST�

OIU for direct chip attachment of a VCSEL array onto the OIU without any copper leads is attached to the VCSEL TAB
assembly and functions as a waveguide to couple the VCSELleads. The VCSEL anodes and cathodes are all fabricated on

the VCSEL emission side. The VCSEL electrical contacts are beams into a 10-channel fiber ribbon through a MT-ferrule.
This approach has improved the OPTOBUS� data link speedplated with Au. A robot is used to flip-chip mount and pas-

sively align the VCSEL array onto the GUIDECAST� OIU performance to 400 Mb/channel and is expected to work well
for the next generation OPTOBUS� data link at 800 Mb/with a placement accuracy of several micrometers, enough to

guarantee an accurate alignment of a VCSEL of an emission channel.
Vertical cavity surface emitting laser array packaging foraperture of 5–15 �m in diameter onto a GUIDECAST� OIU

waveguide channel of dimensions on the order of 40 �m 
 data links has also been demonstrated with direct fiber cou-
pling (116–119) or through the use of flexible POLYGUIDE�40 �m. The electrical contact between the VCSELs and the

GUIDECAST� OIU copper leads are achieved using conduc- (120), as shown in Fig. 25. Passive coupling alignment with
POLYGUIDE� approach has recently been demonstratedtive epoxy. The gap between the VCSELs and the waveguide

may be underfilled with materials of the same composition as (121).
Free space parallel optical interconnect has been demon-the GUIDECAST� OIU to secure a robust attachment of the

VCSEL array onto the GUIDECAST� OIU. The GUIDE- strated using 2-D VCSEL arrays (122). A 2-D VCSEL array
can be flip-chip bonded onto a silicon or a transparent glassCAST� OIU copper leads also function as thermal heat sinks

to dissipate heat from the VCSELs as both the anode and the submount using Au/Sn bumps. In a board-to-board free space
optical interconnect system, microlens arrays and/or holo-cathode contacts are on the surface of the chip. The output

end of the GUIDECAST� OIU is attached to a standard MT- grams are typically used to collimate and distribute the light
beams from the VCSEL arrays on one board to the receiverferrule to couple light into a 10-channel multimode fiber rib-

bon. Various types of MT-ferrule modules are shown in Fig. arrays on the other board. To reduce the packaging complex-
ity, microlens arrays can be integrated directly onto the23. The optoelectronic packaging philosophy is based on using

Figure 21. (a) VCSEL TO can package and (b) VCSEL plastic molded package.
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(13,14). However, CD lasers usually have to go through strin-
gent screening to meet the data link reliability requirement.
The extra screening procedure increases the laser component
cost. In addition, CD lasers usually self-pulsate at around 1
GHz, which prohibits them from being used for high speed
data links running above 1 GHz. VCSELs are ideal light
sources for gigabit optical data links because of their superb
reliability and multigigabit modulation speed capability.
Many manufacturers are developing VCSEL based optical
data links for a 1.25 Gb/s Ethernet solution. One of the con-
cerns is how to achieve the autopower control (APC) with
VCSELs, as 850 nm VCSELs typically used for the data links
only emit toward the top surface side because of the absorp-
tive GaAs substrate. The conventional power monitoring
scheme for edge emitting semiconductor lasers is not applica-
ble to the VCSELs. One approach is to integrate a p–i–n PD
right underneath the VCSEL between the GaAs substrate
and the n-DBR (89,100). The p-type doped GaAs substrate is

Figure 22. An Optobus� package using a 1 
 10 VCSEL array. typically used for the device, and the device performance still
needs to be improved. In addition, the potential capacitance
coupling between the PD and the VCSEL may limit the
achievable device speed. The VCSEL APC can also be ad-
dressed through the monitoring of scattering VCSEL light in
coupling. Figure 26 shows an example in which a large areaVCSEL arrays. For top emission VCSELs, the integrated mi-
PD is used to receive the backward scattered light from a ballcrolens may be fabricated using selective oxidation of the Al-
lens that is used to couple the VCSEL beam into a fiber. TheGaAs method (123) or polyimide reflow technique. For bottom
VCSEL power is controlled by monitoring the PD currentemission VCSELs, such as 980 nm VCSELs or long wave-
variation (125). Twin-VCSEL approach has been demon-length VCSELs at 1.3 �m and 1.55 �m, the substrates are
strated to work well in controlling the primary VCSEL powertransparent. Microlens array can be formed by etching into
by monitoring the secondary VCSEL power variation (126).the transparent substrate (124).
Such a scheme requires that the neighboring VCSELs per-The low cost manufacturing potential and predicated long
form identically to certain degree. The twin-VCSEL APCoperation lifetime have also allowed VCSELs to enter the
scheme is extendible to VCSEL arrays, in which one or moreshort distance serial optical data link market that has been
VCSELs can be monitored to control the output power of thedominated by the CD lasers and LEDs. LED based optical
rest of the VCSELs.data links are typically limited to a speed of 100 Mb/s because

