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mirror a few tenths of micrometer thick. However, S. Kinoshita pointed out
that such mirrors lead to low Field of the invention
quantum efficiency. See an article by Susumu Ki- noshita et al. entitled
"GaAIAs/GaAs Surface Emit- This invention concerns Vertical Cavity Surface
5   ting Laser with High Reflective [err] Multilayer Emitting lasers having
electrically conductive mir-  Bragg Reflector," Japanese Journal of Applied
Phys- rors.                                              ics, Vol. 26, No.
3, March 1987, pp. 410-415. This led to the development of laser structures
utilizing multi- Background of the Invention                        layer
(semiconductor or dielectric) mirrors. For exam- 10  ple, see L. M.
Zinklewicz et al., High Power Vertical- A great effort Is underway to
integrate optical and  Cavity Surface-Emitting AIGaAs/GaAs Diode Las-
electronic technology for optical fiber communica-  ers," Appl. Phys.
Letters, Vol. 54, No. 20, 15 May tion. An optical transmission system Is
generally  1989, pp. 1959-1961, and Kenlchi lga, "Recent Ad- made up of an
optical source (e.g. a light-emitting dl-  vances of Surface Emitting
Semiconductor Lasers," ode or laser), an optical fiber and a detector.
Small,  15   Optoelectronics-Devices and Technologies, Vol. 3, efficient
and reliable  the semiconductor laser has  No. 2, December 1988, pp.
131-142. been accepted as a practical light source for the opt-  However,
these structures are complicated and ical fiber communiction
cumbersome. An attempt to simplify construction of Vertical Cavity Surface
Emitting Laser diode,   a VCSEL by combining the mirror and the electrode
hereinafter referred to as a VCSEL, is attractive as a   20  Into a single
unit led to relatively low quantum effl- device which may be produced by
planar technology   clencies. The mirrors comprised an 0.55 [err] thick re-
and as a class of devices with a wide range of poten   flective Ag mirror
which also operated as the elec tial uses including    optical
communications, optical    trode of the laser. The emission took place
through discs, laser prints and light sensing systems.  the  the [err]
reflector stack consisting of 23 pairs of semi- VCSEL the lasing cavity is
perpendicular to the top   25  conductor layers, the semiconductors having
differ- surface of a laser chip. Therefore, high packing den-  ent
refractive indices within each pair. See Deppe D. sky, compared to the
packing density of edge-      G., et al., "AlGaAs-GaAs and
AlGaAs-GaAs-lnGaAs emitting lasers with lasing cavity parallel to the sur-
vertical cavity surface emitting lasers with Ag mir- face of the laser
chip, is obtainable. This would lead  rors," Journal of Applied Physics,
Vol. 66 No. 11, 1 to a promising future In high density laser arrays, high
30   December 1989, pp. 5629-5631. data transmission in optical
communication systems,    Therefore, there Is still a need for a VCSEL with
ultra high parallel processing in optical communica-  an improved quantum
efficiency which could be also tion systems, as well as supplying a route
for fast and  produced in a simplified manner utilizing planartech- vast
data transmission between electronic chips. Fur-  nology. thermore, the
circular-like nature of their beams   35  Patent Abstracts of Japan,
vol.14, no.22 (E-874) makes them suited for beam-combining for high-
(3965) 17 January 1990 ; & JP-A-1 264 285 ; de- power applications.
scribes a semiconductor VCSEL with an upper re- In the VCSEL the light
output Is In the film growth  flecting and partially transmitting mirror
concurrently direction which is usually parallel to the direct on of
acting as a p-side ohmic electrode formed by sequen- the Injection current.
Due to this feature, the mirror  40  tially depositing Ti, Pt and Au. and
electrical contact physically occupy the same side of the laser structure
i.e. either on the top (front)  Summary of the Invention or on the bottom
(rear) of the device. Typically, the mirror is located approximatly In the
centerof the top  This invention is defined in independent claims 1,
surface while the electrode is located peripherally of  45  9 and 17 and
concerns a semiconductor vertical cav- the mirror. in some  designs, the
front mirror and the  ity surface emitting laser comprising a lasing cavity
electrode are coplanar while in some others the    with an active layer, a
bottom (rear) mirror and a top planes are vertically offset each from
another. An ex-  (front) mirror, and a front and rear electrode for apply-
ample of a coplanar arrangement may be found In ar-  ing excitation current
in direction substantially parallel tides by H  Soda et al., entitled
"GalnAsP/lnP Sur-  50  to the direction of optical propagation. In
accordance face Emitting injection  Lasers," Japanese Journal of  with this
Invention the front mirror comprises a thin, Applied Physics, Vol. 18, No.
12, 1979, pp. 2329-  semitransparent metal layer which also acts as the
2230; and by H. Soda et al. entitled "GalnAsP/lnP  front electrode. The
metal layer is upon a highly dop- Surface Emitting Injection Lasers with
Short Cavity  ed layer forming a non-alloyed ohmic contact The Length,"
IEEE Journal of Quantum Electronics, Vol.  55  metal is selected from Ag
and Al and is deposited In QE-19, No. 6, June 1983, pp. 1035-1041. Each of
thickness ranging from 5 to 50 nm. The VCSEL is a these articles describes
a surface emitting laser with  semiconductor device wherein the
semiconductor a coplanar mirror/electrode arrangement and a Au   material
is a III-V or II-VI compound semiconductor 



2    3                   EP 0 458 493 B1                 4 such as GaAs,
GalnAs, lnP, InGaPAs and other relat-   iconductor layers, one layer of
each pair having a re- ed semiconductors. For a VCSEL with GaAs active
fractive index different from the refractive index of layer, the light
output from the front metal mirror/elec-  another layer of the pair, a
first confining layer, 13; an trode side yields an external differential
quantum ef-  active layer, 14; a second confining layer, 15; a highly-
ficiency as high as 54 percent. This Is the highest   5   doped contact
layer, 16; a metal dot, 17, which acts quantum efficiency obtained in VCSEL
structures.  simultaneously as a front mirror and as a non-alloyed Quantum
efficiencles on the order of 10 to 30 percent  ohmic top (front) electrode
of the device, and an elec- are typical for priorartVCSELstructures. The
VCSEL  trically conductive layer, 18, in contact with the bot- is suitable
for fabrication utilizing planar technology.  torn surface of substrate 11
forms the bottom (rear) 10  electrode of the device. While not shown,
additional Brief Description of the Drawings                  confining and
buffer layers may be included into the laser structure. FIG. 1 Is a
schematic representation of a VCSEL    Construction of VCSEL 10, in
accordance with with a semi-transparent front mirro/electrode.     the
invention, may be described as being generally as FIG. 2 is a schematic
representation of an energy  15  follows: band diagram for the laser of
FIG. 1.                  Substrate 11 isa heavilydoped n+-type III-VorII-
FIG. 3 is a schematic representation of the profile  VI semiconductor, such
as GaAs, GainAs, InP, InGa- of the refractive index for the materials of
the laser  of  PAs, and other related group III-V or II-VI compound FIG. 1.
