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laser diodes fabricated from II-VI semiconductor
materials. These devices emit coherent radiation at
490 nm in the blue-green portion of the spectrum. They
are disclosed generally in Haase et al. article, Short
wWwavelength II-VI Laser Diodes, Conference Proceedings
for Gallium Arsenide and Related Compounds, 1951
Institute of Physics Conference Series, No. 150, PP 9-
l6.

The.light-generating (active) layers in the above-

described laser diodes include strained €d,Zn;_,Se
single quantum wells grown by conventional molecular
beam epitaxy (MBE) techniques. Unfortunately, the
composition and thickness of the random CdZnSe alloy is
difficult to control by this process. Lumlnescence
efficiency is- also relatively poor. These
characteristics limit the overall eff1c1ency of the
dev1ces.

It is evident that there is a continuing need for
improved laser diodes. For wide spread commercial
viability, the deVices must be capable of efficiently
generating high intensity beams of light at room
temperatures. Fabrication techniques for laser'diodes-
having these characteristics are also needed.

SUMMARY OF THE INVENTION

The present invention is an improved method for -
operating a molecular beam epitaxy (MBE) system of the
type having a chamber and sources of at least one group
II and at least one group VI elements to grow a quantum
well active layer on a semiconductor body fof a II-VI

The |ight-generating (active) |ayers
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: one embodiment, the substrate and previously grown
layers of the device are heated to a temperature of
10 about 150°C, while €4, Zn and Se are injected
alternately into the chamber to produce a laser diode
active layer including a CdSe/ZnSe short-period
strained-layer superlattice (SPSLS) quantum well layer
described by the notation [(CdSe),(ZnSe);]3. ‘Prototypes
15 of laser diodes fabricated through the use of this
technique exhibit greater room temperature
photoluminescence and electroluminescence intensities
than those described in the Background of the Invention
section, yet operate at lower threshold currents.

20

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a cross sectional view (not to scale)

illustrating the structure of a II-VI semiconductor
laser diode in accordance with the present invention.

25 Figure 2 is a graph illustrating the product of
the loss coefficient (a) and the full width at half
maximum-(FWHM) intensity of the optical mode as a .
function of the thickness of the 1ight-guiding layers,
for laser diodes of the type shown in Figure 1.

30 Figure 3 is an illustration of a molecular beam
epitaxy (MBE) system that can be used to fabricate
laser diodes in accordance with the present invention.

Figure 4 is a detailed cross sectional view of the
quantum well layer shown in Figure 1. '

35 Figure 5 is a graph of the shutter sequénce by
which the MBE system, shown in Figure 3, is operated to
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strained-layer superlattice (SPSLS) quantum well layer
12 "surrounded by a ZnSe pn junction formed by n-type
15 ZnSe light-guiding layer 14 and p-type ZnSe light-
guiding layer 16. As described in greater detail
below, quantum well layer 12 is a high efficiency
active layer grown by atomic layer epitaxy (ALE) and/or
migration enhanced epitaxy (MEE). Laser diode 10 is
20 fabricated on an n-type GaAs substrate 18 and includes
an n-type ZnSe ohmic contact iayer 19 between'the
substrate and guiding layer 14. A p-type ZnSe ohmic
contact layer 20 overlays p-type guiding layer 16. A
polyimide insulating layer 22 covers the surface of
25 ohmic contact layer 20 opposite light-guiding layer 16.
Electrical contact to p-type ohmic contact layer
20 is made by Au electrode 24, which is formed in an
open stripe in insulating layer 22. A thin Ti layer 26
and a final Au layer 28 are applied over insulating
30 layer 22 to facilitate lead bonding. Electrical
contact to the lower side of laser diode 10 is made by
an In electrode 30 on the surface of substrate 18
opposite n-type ohmic contact layer 19.
Light-guiding layer 14 and contact layer 19 are -
35 both doped n-type with Cl in prototypes of laser diode
~ 10. Light-guiding layer 16 and ohmic contact layer 20
are doped p-type with N in these prototypes. The net
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- 3- fabricate the active |layer of |aser diodes in accordance with

the present invention. " Figure 6 is a high resolution transm ssion
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di ode ' fabricated in accordance with the = 4pTesent invention.

CETA LED PBSRUPTLCN, Ch fHE CEPCED FIEOUENTS 3 g dlgoPound

accordance witbayert 4 Ascdeped deciot’ca™?| | whilat tHegapper ljight-

Cuper atti co. (SRLLE ARvRRTARCEE BB I E B andldTTC S o

junction for medohgentrapdonsofn 3x10 Tﬁyid@hgiCaqentactahay§ISyﬂe ZnSe

oS oo 1458, 08 Bonl BRSPS 0 B0

| ayer epitaxy theppraketype devices. The lower contact layer 19 is
doped n-type to a net donor concentration of 1x1018cm™3.
The upper contact layer 20 is doped p~type to a net
acceptor concentration of 1x1018cm™3.