The demand for faster optical data links is pushing forof the slow carrier recombination lifetime. CD lasers have al-
lowed the optical data link speed to go beyond 100 Mb/s high speed VCSEL packaging technology. Current VCSELs
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Figure 24. VCSEL packaging using TAB bonding process for Op-
tobus�. Figure 26. A large area PD is used to receive the backward scattered

light for VCSEL auto power control (APC).

used for the serial data links are packaged in TO-metal cans,
tion requirement for VCSEL packaging is not so demanding.which put a limit in achievable data link speed due to para-
Consequently, plastic molding technology can be adapted tositic capacitance and inductance of the metal packages. Al-
the VCSEL packaging to reduce the packaging related para-though their series resistance is usually higher than most
sitic capacitance and inductance in addition to the cost reduc-edge emitting lasers, VCSELs do not generate so much heat
tion. For example, a plastic molded VCSEL array packagedbecause of their low threshold current and low operation cur-
on a SO-8 leadframe has been demonstrated with a modula-rent. As a matter of fact, the challenge in VCSEL heat dissi-
tion speed of more than 3 GHz.pation is mostly on the device design itself as the VCSEL heat

Recent demonstration of sub-100 �A threshold VCSELsis mostly concentrated in a very tiny active region. Typical
has made photonic very large scale integration possible. Suchsizes are conceptually a disk 100 nm thick, 15 �m in diame-
a technology can be used in achieving Terabit/sec parallelter, and 2–4 �m beneath the top surface of the chip. One
mass data transport optical interconnect. The applicationsuccessful attempt in the heat dissipation is to surround the
presents not only a challenge to the photonic device designVCSEL active area with a thick layer of gold (127), thus to
but also a challenge to the system packaging, which may

increase the VCSEL output power. As long as the heat can be
somewhat be simplified when electronic integrated circuits

effectively dissipated across the whole chip, the heat dissipa- (IC) based laser drivers and receiver preamplifiers are inte-
grated with the photonic devices. How successful the photonic
very large scale integration can be will rely heavily on how to
achieve a high speed low cost system packaging.

PACKAGING PHILOSOPHY AND ROADMAP

Over the last two decades, the evolution in optoelectronic
packaging has primarily been focused on supporting fiber op-
tics for telecommunications where the system cost of laying
a fiber optic cable many miles across countries and oceans
completely outweighed the cost of a transceiver at each end
of the fiber. As telecommunications was the first application
for semiconductor lasers, the transceiver design and, hence,
the package and laser designs were made to be as reliable as
technically possible. With the inelastic cost scenario due to
the fiber installation, the transceivers had the best materials,
the best devices, and a gold plated design to form a package
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High-speed
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Polyguide circuit Optical connector
Ribbon

fiber

Die-attached VCSEL/PIN detector
arrays and transceiver IC

Host interface module chip set

Printed circuit board platform where reliability was a key design goal for the sys-
tem. However, over the last two decades, engineers have real-Figure 25. VCSEL array packaging using flexible Polyguide� wave-

guide. ized that the semiconductor laser had (and still has) a wide
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appeal in other applications such as optical storage, bar-code perhaps with a different form factor. Gradually, the hand-
built actively aligned (i.e., with the laser turned on) packagesscanners, printers, and so on, where the system design called

for lower cost structures of the package platform. The expen- of today will be assembled automatically using passive align-
ment (i.e., laser turned off), and then standard design fea-sive transceiver for telecommunications still has its place in

the long distance fiber optic segment, but cannot compete well tures (e.g., hematicity, thermal, mechanical, and connector,
etc.) will be innovated to include more plastic and more siliconwith consumer applications such as CD-audio, which is ex-

tremely cost sensitive. Hence, this led to the development of with less process steps and simpler manufacturing. Pig-tail-
ing is common-place today using active alignment but willnew package platforms for optoelectronics such as the TO-can

which was borrowed and modified from the electronics sector. evolve to connectorized packages and assembled with tighter
tolerances and higher quality using passive alignment andThe TO-can is a de facto standard in cost sensitive semicon-

ductor applications with huge volumes, such as CD players, robotics. In data communications where local area networks,
interconnect links between premises, within premises, etc. be-but has not penetrated the telecommunications market to any

extent. Here, the butterfly package is still the dominant pack- come more prevalent, the package design of butterfly and TO
today will evolve to plastic dip, pin grid array, and ball gridage platform for transceivers, although recent trends indicate

that innovative solutions such as a silicon wafer board and array platforms where size, performance, and cost will be the
key drivers. These designs will drive the higher performanceTAB are being driven to support a new and exciting sector in

fiber optic communications: data communications. The data packages used in the telecommunications industry to look at
lower cost solutions. Pig-tailing is expected to be suppressedcommunications arena essentially demands shorter fiber optic