semiconductors. Typically, the thickness of the sub- FIG. 4 is a schematic
representation of electrolu-  20  strate ranges from 100 to 500 [err] and
the doping con- minescence spectra (EL) for a 20 [err] 45 nm thick Ag
centration of the substrate ranges from 1x [err]  to dot (a) below and (b)
above threshold of 35 mA plot-  [err] In some applications, such as opto-
ted as light intensity (I) versus wavelength [err]    electronic integrated
circuitry, substrate 11 may be FIG. 5 is a plot of reflectivitles (R) and
Full Width  first grown on a master substrate of silicon, which is at Half
Maximum (FWHM) of Fabry-Perot (FP) Modes  26  In common to a number of
devices grown on the mas- versus thickness of Ag mirrors.
ter substrate. FIG. 6 is a plot of lasing threshold currents versus
Quarterwave stack 12 is composed of a plurality thickness of Ag mirrors 20
[err] in diameter.         of pairs (or periods) of semiconductor layers
forming FIG. 7 Is a plot of light output versus pumping cur-  a rear
(bottom) multilayer distributed Bragg reflector rent of a VCSEL with a Ag
dot 20 [err] in diameter and   30  (DBR) mirror with a number of pairs
typically ranging 30 nm thick with a duty cycle of 1% (0.1 MHz, 100 ns).
from 10 to 40. One semiconductor layer in each pair FIG. 8 is a plot of
reflectivity, transmisivity and  has a higher Index of refraction than the
other semi- absorption versus Ag thickness.                    conductor
layer of the pair. The thickness of each FIG. 9 is a plot of external
differential quantum  semiconductor in the pair equals [err] wherein [err]
is the efficiency versus thickness of an Ag front mirror.  35  optical
wavelength of the laser device. For a device FIG. 10 is a schematic
representation of the    with an active region lasing at [err] such as a
VCSEL of FIG. 1 with an additional mirror stack inter-  GaAs laser, a
quarterwave stack of pairs of such sem- posed between the active region and
the mirror/elec-  conductors as GaAs and AlAs with refractive indices
trode.                                             of 3.64 and 2.97,
respectively, will consist of 62 nm 40  thick GaAs layer and 73 nm thick
AlAs layer while a Detailed Description                               stack
of AlAs and [err] will consist of pairs of layers 73 nm and 60 nm thick
each, respectively. The invention is a VCSEL In which the lasing cav-
Typically, first confining layer 13 and second con- ity comprises an active
layer, a bottom (rear) mirror  fining layer 15 are provided to confine
active region consisting of a stack  of a plurality of pairs of semicon-
45  14 and to adjust the length (L) of an optical cavity (that ductor
layers forming quarter-wave multilayer destrib-  is the thickness of the
active region). The optical cav- uted Bragg reflector (DBR) structure, and
atop (front)  ity length should be 2L=N[err], wherein N is an Integer metal
mirror which is semi-transparentto lasing emis-  and [err] Is an operating
optical wavelength of the laser. sion of the laser and which also acts as a
top elec-  Typically, the thickness of each confining layer rang- trode
with lasing  emission taking place through the   50  es from 0 to 3 [err]
To obtain constructive interfer- top mirror. The light outputfrom the metal
mirror/elec-  ence, the thickness of the confining layers should be trode
yields a high differential quantum efficiency.  a multiple of [err] or
[err] In the preferred embodiment This device may, conveniently, be
produced by planar  the confining regions are of [err]  with x ranging
technology.                                        from 0.1 to OA. 



FIG. I is a general schematic representation of a   55    Active region 14
is a region in which electrons (-) VCSEL according to this invention,
denominated gen-  and holes (+) recombine providing, under properstim-
erally as 10. VCSEL 10 comprises a substrate 11; a  ulation, a lasing
emission. In the preferred embodi- quarter-wave stack, 12, of a plurality
of pairs of sem-  ment, the active region is a lightly doped [err] 3    5
EP 0 458 493 B1                6 [err]  layer of GaAs with a thickness
within a  formed structure is transferred to a separate high va- range from
0.1 to I pm. The single layer may be re-  cuum chamber where a metal layer
Is deposited as a placed by a quantinum  well (QW) structure composed
non-alloyed ohmic contact In a thickness sufficient to of a narrow gap
semiconductor about 1 to 30 nmthick,  provide desired reflectivity and
transparency. Stan- confined by wide-gap semiconductor. Alternatively,   5
dard photolithographic techniques are then employed the single layerforming
the active region may be re-  to define circular metal dots 17. Thin rear
electrode placed by a superlattice structure which Is a multi-
layer18,e.g.,ofin,maythen beformedonthebottom quantum well structure with
very thin barriers.    surface of substrate 11. Finally, the rear side of
the Highly doped contacting layer 16 Is provided in  laser may be mounted
via the In electrode or by thickness offrom 0.01 to 0.1 pm to facilitate
establish-  10  means of a conductive adhesive, such as epoxy, on ing a
non-alloyed ohmic contact between the second  a copperslab which serves as
a heat sink in common confining layer 15 and the mirror/electrode dot 17.