10 Light generated in quahtum well active layer 12 is
guided within light-guiding layers 14 and 16, clad only
by the GaAs substrate 18 and the Au electrode 24. Good
optical confinement and sufficiently low loss, are
obtained in laser diode 10 without the need for II-VI

15 semiconductor cladding layers. Computer modeling is
used to select appropriate thicknesses for light-
guiding layers 14 and 16. This modeling approach takes
into account the ZnSe waveguide formed by light-guiding
layers 14 and 16, as well as the complex indices of

20 refraction of GaAs substrate 18 and Au electrode 24.
Modeling methods of this type are generally known and
disclosed, for example, in M.R. Ramdas et al., Anaiysis
of Absorbing and Leaky Planar Wavegquides: A Novel
Method, Optics Letters, Vol. 14, p. 376 (1989) and the

- 25 references cited therein.

Figure 2 is a graph illustrating the product of
the loss coefficient (a) and the full width at half
maximum intensity (FWHM) of the desired optical mode
(TE polarized for the prototypes described herein) as a

30 function of the thickness of the ZnSe layers 14 and 16
(Fig; 1) .- To minimize the threshold current density of
the device, this product should be minimized. Using
this design criterion and the information shown in
Figure 2, the thickness of the waveguide (i.e., the

35 combined thicknesses of light-guiding layers 14 and 16)
is approximately 3.5 um in the prototype laser diode
10. In this embodiment, n-type light-guiding layer 14
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Li ght -guiding [ayer 16 and ohm c contact, |ayer 20 are’ doped p-type with
N in these proPEesgase tfe neglected during the design procedure - 4-

donor concentr geseribedVabove.he THabty |sulffests diligt total waveguide
thicknesses less than 2.0 um result in excessive
10 absorption losses in substrate 18 and electrode 24. At
a thickness of 2.5 um, the substrate and electrode
absorption losses are 11.7 cm™l. On the other hand, the
FWHM of the optical mode is found to be almost exactly
half of the waveguide thickness. Therefore, for
15 thicknesses greater than about 6 um the optical
confinement is so poor that the single quantum well
layer 12 cannot practically supply enough gain to
overcome the losses. The maximum modal gain is
inversely proportional to the FWHM of the waveguide
20 mode. For a waveguide that is 6 um thick, the FWHM is
about 3 pm, and the modal gain from a single quantum
well can be estimated to be 12 cm™. See, e.g., N.K.
Dutta, Applied Physics Letters, vol. 53, p. 72 (Nov.
1982). '

25 Figure 3 is an illustration of a molecular beam
epitaxy (MBE) system used to fabricate the prototypes
of laser diode 10 described above. The MBE system
includes a chamber 54 with a high energy electron gun
58, a phosphorus screen 60, a substrate heater 90 and a

30 flux monitor 62. MBE chambers such as 54 are generally
known and commercially available.

Prototypes of laser diode 10 are fabricated on Si-
doped N*-type GaAs substrates 18 having a (100) crystal
orientation. Substrates of this type are commercially

'35 available. Substrate 12 is cleaned and prepared using
conventional or otherwise known techniques, and mounted
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density of Beam Epitaxy Growth of ZnSe Using a Cracked Sélenium
15 Source, J. Vac. Sci chnol., B8, 181 (1990). cCl1
effusion cell 78 which utilizes ZnCl, source material
provides the Cl n-type dopant. The p-type dopant is
provided by N free-radical source 80. Free-radical

source 80 is connected to a source 86 of ultra-pure N,
20 through leak-valve 88. The free-radical source 80 used
in the fabrication of laser diodes 10 is commercially
available from Oxford Applied Research Ltd. of
Oxfordshire, England (Model No. MPD21). The beaﬁ exit
pPlate at the end of the source is made of pyrolyric
25 boron nitride (PBN) and has nine 0.2 mm diameter holes
through it. This source is mounted on a standard port
for an effusion cell through a 10" extension tube. N,
source 86 used to fabricate laser diodes 10 is of
research purity grade. The pressure at the inlet of
30 the leak-valve of source 86 is 5 psiQ
MBE chamber 54 is operated in a manner described
in the Cheng et al. article Growth of p- and n-type
ZnSe by Molecular Beam Epitaxy, J. Crystal Growth 95, .
512 (1989) using the Seg source 79 as the source of Se
35 to grow the n-type contact and light-guiding layers 19
and 14, respectively, of the prototype laser diode 10.
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wavegui de (i.e., the 35 conbined thicknesses_of Ilght guiding |l ayers 14 and
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10 monolayers of Cd and Se between a pair of adjacent
monolayers of Zn and Se. This structure can be
described generally by the following notation:

[(cdSe),(2nSe), ], :
15 _where: m, n and p are integers.