links, which in turn place tighter cost pressures on the pack- by connectorized packages that have built-in connectors and
lenses using a combination of injected and transfer moldingage platform. Today, there is a mix of butterfly packages for

the longwavelength lasers and TO-can for shorter wavelength techniques. Diffractive and refractive designs in the optics is
expected to reduce the reliance on glass lenses today. Anotheremitters, but this is not enough: consumers want transceiver

costs to fall in line with existing copper solutions! This may direction in the telecommunications industry is the develop-
ment of the expanded beam edge emitting laser, which essen-or may not be achievable, but the drive and the need is real;

engineers have to create optoelectronic package designs in or- tially matches the input single mode fiber core numerical ap-
erture for more efficient optical coupling. This will allow lowerder to generate a sustainable business. With new technologies

such as VCSELs, which allow innovative solutions to package cost automated passive alignment pig-tail packaging. In the
optical storage industry presently, there is a trend to inte-platforms, the general trend is the same as the butterfly and

the TO-can: plastic packages need not be hermatic; they may grated plastic packages which house devices, lenses, and chip
carriers with a new form of I/O (input/output) interface. De-include integrated functions (ICs, lenses, leadframes, de-

vices—active and passive, connectors, waveguides), to name signers have realized that packages borrowed from the elec-
tronics industry such as the TO-can, when manufactured inthe obvious. Plastic packaging has been proven to have lower

system costs as is evident by the electronics industry with high volumes, such as CD applications, have a cost that can
be scaled in optoelectronics similar to early transistor TO-the common plastic dip (p-dip) in both the surface mount and

through-hole configurations. Clearly, with extremely tight cans. This means that to add value to the package, more func-
tions need to be integrated, that is, climb the value chain.cost pressures, as in the indicator businesses as experienced

by LEDs, the initial package platform of the TO-can (also bor- This is a very clear direction in all optoelectronic package
platforms: adding value through integration. Obviously, therowed from the silicon industry) has developed into simple

dome leadframe plastic packaging where simplicity is key. designer must be aware of the electronics industries tradi-
tional bottlenecks such as increasing I/O with pin-outs, butLEDs have largely been successful in sustaining a good busi-

ness using plastic molding as a package platform for 100 of with the opportunity of using optics as a I/O interface, differ-
ent and innovative solutions will emerge to provide highermillions of units where fractions of a cent may have a dra-

matic effect on a business strategy. The applications for LEDs density, lower cost, and integrated plastic packages. In LED
type industries, this trend is common-place for visible arrayshave never really required high speed designs, although com-

mercial LED products do exist in the 500 Mbps range, expen- of LEDs in dot matrix package platforms used for alpha-nu-
merics, etc. The value of packaging a plurality of LEDs hassive IC drivers and more complicated packages need to be

used (such as the TO-can and butterfly). Clearly, plastic given system designers an opportunity to increase value in
the package and generate more profit. The direction is againbased package platforms are the future direction for all opto-

electronics devices as evidenced by the LED industry. There toward an integrated plastic package where in LED applica-
tions, the major missing components might well be silicon ICis now an expectation of significant plastic penetration into

semiconductor based applications and more borrowing from drivers, multiplexors for reduced I/O, etc., that automatically
increase the value of the package.the electronics industry with technologies such as TAB, flip-

chip, leadless carriers, etc., that will become more common- Lastly, a new philosophy in integrated plastic package de-
sign is emerging: trying to design optoelectronic package solu-place in the coming years.

The roadmap for optoelectronics packaging is still evolving tions that will fit onto existing electronic industries assembly
lines, without the need to commission custom tooling for opto-as market forces drive the cost structures and the designs,

but clear directions in major applications can be identified. In electronics. Today, the optoelectronics industry uses essen-
tially custom assembly tooling designed to handle the tightthe high speed, high reliability telecommunications industry,

automation of assembly is a major thrust; for example, tradi- tolerancing required of all opto components, especially single
mode lasers for telecommunications where typical tolerancingtional hand-aligned single-mode lasers are labor intensive

due to submicron alignment tolerances between fiber and la- is a few microns of a meter. This can be balanced with the
traditional tolerancing experiences by a p-dip in electronics,ser. Here, the butterfly platform is expected to survive but



514 PACKAGING OF OPTICAL COMPONENTS AND SYSTEMS
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GaAsP/GaInAsP/GaInP quantum well lasers (1 � 0.98 �m)expensive compared to production tools for p-dips as manufac-
grown by gas-source molecular beam epitaxy, Appl. Phys. Lett.,turing factories are commonplace. The challenge today is to
62: 1644, 1993.use design engineering innovation to effectively utilize ex-

23. T. Tsuchiya et al., Investigation of effect of strain-compensatedisting electronics assembly tooling for more demanding opto-
structure and compensation limit in strained-layer multipleelectronics assembly by addressing new package platforms:
quantum wells, J. Cryst. Growth, 145: 371, 1994.Integrated plastic packaging is clearly on the roadmap for fu-
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