to other devices. Typically, the doping concentration in the contacting  In
the preferred embodiment, the VCSEL is an layer 16 ranges from [err] to
[err]         [err]  laser structure comprising In an as- Dot 17 is of a
metal which acts simultaneously as   15  cending sequence 1 to 2 [err]
thick In electrode 18, a front mirror and as a front electrode with light
emis-  about 500 [err] thick (001) oriented heavily doped sion taking place
through the mirror/electrode. In ac-  [err]  substrate 11, rear mirror 12
cordance with thi Invention, the conductive material  consisting of a
quarter-wave stack of 30 pairs of [err] is selected from the metals Ag and
Al, which when de-  type (5x1 017-5x1018 [err] semiconductor layers posited
in thickness ranging from 5 nm to 50 nm ex-  20  forming multilayer
distributed Bragg reflector (DBR) hibit semi-transparent/semi-reflective
proprties  mirror, each pair of the stack consists of a 73 nm thick with
reflectivity (R) falling within a range of from 20 to  layer of [err] and
60 nm  thick layer of 99 percent and transmissivity(T) within a range of
[err] The reflectivity spectrum of the DBR from 80 to 1 percent
Mirror/electrode 17 is a nen-al-  structure (rear mirror 12), as measured
with a Perkin- loyed ohmic contact. Such contacts are deposited by  25
Elmer Lambda 9 UV/VIS/NIR Spectrophotometer, evaporation at temperatures
ranging from 100 to   showed a broad high reflectivity band centered at
[err] preferably from 100 to [err] Higher temper-  ~0.87pm with a
reflectivity >99 percent, which atures could result in undesirable alloying
of the metal  matches with a calculated reflectivity curve very well. into
the semiconductor leading to a rough interface  The rear mirror is followed
by first confinement layer morphology which degrades the reflection
properties  30  13 of [err]   about3 [err] thick, of the metal
mirror/electrode.                      lightly doped (5x [err] active layer
14 of [err]-GaAs Metal electrode 18 from 1 to 10 [err] thick is    about
0.6 [err] thick, and second confinement layer 15 formed on the bottom
(rear) surface of substrate 11  of [err]  about 0.5 [err] thick. to provide
for current flow perpendicular through the  A thin, heavily doped [err]
contact layer of active region to cause lasing emission. The laser may  35
[err] about 0.0625 [err] thick is deposited be mounted with electrode 18 in
contact with a heat-  on the very top of the layers for ohmic contact pur-
sink plate, e.g. of copper or some other heat-    pose. A dot 17 of silver
(Ag) about 20 pm in diameter conductive material which does not contaminate
the  is formed on top of contact layer 16 in a thickness materials of the
leser.                            from about 5 to 50 nm, preferably 35 nm,
under con- To increase time efficiency of mirror performance,  40  ditions
leading to a non-alloyed ohmic contact. In this a quarter-wave stack 21,
(FIG. 10)from 2 to 20 pars   thickness range silver dot 17 is
semitransparent to of high index/low ndex material layers similar to the
the lasing emission enabling its use as a mirror and pairs In rearmirro 12,
but with [err]-type doping [err]   as a front electrode of the VCSEL.
Silver is chosen to [err]  may be interposed between confining  as the
metallic mirror/electrode because of its good layer15and highly doped
contactlayer 16.Stack 21,  45  conductivity and high reflectivity at
wavelengths is Interposed to in rease the reflectivity of the top mir-
around 0.87 [err], which corresponds to the energy ror especially when the
thickness of the metal layer  band gap of laser active material GaAs. is
less than 20 nn .                                  Transmission Electron
Microscopy (TEM) study Semiconductor layers 12 through 16 can be      of
the laser structures grown in a Varian Gen II mo- grown upon substrate 11
by such known methods as  50  lecular beam epitaxy (MBE) system disclosed
the uni- 



metal organic vapor phase epitaxy (MOVPE), also    formity of the GaAs
active region and the interface known as metal organic chemical vapor
deposition   sharpness of the bottom mirror structure. X-ray [err]/20
(MOCVD), or by molecular beam epitaxy (MBE) or by  scans of Ag layers grown
in a separate high vacuum hydride vapor phase epitaxy (VPE). In the
preferred  chamber with various thicknesses from 20 to 200 nm embodiment,
the VCSELstructures are grown by Mo-  55  deposited at [err] showed that
the Ag films are lecular Beam Epitaxy (MBE) technology in a Varian
polycrystalline. Standard photollthographic techni- Gen II MBE system on
heavily doped substrates 11.  queswere employed to definecircular Ag dots
17 with After layers 12 through 16 are grown, the partially  diameters
ranging from 5 to 100 micrometers. An 4.    7                   EP0458493B1
8 etchant of [err] was used to etch away the      applied to the laser
diode. No power saturation was unwanted Ag regions , which leaves a clean,
smooth    observed up to the maximum power of 11.5 mW. [err]  surfa  of
contacting layer 16.          Large slope value of 0.76 mW/mAwhich yields
an ex- Lasers were electrically pumped using a fine   ternal differential
quantum efficiency of 54 percent at probe, and the electroluminescence (EL)
spectra   5   lasing wavelength of 0.86 [err] has been achieved. were
analyzed by a SPEX 1702104 Spectrometer and   Quantum efficiencies for
various Ag thicknesses a photomultiplie  Current-voltage characteristics
ranging from 23 to 100 nm are shown in FIG. 9. were checked routinely with
a Sony/Tektronix 370       FIG. 8 shows relation between reflection, trans-
Programmable Curce Tracer. The threshold voltage   mission and absorption
of Ag mirrors with Ag thick- for the laser diode is close to the energy
band gap of  10  nesses up to 70 nm. The sum of these parameters al- GaAs
gain medium, which is 1.4eV at room tempera-  ways equals 100 percent. The
three curves shown in ture. Above the threshold voltage, the current main-
FiG. 8 are calculated using the optical constants of tains a linear
relation with the forward bias, indicating  Ag, air and [err] and the
reflectivity of bottom that the nonalloyed Ag contact is ohmic. All the
meas-  (rear) mirror 12 as unity, see M. Born, et al., supra. urements are
done at room temperature, and no spe-  15   Comparison of the absorption
and the transmission ciel cooling techniques are employed.