In the embodiment illustrated in Figure 4, m=1, n=2,
and p=1. In other embodiments (not shown) m=1, n=1-5
and p=1-5. The equivalent Cd concentration in quantum

20 well layer 12 is determined by the ratio of the number
of CdSe layers to the total number of layers (including
both ZnSe and CdSe) in the quantum well layer. Total
thickness of quantum well layer 12 is given by the

_ number of monolayers grown times the thickness of each

25 monolayer. Figure 6 is a high resolution transmission
electron micrograph analysis of a cross section of a
prototype laser diode 10 having a SPSLS quantum well
with a period (p) equal to 6, clearly represénting the
monolayer structure of the quantum well.

30 Control over the composition and thickness of the
Cd, Zn and Se monolayers of quantum well layer 12 are
accurately achieved by ALE and/or MEE. Through use of
these techniques, monolayer growth is controlled
primarily by the sequence and timing by which the

35 shutters (not separately shown) of the C€d, Zn and Se |
effusion cells 76, 70, and 72, respectively, are opened
and closed. A portion of the effusion cell shutter
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cracked Se (Se,) effusion cell 76. The shutter
10 sequence begins with the Se shutter open. The Se
shutter is closed after depositing at least one
monolayer (about 5 seconds). ‘The Zn shutter is then
opened after a slight delay (about 2 seconds)  to allow
excess Se to evaporate. Next, the Zn shutter is closed
15 after depositinq at least one monolayer of Zn (about 4
‘seconds). A slight delay (about 1 second) is included
between the closing of the Zn shutter and the reopening
of the Se shutter to.alloﬁ time for the evaporation of
. any excess Zn. Growth continues by alternately opening
20 and closing the shutters to sequentially deposit
overlaying layers of Cd, Se and Zn. The Cd shutter is
opened for about 4 seconds, followed by a delay of
about 1 second before the Se shutter is reopened. The
sequence beginning with the open Se shutter is then
25 repeated to complete quantum well layer 12. Other
operating parameters of MBE chamber 54 used to produce
the quantum well layer 12 of the prototype laser diodes
10 are as follows: . _
Cd beam equivalent pressure: 1.0 x 10”7 Torr *
30 Zn beam equivalent pressure: 1.0 X 107 Torr *
Se cracking zone temperature: 600°C *
Se bulk evaporator temperature: 250°C #* _
* parameters dependent upon specific MBE system '
configuration and plasma source '

35
Prototype laser diodes 10 having SPSLS quantum

well layers 12 grown'in the manner described above at
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Seg source 79 to grow the p-type llght—guldlng layer
15 16.

Low resistivity p-type ZnSe ohmic contact layer 20
has been achieved by growing the contact layer at low
temperature within MBE chamber 54 utilizing the cracked
Se source 72 (i.e., cracking zone 82 and evaporator

20 84), while at the same time doping the semiconductor
material of the contact layer p-type in accordance with
the disclosure in Park et al., P-Type ZnSe by Nitrogen
Atom Beam Doping During Molecular Beam Epitaxial
Growth, Appl. Phys. Lett. 57 (20) 12 November 1990.

25 The low temperature growth technique used to produce
the contact layer 20 of the prototype laser diode 10 is
described generally in the Cheng et al. article Low
Temperature Growth of ZnSe By Molecular Beam Epitaxy
Using Cracked Sélenium; Appl. Phys. Lett. (Feb. 1990).

30 The semiconductor body with léyers 19, 14, 12, and 16
on substrate 18 is heated to a temperature less than
250°C but high enough to promote crystalline growth of
the ZnSe doped with the N p-type dopants to a net
acceptor concentration of at least 1x10'7cm™3. A net

35 acceptor concentration of 1x1028cm™3 was achieved in the
ohmic contact layer 20 of prototype laser diodes 10,
when grown at a substrate temperature of about 150°C.
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over?aylng sYn Qﬁkﬁrﬁﬁmﬁﬁﬁé tures doynp o ag gﬁﬁﬁ A’ of cd, zn

Ia:nd Se. 4A flet ?E}&éﬁ |6p6:§édﬁin@rparaﬂétéﬁ§nbﬂnm| bhhﬂlbei' sla used@on lnt 1o
I gure n IS | i ncl-u acen
rm%ol ayers o? @}'%35% ‘SE‘E*F& gﬁﬁ?ﬁlc f ﬁlﬁfﬁcgﬁt or! REnBF2 ?r&i&'l’ Zn and

Se. This structlaseralidides 10carei Kedfgthowst!y by the foll owi ng notation: -
((CdSe)m(ZnSe) a][err]