curves shows that transmission is greater than ab- EL spectra of the VCSEL
with a 20 [err] diameter  sorption for thicknesses < 50 nm. Only such
thick- 35 nm thick Ag spot are shown in FIG. 4. Curve,(a) of  nesses are
useful for lasing emission through the top FIG. 4 is below lasing threshold
of 35 mA. The spec-  (front) Ag mirror. trum is charactized by clear
Fabry-Perott (FP)  20 modes. The full width at half maximum (FWHM) of the
FP modes is 0.74 nm. Curve (b) of FIG. 4 shows the  Claims lasing spectrum
bove threshold. The width of the lasing peak is less than 0.01 nm which is
limited by  1. A semiconductor vertical cavity surface emitting the
resolution of the spectrometer. The broad peaks   25  laser (10) comprising
at least one semiconductor which have the same peak-to-peak distance (~20.6
selected from GaAs, GaAlAs, GalnAs, InP, InGa- nm) as that of the much
sharper FP modes are be-      PAs and other related Group III-V and Group
II- lieved to be due to the spontaneous lightemitted from  VI compound
semiconductor, a plurality of layers the side of Ag spot. The FWHM of FM
modes be-         including an active region (14) which generates comes
largerfort thinner Ag mirrors. From thefinesses  30  optical radiation and
a rear mirror (12) which re- of the FP modes, reflectivities for Ag mirrors
with dif-  fleets said radiation, ferent thicknesses are calculated (see
FIG. 5), using       said laser further comprises known optical constants
of Ag, air and [err]         a front mirror (17) of a metal which forms The
reflectivity of the bottom mirror is chosen to be a  a non-alloyed ohmic
contact to the semiconduc- unity in the calculations. See M. Born and E.
Wolf,  35  tor body and serves simultaneously as a front "Principles of
Optics," 6th edition, Pergamon Press,  electrode of the laser, and New
York, 1980, p.628-631. The reflectivity decreas-        a rear electrode
(18) for applying, in unity es sharply when the Ag thickness is less than
~40     with the front mirror, excitation current in direc- nm. From the
FWHM of the broad peak, a reflectivity   tion substantially perpendicular
to the active re- of ~40 percent is obtained, which is comparable to  4o
gion and substantially parallel to the direction of the reflectivity
between GaAs and air. For 200 nm   propagation of optical radiation, thick
Ag mirrors, only broad peaks are seen, and no          wherein saldfront
mirrorcomprisesa layer sharp FP modes are observed. The reflectivity at 200
of highly reflective metal deposited in a thickness nm Ag thickness shown
in FIG. 5 Is obtained from cal-  permitting transmission of optical
radiation culation using the optical date of Ag. Lasing th  hold  45
through the front mirror in direction perpendicular currents under pulsed
operation versus the hick-     to the active region, said metal layer
consisting 



nesses of Ag mirrors are shown in FIG. 6. The  lam-   essentially of a
metal selected from the group star of the Ag mirrors  Is 20 [err] The
lasing threshold   consisting of silver and aluminum and being from current
increases as the Ag mirror thickness decreas-  5 to 50 nm thick. es. This
can be qualitatively explained by the de-  50 crease of the reflectivites
wth decreasing Ag thick-  2. The laser of claim  1, in which said semi-
nesses (see FIG.5 ).                                   transparent metal
layer comprises silver. FIG. 7 shows   light output from the top Ag mir-
rorversus excitation current The lightoutput imeas-  3. The laser of claim
2, in which said Ag layer is ured with ANDO AQ-1125 optical power meter
call-  55  about 40 nm thick. brated around 0.85 [err] The Ag mirror has a
diameter of 20 [err] and is 30 nm thick. Injection current pulses  4. The
laser of claim 1, in which said rear mirror Is with one percent duty cycle
(100 ns, 0.1 MHz) were    a multilayer distributed Bragg reflection mirror
5    7                   EP 0 458 493 B1                 8 etchant of [err]
was used to etch away the     applied to the laser diode. No power
saturation was unwanted Ag regions, which leaves a dean, smooth   observed
up to the maximum power of 11.5 mW. [err]  surface of contacting layer 16.
Large slope value of 0.76 mW/mAwhich yields an ex- Lasers were electrically
pumped using a fine   ternal differential quantum efficiency of 54 percent
at probe, and the electroluminescence (EL) spectra   5   lasing wavelength
of 0.86 pm has been achieved. were analyzed by a SPEX 1702/04 Spectrometer
and   Quantum efficiencies for various Ag thicknesses a photomultipier
Current-voltage characteristics   ranging from 23 to 100 nm are shown in
FIG. 9. were checked routinely with a Sony/Tektronix 370        FIG. 8
shows relation between reflection, trans- Programmable Curce Tracer. The
threshold voltage   mission and absorption of Ag mirrors with Ag thick- for
the laser diode is close to the energy band gap of  10  nesses up to 70 nm.
The sum of these parameters al- GaAs gain medium, which is 1.4eV at room
tempera-  ways equals 100 percent. The three curves shown In ture. Above
the threshold voltage, the current main-  FIG. 8 are calculated using the
optical constants of tains a linear relation with the forward bias,
indicating  Ag, air and [err] and the reflectivity of bottom that the
nonalloyed Ag contact is ohmic. All the meas-  (rear) mirror 12 as unity,
see M. Born, et al., supra urements are done at room temperature, and no
spe-  15   Comparison of the absorption and the transmission cial cooling
techniques are employed.              curves shows that transmission is
greater than ab- EL spectra of the VCSEL with a 20 [err] diameter  sorption
for thicknesses < 50 nm. Only such thick- 35 nm thick Ag spot are shown in
FIG. 4. Curve (a) of  nesses are useful for lasing emission through the top
FIG. 4 Is below lasing threshold of 35 mA. The spec-  (front) Ag mirror.
trum is characterized by dear Fabry-Perot (FP)   20 modes. The full width
at half maximum (FWHM) of the FP modes is 0.74 nm. Curve (b) of FIG. 4
shows the  Claims lasing spectrum above threshold. The width of the lasing
peak is less than 0.01 nm which is limited by  1. A semiconductor vertical
cavity surface emitting the resolution of the spectrometer. The broad peaks
25  laser (10) comprising at least one semiconductor which have the same
peak-to-peak distance (~20.6       selected from GaAs, GaAIAs, GalnAs, lnP,
lnGa- nm) as that of the much sharper FP modes are be-       PAs and other
related Group III-V and Group II- lieved to be due to the spontaneous light
emitted from  VI compound semiconductor, a plurality of layers the side of
Ag spot. The FWHM of FM modes be-         including an active region (14)
which generates comes largerfor tinnerAg mirrors. From the finesses   30
optical radiation and a rear mirror (12) which re- of the FP modes,
reflectivities for Ag mirrors with dif-  flects said radiation, ferent
thicknesses are calculated (see FIG. 5), using       said laser further
comprises known optical constants of Ag, air and [err]        a front
mirror (17) of a metal which forms The reflectivity of the bottom mirror Is
chosen to be a  a non-alloyed ohmic contact to the semiconduc- unity in the
calculations. See M. Born and E. Wolf,  35  tor body and serves
simultaneously as a front "Principles of Optics," 6th edition, Pergamon
Press,   electrode of the laser, and New York, 1980, p. 628-631. The
reflectivity decreas-       a rear electrode (18) for applying, in unity es
sharply when the Ag thickness is less than ~40      with the front mirror,
excitation current In direc- nm. From the FWHM of the broad peak, a
reflectivity   tion substantially perpendicular to the active re- of ~40
percent is, obtained, which is comparable to  40  gion and substantially
parallel to the direction of the reflectivity between GaAs and air. For 200
nm      propagation of optical radiation, thick Ag mirrors, only broad
peaks are seen, and no         wherein said front mirror comprises a layer 



sharp FP modes are observed. The reflectivity at 200   of highly reflective
metal deposited in a thickness nm Ag thickness shown in FIG. 5 is obtained
from cal-  permitting transmission of optical radiation culation using the
optical data of Ag. Lasing threshold  45  through the front mirror in
direction perpendicular currents under pulsed operation versus the thick-
to the active region, said metal layer consisting nesses of Ag mirrors are
shown In FIG. 6. The diam-    essentially of a metal selected from the
group eter of the Ag mirors is 20 [err] The lasing threshold  consisting of
silver and aluminum and being from current increases as the Ag mirror
thickness decreas-  5 to 50 nm thick. es. This can be qualitatively
explained by the de-  50 crease of the reflectivities with decreasing Ag
thick-  2. The laser of claim  1, in which said semi- nesses (see FIG. 5).
transparent metal layer comprises silver. FIG. 7 shows the light output
from the top Ag mir- ror versus excitation current. The light output is
meas-  3. The laser of claim 2, in which said Ag layer is ured with ANDO
AQ-1125 optical power meter call-  55   about 40 nm thick. brated around
0.85 [err] The Ag mirror has a diameter of 20 [err] and is 30 nm thick.
Injection current pulses  4. The laser of claim 1, in which said rear
mirror Is with one percent duty cycle (100 ns, 0.1 MHz) were     a
multilayer distributed Bragg reflection mirror 5    EP 0 458 493 B1
10 comprising from 10 to 40 pairs of quarter ave       comprising from 10
to 40 pairs of quarter wave layers with different index of refraction In
each    layers with different index of refraction in each pair.
pair. 5. The laser of claim 4, in which said active region   5   13. The
laser of claim 12, In which said active region comprises GaAs and said rear
mirror comprises        is GaAs and said rear mirror comprises pairs of
pairs of quarter wave layers selected from AlAs     quarter wave layers
selected from AlAs and and GaAs and from AlAs and [err]               GaAs
and from AlAs and [err] 6. The laser of claim 1, in which a multilayer
distrib-  10  14. The laser of claim 9 In which a multilayer distrib- uted
Bragg reflection (DBR) structure (21) corn-     uted Bragg reflection
structure (21) comprising prising from 2 to 20 pairs of quarter wave layers
from 2 to 20 pairs of quarter wave layers with dif- with different index of
refraction within each pair  ferent index of refraction within each pair is
Inter- is interposed between the active region and the      posed between
the active region and the front front mirror.
15       mirror. 7. The laser of claim 6, In which said DBR structure  15.
The laser of claim 14, In which said DBR struc- comprises pairs of layers
selected from AlAs and     ture comprises pairs of layers selected from
AlAs GaAs or from AlAs and [err]                 and GaAs and from AlAs and
[err] 20 8. The vertlcal cavity laser of claim I In which said  16. The
laser of claim 9 in which said semiconductor semiconductor layers are grown
on a semicon-         layers are grown on said semiconductor sub- ductor
substrate by molecular beam epitaxy.          strate by molecular beam
epitaxy. 9. A semicondutor vertical cavity surface enitting   25   17. A
semiconductor vertical cavity surface emitting laser (10), wherein said
semiconductor compris-    laser (10), wherein said semiconductor compris-
es at least one semiconductor selected from          es at least one
semiconductor selected from GaAs, GaAlAs, GalnAs, lnP InGaPAs and other
GaAs, GaAlAs, GalnAs, lnP InGaPAs and other related group III-V and II-VI
compound semicon-       related group III-V and group II-VI compound
ductors, a plu ality of layers comprising in an as-  30  semiconductors, a
plurality of layers including an cending order from a semiconductor
substrate         active region (14) which generates optical radia- (11)
tion, a rear mirror (12) which reflects said radia- a multilayer
distributed Bragg reflective      tion, a front mirror (17) which partially
reflects (DBR) rear mirror (12) upon the substrate,           and partially
transmits said radiation In direction an active region (14) which generates
an   35  perpendicularto the active region, thefrontmirror optical
radiation, said active region being con-     being of a metal which forms a
non-alloyed ohmic fined between a first (13) and a second (15) con-
contact to the semiconductor body and serves si- fining layers,
multaneously as a front electrode of the laser, a highly doped contacting
layer (16), and      and a rear electrode (18) for applying in unity with a
front mirror (17) comprising a layer of a   40  the front mirror an
excitation current in direction metal which forms a non-alloyed ohmic
contact to      substantially perpendicular to the active region said
contacting layer and serves simultaneously     and substantially parallel
to the direction of prop- 



as a front electrode of the laser, said metal layer  agation of optical
radiation, being of highy reflective metal deposited In a            In
which saidfrontmirrorcomprisesa layer thickness permitting transmission of
said optical  45  of highly reflective metal consisting essentially of
radiation throgh the front mirror In direction per-  a metal selected from
the group consisting of sil- pendicular to he active region, said metal
layer    ver and aluminum and being from 5 to 50 nm consisting essentially
of a metal selected from      thick. the group consisting of silver and
aluminum and being from 5 to 50 nm thick.                50   18. The laser
of claim 17, In which said front mirror metal comprises silver. 10. The
laser of claim 9, in which said metal is silver. 19. The laser of claim 18,
in which said Ag layer Is 11. The laser of claim 10, in which said Ag layer
is     about 40 nm thick. about 40 nm thick.                          55
20. The vertical cavity laserof claim 17 in which said 12. The laser of
claim 9, In which said rear mirror is  semiconductor layers are grown on a
semicon- a multilayer distributed Bragg reflection mirror     ductor
substrate (11) by molecular beam epitaxy. 6    11              i
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innerhalb jedes Puares zwl- schen dem aktiven Bereich und dem Frontsple- 1.