Zn beam equivalent pressure: 1.0x10”7 Torr *
Se cracking zone temperature: 600°C *

10 Se bulk evaporator temperature: 250°C *
Growth rate: ‘0.3-0.6 ugm/hr
Surface reconstruction: Zn-stabilized
Nitrbgen pressure in chamber: >3.5x10”7 Torr#*
rf power: - 150-250 W =*

15 * pafameters dependent upon specific MBE system
configuration

Following tﬁe deposition of contact layer 20, the

as yet incomplete laser diode 10 is removed from MBE

.20 chamber 54. Electrode 24 includes Au which is vacuum
evaporated onto contact layer 20 and patterned into a
stripe (typically about 20 um wide) using conventional
photolithography and lift-off. An insulating layer 22
is then applied over electrode 24 and the exposed

25 surface of contact layer 20. For an insulator that can
be applied at low temperatures, polyimide photoresist
is preferred. Probimide 408 from ciba-Geigy'0orp. was
used to produce the prototype laser diodes 10. A
stripe (about 20 pgm wide) of the polyimide layer 22

30 directly above electrode 24 is removed by UV exposure
through a photomask and development using the
manufacturer’s recommended processing recipe, except
for the post-development cure. To cure the developed'
polyimide, the device was flood exposed to 1 J/cm? of

35 UV light from a mask aligner, and baked at 125°C on a
hot plate in air for 3 minutes. Ti-Au layer 26 was
then evaporated on the exposed surface of the Au



15 - where: " m n and p are integers. In the enbodi nent
illustrated in Figure 4, n¥l, n=2, -and p=1. In other enbodi nents (not
shown) mel, n=1-5 and p=1-5. The equival ent Cd concentration in quantum
20 well layer 12 is determned by the ratijg of the number of CdSe | ayers
to the total nunber of layers (incl.uding both ZnSe and CdSe) in the

?Eantum anl' Ia};eea:rslaream aﬁ&iﬁ%@ﬁﬁﬁd& mygﬁﬁmvmlfdfn@yﬁtr:]a%imearen by
e nunber nol ayers gqrown S ickness af e mpnol ayer .
Figure 6 is a ﬁPBgRPQSOI %eo%r”c r“[ﬁ%dmr%ﬁ B&PE syps] _?‘b‘?\%ﬁ%‘?ﬁ@?aﬁ\sgnal ysi's
of a cross secsegwedf as elegtxiode/ 30 |ars esubitarkete Qlavi Oppes BB&S &ngsant um
Structure of (RE SHASKiRS vers blsaved Hidhd SELEF bides o, £olRT0 2"
t hi cknesis of th_ﬁace:i: sdrrorsand The fiacets oerefcopted itk a tatal of are
accurately ac afte ,@%}‘ t eciig ques,
nonol ayer gro ﬁﬁ?sa?%ﬁ?'rngtﬁgg Yu pri n%}ﬁy yﬁ?ﬁ és%%%]é%cée]f:l%%f%i m ng by
whi ch the 35 sknfeecte providea A0 reflaghivityne Cavity lepgth of

ef fusi on cell s¢h@, pFototype’ GevikEX Gl i Yabdit® 106065, Bases! 0sed. A

portion of the _effusion CeEll shutter ] .
diodes 10 were then bonded p-side up to ceramic sample

10 holders with silver~filled epoxy.

Laser diodes 10 in accordance with the present
invention offer considerable advantages. The ALE/MEE
techniques for growing the quantum well layer enables
better composition control, better control of ' the

15 quantum well thickness and luminescence efficiency than
random alloy gquantum wells grown by conventional MBE. |
These characteristics are evidenced by increased room
temperature photoluminescence and electroluminescence
intensities, and lower laser threshold currents.

20 Although the room temperature threshold currents in
these prototype devices (as low as 1030 A/cm3) are not
as low as in devices with cladding layers, these
devices offer the advantages of simpler construction
and lower operatihg voltages (about 13 V).

25 The embodiments described above include light
guiding layers that are not lattice matched to the
substrate. It is anticipated that increased device
lifetime and improved performance will be exhibited by
devices in which the lattice parameters of the light

30 guiding layers are matched to that of the substrate.
The first and second light guiding layer may include
ZnSg. 0e5€0.94 OF Cd°.43Zn6.5-,S on GaAs substrates or ZnSe
light guiding layers on Ing o,Gag ggAS Or Ing g,Gag 4sP
substrates. The light guiding layers may also be

35 comprised of ZnS,Se;._,, CAd,Zn;_,S, ZnS;_,Te,, Zn;_,Cd.Se,
Zn;_,Mg,S,Se;_, or Cdenl,x_yMgYs layers lattice matched
to substrates such as GaAs, AlAs, GaP, Al,Ga;_,As,