OberflAcheni mittlerender Halbleiterlase  (10)     gel angeordnet ist. mit
vertikaleijKavitit umfassend wenigstens ei- nen Halbleiter, der ausgewahit
ist sue GaAs,   5   7. Laser nach Anspruch 6, GaAiAs, GainAs, InP, InGaPAs
und anderen ver-     in welchem  die DBR-Anordnung Pare von wandten
Gruppe-ill-V- und Gruppe-ll-VI-Verbin-     Schichten umfaitt, die
ausgewihit sind sue AlAs dungshalbielmrn, einer Vbiizahl von Schichten,
und GaAs oder aus AlAs und Alow6Gao0As. die einen aljtiven Berelch (14),
der optische Strahlung erzeugt und olnen rfLckseltigen Spie-  10  8. Laser
mit vertikaler Kavitit nach Anspruch 1, gel (12), der diese Strahlung
reflektiert, unmfs-  In welchem die Halblefterschichten auf elnem sen,
Halbleitersubstrat durch Molekularstrahlepltaxie wobel der Laser ferner
umfalgt:                    aufgewachsen sind. olnen Frontspiegel (17) sue
elnem Metail, das el- nen nichtleglerten ohmschen Kontakt zu dem   15  9.
Oberflachenemittlerender Laser (10) mit vertika- Halbleltbrk8rper bildet
und gleichzeltig als Front-  Ir Kavitit, In welchem der Halblelter
wenigstens elektrode des Lasers dient und                    oeen
Halbielter urnfaSt, der ausgewahit let aus elne rOckseltige Elektrode (18)
fMr das AnMegen    GaAs, GeAiAs, GalnAs, InP, InGaPAs und ande- sines
Anreguiugsetroms In elner Einheit mit dem   ren verwandten Gruppe-Ili-V-
und -l-Vi-Verbin- Frontsplegel n elner Richtung, die im we"entli-  20
dubgshalbieltern, mit elner Vieizahl von Schich- chen senkrecht zum aktiven
Berelch let und Im      ten, die In aufstelgender Folge von elnem Halb-
wesentlicheniparallel zur Rlchtung der Ausbrel-   leitersubstrat (11)
umfassen: tung der optihen Strahlung ist                     olnen
rOckseltigen Mehrlagen-(DBR)-Splegel wobel der Frtsplegel esne Schicht von
h4chre-     (12) mit verteilter Bragg-Reflexion auf dem Sub- flektlernden
Metall umfait, das In elner Dlcke  25  strat, abgeschiede mat, weiche da
Hindurchtreteivon      oenen akthven Bereich (14), der optische Strah-
optischer St hlung durch den Frontsplegel in el-  lung erzeugt, wobel der
aktlive Berelch zwlschen nor Rlchtung senkrecht zum aktiven Berelch ge-
elnerersten (13) und einerzwelten (15) elnachile- stattet, wober die
Metallschicht Im wesentlichen   Senden Schicht elngeschlossen blt sue ehnem
Mptall besteht, des sue der Gruppe   30  eine hochdotierte
Kontaktierungsschlcht (16) ausgewahit le, die aus Silber und Aluminium be-
und elnen Frontspiegel (17), der elne Metali- steht, und 5 iqs 50 nm dick
let.                  schicht umfa~t, die elnen nichtlegierten ohm- schen
Kontakt zur Kontaktierungsschicht bildet 2. Laser nach Anspruch 1,
und gleichzeitig ale Frontelektrode des Lasers in welchem die
semitransparente Metallechicht  35  dlent, wobel die Metallschicht aus
hochreflektle- Silber umfaflt.                                   rendem
Metall besteht, das In elner Dicke abge- schleden lIs welche die
Transmission optischer 



3. Laser nach Anspruch 2,                             Strahlung durch den
Frontsplegel In elner Rich- In welchem die AG-Schicht ungeflhr 40 nm dick
tung senkrechtzu dem aktliven Bereich gestattet, Ist.
40       wobel die Metallschicht Im wesentlichen aus eo- nem Metall
bestoht, das aus der Gruppe ausge- Ke  4. Laser nach Aispruch 1,
wlhit Ist, die sue Silber und Aluminium bestsht, in weichern ,er
Rlckseitenspiegol eln Mehria-      und 5 bie 50 nm dick ist. genspiegel mit
verteilter Bragg-Reflexion lit, der von 10 bbs 40iPaaren von V4-Schichten
mit ver-  46  10. Laser nach Anspruch 9, schlodenem irechungsindox In jodem
Pa1 um-         In welchem das Metall Silber lat. failt. 11. Laser nach
Anspruch 10, 5. Laser nach Atspruch 4,                            in
welchem die Ag-Schicht ungefahr 40 nm dick In welchem der aktive Bereich
GaAs umfalt und   so  lat. der rOckseltige Spiegel eln Pear von VJ4-Schich-
ten umfaSt, 41e ausgewihit sind sue AiAs und   12. Laser nach Anspruch 9,
GaAs und au4 AlAs und Alo,0wGaoAs.               In welchem der
Rflcksplegel eln Mehrlagensple- gel mit verteliter Bragg-Reflexion let, der
von 10 6. Laser nach Anspruch 1,                     5       bin 40 Paure
von J4-Schichtbn mit verechiede- in welchem esne Mehrlagen-(DBR)-Anordnung
nem Brechungsindex In jedem Pear umfailt (21) mit vertei ftr
Bragg-Reflexion, die sue 2 bie 20 Paaren von M4-Schichten mit verechledenom
13. Laser nach Anspruch 12, 7 I 1111111 1   1 11111 111111 *  C   L   M   S
* f                      S                  }    13
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d der  20. Laser mit vertikaler Kavitat nach Anspruch 17, In rfLckeeltige
SlAegel Pare von V4-Schlcht e    umr-  weichem die Halblolterschichten an
elnem Haib- faSt, die au g~wahitsind aus AlAs und Gai  und
leitersubstrat (11) durch Molekularatrahlepitaxle aus AlAs undloogGa ,gsAs.
aufgewachsen aind. 6 14 Laser nach Anapruch 9, In welchern sine
Mehrlagenanordnung (21) mit   Revendlcations vertellter Braig-Reflexion,
die von 2 bis 20 Peare von )J4-SchIchten mit verschledenom  Bre-      1.
Laser A embslon de surface a cavitb verticale et chungsindex Innerhalb
Jedes Paares umfaSt,  10     a seml-conducteur (10) comportant au molns un
zwischen dem aktiven Bereich und dem Front-       semi-conducteur
selectbonne parmi GaAs, GaA- splegel angeordnet 1t.
lAs, GalnAs, InP, InGaPAs et d'autres semi- conducteurs apparentes de
composes du groups 15. Laser nach Anspruch 14,
III-V it du groups II-VI, plusleurs couches In welchem die DBR-Anordnung
Poer  von   16       comprenant une region active (14) qui engendre
Schichten umfaSt, die ausgewihit sind sue AIAs     un rayonnement optique
et un miroir posterisur und GaAs und aus AiAs und A6,05Ga%,"6As.
(12) qul reflichit ledit rayonnement, t
ledit laser comportb, en outre: 16. Laser nach Aospruch 9,
un miroirantbrieur(17) en un mital quifor- In welchem di
Halblefterschichten aufdem,.ialb-  20  me un contact ohmlque non alli6 avec
le corps leitersubstratdurch Molekularstrahlepitaxl auf-  seml-conducteur
et qul sort en meme temps gewacheen sind.
d'61ectrode anterieure du laser, une electrode posterieure (18) pour appil-
17. Oberflachentl'nittlerender Laser (10) mItvqtl ka-  quer, en concordance
avec Is miroir anterieur, un ler Kavitat, In Itichem der Halblelter wentens
26  courant d'excitatlon de direction sensiblement elnen Halbleljsr umfatt,
der ausgewihlt lst aus    perpendiculaire Ala rigion active etsensiblement
GaAs, GaAiA, GaInAs, InP, InGaPAS und ande-        parallele a Ia direction
de propagation du rayon- ren verwandten Gruppe-lil-V- und Grupp-hl-VI-
nement optique, Verbindungshalbleitern,  sine  Vlolzahl von
dens lequel ledit miroir anterieur comport. Schichten umrfatt, die elnen
aktiven Berslch (14)  30  unecouchede metal hautementriflichissantfd- 



enthalten, de4 optische Strahlung erzeugt, eonen   pose en une 6paisseur
autorisant la transmission rOckseltigen plegogl (12), der die Strahlung re-
d'un rayonnement optique a travers le miroir an- fleitiert, sineh
frontseltigen Spiegel (17) umfas-  terleur dana une direction
perpendiculalre Ala re- sen, der tellwelso die Strahlung In einerRichtung
glon active, ladite couche mteailique consistent senkrecht zu dim aktiven
Berelch reflektlert und   35  essentlellement en un mital s6lectionne dens
le tellwelse durchIAt, wobel der Frontaplegel aus     groups constitui de
l'argent et de l'aluminlum et eilnem Metail bestht, das elnen
nichtleglsrten     ayant une epaisseur de 5 A 50 nm. ohmschen Kontakt zu
dem Halbllterkorper aus- blidet und gloichzeitig ala Frontilektrode des La-
2. Laser selon la revendicatlon 1, dens lIquel laditb sers dient und mit
elner rflckieitigen Elektrode   4o  couche mitallique semi-transparentb
comprend (18) zum Anigin elnes Anregungsstroms ge-          de I'argent.
melnsam mit Iem Frontsplegel In elner Rich~ung, die Im wesenlichen
senkrecht zum aktiveo Be-   3. Laser selon la revendicatlon 2, dens loquel
ladite relch lst und 1m wesentlichen paraflel zur Rich-   couche d'Ag a une
6palsseur volsine de 40 nm. tung der Ausbreltung der optiechen Strahlung
Ist,  46 in wichem dor Frontapiegel elne Schici von     4. Laser selon la
revendIcatlon 1, dans loquol ledit hochreflektl sndem Metall umfalt, das i
we-        miroir posterieur est-un miroir riflichissant de sentlichen au
lnenm Metall besteht, des aysge-    Bragg A distribution muiticouche
comprenant de wahit ist aus uesr Gruppe, die aus Silber und Aiu-  10 a 40
paires de couches quarts-d'onde dindi- minium beseht, und 5 bis 10 nm dick
Ist   s0       ces de refraction diffirents dans chaque pairs. 18. Laser
nach Ayspruch 17,                        S. Laser solon la revendication 4,
dans lequel ladit. In welchem jas Frontsplegelmetall SlIber un-
riglon active comprend du GaAs et ledit mroir fast.