-8 - - . sequence used to grow the quantumwel| |ayer 12 illustrated in

Figure 4 is shown in Figure 5. A characteristic delay tine is introduced
bet ween t he sequential pul ses of the reactant species to allow for 5 the
reevaporation of excess reactant. = XRorotype | aser di odes 10

i ncl udi ng SPSLS quantun1 wel | rs such as that shomn in Figure 4 have
been grown &KNxGA1pehfr uFEsAEi—x’Eé)[ FiGB1a88 r uEPaBlihe t AR -xfx s

cracked Se (Se[;ﬁ-{x A $ff cﬂxc;a76 TRE !Ephlzﬁsaé 3P SRS es,begi ns with
the Se shutter open tm E bg % p03| i n east
ANaSgs the BLesantSiREAIEToR ek, Pan dasik lied, oot

one nonol ayer (a
a slight del ay «ittho wteferenceds) , preférrad embadémenss,t dmasqocslanaed\lext

(about 4 BocghdE B VLT 'hooghiap it bnali33h RaG, B AEC P! 21
bet ween t he cl dsimy and tdn,tiixl swithout adepantingosmmnghe sofirtiltea&si :
shutter to all %‘;ﬁ] at eif Xnd hfm?é!ﬁ%égh'dogfffex ?E& ‘Ee§§ @zpe@% h

continues by alt y, openi ng osi n utfers
sequential |y défwh ithe "Ywentiye congeptsons tsefahmznter@e(:d shutter
i's opened f groditiype ﬁ@g@ﬁcbloaeélamsélsgea ﬁakélnoare welQUisuli terond

Se shuttor 18 fq%ﬁ?ﬁg SRR Ob SBnERerE GUHEanPREh A BEE sotddR.
oper ating par angiysrs endfdr cdaddibng S¥ayees foofir adwide variety of
other II-VI semiconductors and alloys. These include
ZnSe, ZnTe, ZnSeTe, CdS, CdZnSeTe, MgZnSe, CdZnS, ZnSTe
and CdzZnTe. f
15



the quantumwel | |ayer 12 of the prototype |aser diodﬁﬁ____lg_éLﬁyégg__
foll ows: Cd beam equi val ent pressure: 1.0 x 10[err] Torr

Zn beam equi val ent pressure: 1.0 x 10[err] Torr * zone
tenperature: 600[err]C -Se bul k evddorat or termmmmmlmmwmrl C*

* paraneters dependent upon specifi.c MBE system . Contiglirati on and
pl asma source WHAT IS CLAEMEDLtASse | aser di odes 10 having SPSLS quant um
mgll Iayers[12 grown in the manner described above at ' _
- 9- 150[err]C have exhi bited. the highest, quantuny ef fici enc

However , quantumwe . te&m 1“9&& tﬁﬁ.ecuil,@ﬂgpé ers grown
at t'emﬂeratureé s? dystidy thavi i‘ab:mmbgpodndheoarcesi ofi at.
Accept abl e 5 eri

SPSLS quant zﬁéﬁﬁhﬂﬁé een d%ﬂié%ga e$§ h°n£aé§5§8w?%rr]c It

is also antici aabﬁdm:ha:to dprow a6 Quzammgn we:blbsac*aﬁre Tayexrconrasti cs can be
g[i)g\rmat gé }tﬁﬁgeﬁ&%ure%&_& aq%zsadw%}é&%@éi} Grovh layelBFatPifgetna?t |s
: fabrication of a II-VI compound semiconductor
electroluminescent device, including:

;0  heating the substrate and previously grown layers
of the II-VI semiconductor device in the MBE
chamber;

injecting alternately the group II and group VI
" elements into the MBE chamber; and '

15 growing a quantum well layer including at least
two overlaying monolayers of the group II and
group VI elements. '

2. The method according to claim 1 wherein the
20 MBE system includes sources of Cd, Zn and Se elements,
and: _ |
injecting the elements’ includes injecting
alternately the Cd, Zn and Se elements; and
growing the quantum well layer includes growing a
25 short-period strained-layer superlattice
(SPSLS) including overlaying monolayers of
Ccd, Zn and Se in a form described by the
notation [(CdSe)m(ZnSe)n]p wherein m, n and p
are integers.

30 .
3. The method according to claim 1 wherein the
MBE system includes sources of Zn, Te and Se elements,
and:
injecting the elements includes injecting .
35 alternately the Zn, Te and Se elements; and

growing the SPSLS quantum well layer. includes
growing overlaying monolayers of Zn, Te, and



in the-Park'et al. article, P-Type ZnSe by N trogen At om Beéam Dopimng
During Mol ecul ar Beam Epitaxial =~ G owh, Appl.