posterieur comprend des paires de couches 65      quarts-donde
suiectionnies dana legroupeAlAs 19. Laser nach Anspruch 18,
et GaAs et dans le group. AlAs et AIOO6GaosAe in weichem die Ag-Schicht
ungefAhr 40 nm dick [st.                                           6. Laser
solon la revendication 1, dans loquel une 8 1 11111 ll~l11111 DIDl 11 1111
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reflIchissante de Bragg A distribution   a 40 paires do couches
quarts-d'onde d'indlcos multicouche (BR) (21) comprenant 2 A 20 taires
de refraction differents dans chaque palm. de couches q arts-d'ondo
d'indices de r6friction differents a interieur de chaque pairs est nter-
13. Laser solon Ia revendicatlon 12, dans lequel ladi- posee entre I reglon
active et Is miroir ant rIeur.   s  to region active esat du GaAs et ledit
miroir poste- riour comprend des paires de couches quarts- 7. Laser solon
Ia revendication 6, dans lequel ladib   d'onde sleictionnees dans Is group.
AiAs et structure DBR comprend des palres de couches       GaAs et dans le
groups AlAs et Alo,"Gao."As. selectionnea dans ie groups AlAs et GaAs ou
dans le grouI   AlAs et AI*,oeGao,9As.     10  14. Laser salon la
revendlcatlon 9, dans lequel une structure reflechissantb de Bragg A
distribution 8. Laser A cavite verticale selon la revendication 1,
multlcouche (21) comprenant 2 A 20 paires de dans lequel lesdites couches
semiconductrices      couches quarts-d'onde d'indlces de refractlon sont
formees sur un substrat semi-conducteur       differents A l'int6rieur de
chaque paire est inter- par epitaxle par falsceaux molwculaires.   15
cal6e entre Ia reglon active d Is miroir anterieur. 9. Laser A Amission de
surface a cavitA verticale et  1S. Laser solon la revendicatlon 14, dans
lequel ladi- A semi-conducteur (10) dans loquel ledit semi-     to
structure DBR comprend des palrs de cou- conducteur comporte au moins un
semi-              ches salectionnees dana Is groups AiAs et GaAs
conducteur sAlectionnM dans le groups GaAs,  20    et danas legroups ALAs
et Ad0,0Ga0AS. GaAiAs, Gal As, InP, InGaPAs et d'autres leml- conductours
4pparentes de composes deagrou-     16. Laser salon la revendicatlon 9,
dans loquel lesdi- Ks     pes III-V et ll , plusiours couches etant 4dspo-
tea couches seml-conductrices sont torm6es aur sees par ord  croissant A
partir d'un au jtrat     ledlt substrat seml-conducteur par epitaxie par
semi-conduc ur (11);                       25      falsceaux moleculaires.
un ml Irpostirlsurrdfl6chissantde    28 A distribution Inulticouche DBR
(12) sur le hubs-  17. Laser A embsslon do surface a cavite verticale et 



trat;                                               a semi-conducteur (10)
dans lequel ledit semi- une region active (14) qui engendre un
conducteur comprend au molns un semi- rayonnement.optique, ladite reglon
active etant  30  conducteur selectonne parml GaAs, GaAiAs, confin~o entro
une premeire couche de confine-     GalnAs, InP, InGaPAs et d'autres
semiconduc- ment (13) et ups seconds oouche de confinement     tours
apparentes de oompos6s du groups III-V et (15);
du groups II-VI, plusleurs couches comprennent uno couche de contact
hautement dopee         une reglon active (14) qui engendre un rayonne-
(16), et                                   35      ment optique, un mirolr
postoreur (12) qul rMfle- un miroir antdrisur (17) comprenant une
chit ledit rayonnement, un miroir anterieur (17) couche de meti qul forme
un contact ohmlque        qui reflchlt partlellement et transrnet
partlelle- non aile avec ladite couche de contact et qul sort  ment ledit
rayonnement dans une direction per- en memo temps d'oectrode anterieure du
laser,      pendiculare A la riglon active, le miroir antbrdeur ladite
couche.id metal etantfaite d'un metal hau-  40  etantafltd'un metal
qulformeun contactohmlque tement rfltchlassant depose en une epalsseur
non alie6 avec le corps semi-conducteur et qul Ks     autorbsant la
transmission dudit rayonnemnet op-    sart en meme temps d'electrode
anterieure du la- tique A traver  le miroir anterlour dans une Plreoc-
ser, at une electrode posterieure (18) pour appil- tion porpondiqulalre a
la reglon active, ladite cou-  quer, en concordance avec le mirolr
anterieur, un che de meta consist nt essentlellement en un   45  courant
Coxcitatlon do direction sensiblemont metal selecti nne dans le group.
constKt  ded      perpendlculaire A la rhglon activo et de direction
I'argent et de 'aluminium et ayant une opal seur   sensiblement paralloale
A collo de la propagation de 5 A 50 nm
du rayonnement optique, I                    danas  lquol  lodit miroir
antrleur 10. Laser selon I. revendicatlon 9, dans lequdl ledit  80
oomprend une couche de metal hautement refle- motal est de lIargent.
chissant consistent essentiellement en un metal solectionno dans le groups
constitue de I'argent 11. Laser solon I4 revendication 10, dans Iequel
ladi-  et de l'aluminium et ayant une bpalsseur de 5 a to couche d'Af a une
Apalsseurvolsine de 40 nm.    50 nm. 55 12. Laser solon Ia revendlcatlon 9,
dans lequel ledit  18. Laser solon l rovendlcatlon 17, dans lequel ledit
miroir postireur est un miroir rbflechissant de    metal du miroir
anterieur comprend de I'argent. Bragg A distribution multicouche comprenant
10 9 11111111 111111 111111111111111 ,
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18 19. Laser solon l revendlication 18, dans leclu` ladl- to couche d'A  a
une 6palsseurvoisine de  nm. 20. Laser a caviti verticale selon la
revendicatkan 17, dans loquel I scltes couches semioonductrices   5 sont
forrn6es sur un substrat semi-conducteur (11) par 6pitapde par faisceaux
mol6culasres. 10 15 20 I                       j       25 30 35 40 45 50 56
10    