(1990), using the Se6 source 79 to grow the p- tyiﬂll"mﬂ lm lﬂ m, ayer
15 16. Low resistivity p-type ZnSe_ohnic cont'act | ayer

been achi eved by grow ng the contact Iayer1 |OM/ tenperature mnthln VBE
chanber 54 utilizing the ¢ragked Se sourc ., .cra zone 82
and evaporator 20 84), $?e§§t a; ﬁgrgaﬁgspir ES’ ﬁﬂdn oé'ré’a'?:‘c‘?*ﬂductor
material of the contact |pysnTe)jyPnsSeh, agcwmdbﬂcn,mnthnd ptareedi scl osure
in Park et al., P-Type anﬁtgy &%trogen At om Beam Dopi ng Duri ng

Mol ecul ar Beam Epi t axi al A, Appl. Phys. Lett. 57 (20) 12 Novenber
1990. 25 The |low tenperature growth technique used to produce '~ the

cont act 1,2ve6 20 of 4he, PiRLORLPRh?3EEaTdG 1 ey oflegeliied d5pofal Y

in the Cheng et al. artlc ul ar

Beam Epi t axy Wmﬂﬁn grewing sthenSEFLSAgpRntom welledayer-daicludeg . 30

The sem conducteyFowprly éhla?ggrgolﬁ =14~312pn and-S6and PP=subgrate 18 is
heated to a tenperature | ess Than 250][ err]C but hi gh enough to pronote
crystalline gromh of ° the ZnSe doped with the N p-type dopants to.a net

acceptor concentrati®n of Thé methbdlatcbeaihgniter any S elaimsacred o1

ayer 20 of Jr STEHER 1ERP Il e "SRsES AR aled L, Aoyl MRS

t enper at ure ongnuinQSEQerﬁfar som=1, n=2and p = 3.

6. The method according to any of claims 1 to 5
wherein heating the substrate and previously grown -
15 layers of the device includes heating the substrate and
previously grown layers to a temperature less than or
equal to about 200°C.

7. The method according to any of claims 1 to 6
20 wherein heating the substrate and previously grown
layers of the device includes heating the substrate and
previously grown layers to a temperature less than or
equal to about 190°C.

25 8. The method according to any of claims 1 to 7 -
wherein heating the substrate and previously grown
layers of the device includes heating the substrate and
previously grown layers to a temperature less than or
equal to about 170°C.

30 :

9. The method according to any of claims 1 to 8
wherein heating the substrate and previously grown
layers of the device includes heating the substrate and
previously grown layers to a temperature less than or

35 equal to about 150°C.



- 10 - - However, it is anticipated that ohmc conta W t h
accept abl e characteristics can be achi eved at otheri ! ﬂmﬁ tes
down to at |east 130[err]C Ot her operating paraneteh . 54

used to 5 produce the ohm c contact |aygra£0_of the prototype | aser

di odes 10 are as foll ows: - Zn beam equi val ent pressure:
1.0x10[err] Torr * . - i e : %gyaéﬁ C*
10 Se bul k eé/hapltﬁ at oﬁltgemg?g%ﬁrgoaa%ggﬁerr%#&a in ac owt éJr ate:
0.3-0.6 [err] m4kth the method accerding: taccilaims 1 to 9.  zn.stabilized
Ni trogen pressure in chanber: >3.5x10[err] Torr* rf power:
150- 250 W* 15 * paraneters dependent upon specific MBE system
configuration Fol l owi ng the deposition of contact |ayer 20, the

as yet inconplete |aser diode 10 is renoved from MBE 20 chanber 54.
El ectrode 24 includes Au whi.ch is vacuum evapor ated onto caontact .l ayer
20 and patterned into a



stripe- (typrcally about 20 [err]nrmnde) usrng conventron-
phot ol i t hography and lift-off. An |nsuiat|ng |.ayer 22

over el ectrode 24 and the exposed 25 sufface of cont act
i nsul ator that can be applied at Iomrfeﬁﬁe?atures te—F
I's preferred Probi m de 408 froq ' .o Used to produce
the prototype | aser di odes 10.%% = FHet bt o—1err | mw de) of the
polyi mi de layer 22 30 directly above electrode 24 i.s renoved by UV exposure

t hrough a photonask‘ﬁqg ?ﬁg&l?ggepkiﬂgoggog veﬁoggﬁﬂt Curw&eﬁ§iﬁemonnended

processing recipe, exce re the

devel oped p(ﬂl}dm{iemlgnétﬂem eshancefl epd taxyoMER)o to gray digh of 35
W light frog aef@fc‘.‘i?ﬁbg“&ﬁanﬁﬂﬁl %&iﬁ ah §339101 &sh Yady 2t eppd ai r

for 3 mnutes. Ti-Au en evapaorate e exposed surface
of the Au substrater and; pyevigusay sspyrhﬂaaewgyaf Xhe Jasey |jtate

| ead- bondi ngj odécareé Hé&ﬂeaotoNEEtéh\B&'&%thbQ%@éQ:h@rﬁ‘br e@ﬁﬂ/% as
el ectrode 30 on substrate g CRposrte ends of the device mere e;ved
al ong (110) pl ARRU%E 2007¢, in an MBE chamber. Sources of Cd, 2
' Se are injected alternately into the chamber to grow a
10 short-period strained-layer superlattice (SPSLS)
quantum well layer including overlaying monolayers of
Ccd, Zn and Se. The quantum well layer is described by

the notation [(CdSe)m(ZnSe)n]p where m, n and p are

integers.
15
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5 facet mrrors. The facets were coated W|th a total of
quarter wavel ength stacks of MF[err}isand: :.ZnSe to pro
reflectivity. Cavity |l ength of the" prot otype devi ces
[err]m Laser di odes 10 were then bond p-side up to
hol ders with silver-filled epoxy. ?}faser di odes
with the present i nvention of fer/ consi abl e advant a

four alternating
vide a 90%
10 i s about 1000

‘ceram ¢ sanpl 3910

t echni ques for [ ayelAuanabl es

10 in accor
et t er c'orrp05| t| on

ges28The
and22um nescence

brfvent i onal  MBE.

control, tter upt ti-cRIEssS

efficien than INS@'[‘_WNNG oy QUIRILUTT Ve I I s[_(AYiErR by c

These char act sttrcsS—are—TvTrgerce e
NTACT | LAYRRL

phot ol umi negzen e arfd -el ¥BE odnbeae ti esp—and

terrpe?@t ureI aser

t hreshol d currepts. 20 Although the roomtenperature thr
t hese prototypejdevices (as |ow as 1030 A/cnB) are not

devices with cl §dding | ayers, these devices offer thela
si npl er constru ti on and | ower operating voltages (ab
The enbodi nents e N

not lattice mat hed M mgubmﬂrf qulyaan%?gg?
devi ce lifetifnme and i nproved performance will be exhi
in which the | afftice paraneters of the |ight 30 guiding
to that of the gubstrate. The fi rst- and second Iight

bshol d currents in
as lLow as in

tages of
but Vlg :

| ayers that are
bd t hat increased
Di t ed by devi ces
ayers are matched
gui ding | ayer may

i ncl ude Zng[ ¢ 4 . on GaAs substrates
or ZnSe 12t PSICS I@ANI’M[ [ err]As or
Inferr].[err]GfferTi—{erriP sSupstrates. Tne T1Tgnt gul fil ng | ayers nay
al so be .
N-TYPE ZnSe LIGHT - GUIDING LAYER
- 14
19— N i TYPE ZnSe CONTACT LAYER
'N-TYPE GaAs SUBSTRATE
: — 18

In ELECTRODE

FIG. 1



35 conprised of ZnS[err]Se[err]-x, Cd[err]Zn[err]-[err]S,
ZnS[err]-[err]Te[err], Zn[err]-x-Cd[err] Se, Zn[err]-[err]Mferr]S
Se[err]-[err] or Cd[err]Zn[err]-[err]-[err]S S layers lattice natched to
substrates such as GaAs, Al As, GP, Al xGerr]-[err]As,

- 12 - - Inf[err]Ga[err]-[err]AS, InferrJAl[err]-[err]As, .
Inf[err]Ga[err]-[err]P, In [ersPAl err]-[e , GaAs[err]-xP[err],
Inf[err]Ga[err]-x-AlyAs; In[err rtt]-x-y Al[err]P, ZnSe or
Zn[err]-[err]Cd[err]S. tyqough the present invention has been

descri bed with referenee tggpefrred enbodi nents, those skilled 5 in
the-art will recognize tiit chandes\may be nmade in form and det ai
wi t hout departing fromthespiritf and scope of the invention. For
exanple, it is expected ¥ t#& [Thelinventive concepts used to fabricate

sed herein are well suited 10 to the
LEAMEE active - |ayers and/or guiding

the - prototype | aser diegdes di
fabrication of |aser diod
i

| ayers froma w de variety»o other 11-VI sem conductors and al |l oys.
These incl ude ZnSe, ZMile, Zn3eTe, \CdS, CdzZnSeTe, MyZnSe, CdzZnS, ZnSTe
and CdzZnTe. 15 X 30

20 °
1.0 20 3.0 4.0 5.0 6.0 7.0

 THICKNESS OF ZnSe (um
FIG. 2 - (um)




VWHAT IS CLAt MED | S: 1. A method for operating a nol ecul ar beam
epi taxy (MBE) system having a chanber and sources of at 5 | east one group

Il elenent and at | east one group VI el enent to grow a quantum wel |
active |ayer on a substrate and acrg previously grown |ayers during the
fabri-cation of a |-Vl conpound sem ctor el ectrol um nescent devi ce,
I ncl udi ng: 10 heating the substrate and previ ously grown | ayers

of the Il-VI sem conduct ¢qr dew chanber;

el emants into

injecting alternately thj group I
| a}@& including at -

t he--MBE chanber; and 15 ¢ o TYBE quantum

| east : tvvooerla of th up 11
group VI el enents.- . ﬁ& _[er’%E (';Kgccord g to ¢lajm 1 wherein
the 20 MBE system i ncl udgs so %E f Cd,Zn and Selel enents, and:

injecting the elements ifcludes injecting \

Zn MONOLAYER
Se MONOLAYER

. ' > 12
Cd MONOLAYER |
Se MONOLAYER
Zn MONOLAYER

Se MONOLAYER y
N - TYPE 1
LIGHT-GUIDING |
LAYER

FIG. 4

B N

+

@)
T
- 3 m I

t (sec.)

FIG. 5



alternatel y“the Cd, Zn and Se elehents; and grow ng the quant um

wel | layer includes grow ng a 25 short-period strained-I|ayer
superlattice - (SPSLS) including overlaying nonol ayers of

Cd, Zn.and Se in a form described by the not at i on

[ (CdSe) m(ZnSe)n][err] wherein m n and p are integers. 30

3. The nethod according to claim1l whe t he MBE system i ncl udes .
sources of Zn, Te and Se el enents, and: . injecting the el enents

i ncludes injecting 35 alternately the Zn, Te and Se el enents; and
grow:ng the SPSLS quantum wel | |ayer includes gr ow ng

overl ayi ng nonol a e, and '

yers of Zn,

T
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5 4. The method according to any of claims 1 to 3 \Aheréf'ﬂ”ﬁr oW ng

the SPSLS quantum wel | [ayer includes. grovm ng the layer so m= 1-3, n =
-5 and p = 1-5. 5. The method according to any of claims 1 to
4 10 wherein growing the SPSLS quantum wel |l |ayer includes . growing the

layer so m=1, n =2 and p = 3. - 17 6. The nmethod according to any

| ayers of the device i nEEgHESLARER | Sprevi ously grown
|l ayers to a tenperature IﬁEQWW }% F(Zg ABo[err]C.
7. The met hod according to ¥A 1Y & S erein heating the

substrate and previously grown | ayers of the device includes heating the
substrate and previ ously grovvn Iayers to a terrperature | ess than or
equal to about 190[err]C. R P THUEEND ng to any of

claims 1 to 7 wherei n heatd &tlf}ﬁoé'iﬁitr{sftﬁm l-D preV| ous

| ayers of the device |ncludes bstrate a
| ayers to a tenpandtan emliﬁljét#ﬂan q;}hanceéqlﬁp ?%bdé@ﬂ?dﬁ%rﬁre"

efficiency quantum wells in II-VI laser diodes.- The
5 substrate and previously grown layers of the laser diode
afe heated to a temperature less than or equal to about
200°C in an MBE chamber. Sources of Cd, Zn, and Se are
injected alternately into the chamber to grow a short-
period strained-layer superlattice (SPSLS) quantum well
10 layer including overlaying monolayers of Cd, Zn and Se.
The quantum well layer is described by the notation
[(CdSe)_(ZnSe),], where m, n and p are integers.

of clains.1 to 5 wherei n heati ng{ he substrate and gEew ously grown 15

grown

FIGURE 4
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9. _The nethod according to any of cI ains 1l to 8 wher ei n hpagsang t he

substFate and previously grown layers of the device includes heating the
substrate and previously grown |layers to a tenperature |less than or 35
equal .to about 150[err]C. . - 15- 10.

[1-1V | aser di odes manufactured in acc%dance wi th the nethod according to
clainms 1 to 9.

II-VI LASER DIODES WITH QUANTUM WELLS
GROWN BY ATOMIC LAYER EPITAXY AND
MIGRATION ENHANCED EPITAXY

ADSTRACT OF THE DISCLOSURE

A method for using atomic layer epitaxy (ALE)
and/or migration enhanced epitaxy (MEE) to grow high
efficiency quantum wells in II-VI laser diodes. The
5 substrate and previously grown layers of the laser diocde
are heated to a teniperature less than or equal to about
200°C in an MBE chamber. Sources of Cd, Zn, and Se are
injected alternately into the chamber to grow a short-
period strained-layer superlattice (SPSLS) quantum well
10 layer including overlaying monolayers of Cd, zZn and Se.
The quantum well layer is described by the notation

((CdSe),(ZnSe),], where m, n and p are integers.

FIGURE 4
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