“QLAIJVB 1. . A ll-VI conpound sem conductor | aser_diade (1n1wﬂ°f'?-ﬁ§’+yp§
including a plurality of layers of 11-VlI sem condyct orREB?«M:ﬁ@ §HEﬁTS G
junction, a quantumwell active layer (18) of II-\[] Sesizptoducegnd -wi-t HREEed e |
the pn Junctlon a sem conductor substrate (12) f mmp;a(mu ng; fmkie BPaSparaged..Et....

sides of the layers of I1-VI seniconductor to coupg ‘a&ls@@&m Q@hcdﬂnéﬁgy)p@ed ..........
the | aser diode; characterized by a first and a s g;w.qiﬂgﬂb@yg[_g __________________________ ‘

(14, 16) of 11-VI sem conductor mﬁﬁwExm SenmcoTTduTtoT
formng the pn junction, said g#an um we active

ayer being between said
.first and second guiding |ayers. 2. . . The laser diode of claim1 and
‘including: a first cladding |y S Arbk N IERV/ Y=Ya ox ctor of a first
conductivity type between the=Sth .- EERE oui di ng | ayer (14);

and a second5cl addi ng IaySemi.QQJ)detor Msenndmcnm géneraklyrknown
conductivity tyﬁ%@f@éﬂ@e%%éf 'e¥a éj' '1& Eﬁf&g‘i:egﬁ £f°§%é ﬂjﬁf&s

cl addi ng | ayer aser wherein f urallty

of layers df I10% mﬁmfe@ar q Qﬁileui eid-sPPe| §8arid2 &}Sﬁllzo)mf
I1-VI sem condugaeé, ofmést i 'Sémpereigilyi tavd iDepDe erldder S Ubbbdés e 42a);

and a second gu of I1- em conduct or of a second
conducti.vity tytgi’ﬁg%?géﬁefi'f’?‘sﬁrﬁﬁpdIIH:&'I mdt sepiqondictore andng
gui ding | ayas theirglléys sughira iGaAs 4nd AlGahs.| aFhesdi deeicéscémitn 3
and further inc | P03z .8 r | e tor
of the first COiﬁ%lghgl %Pt tLF i}'fg‘h?\%ge%g e suﬁfs?t%@i[o & f%\@hé %&8%

gui ding | ayer (e9); a;m_uagebengtbSammerayGBO( amd oﬁ.550 \nmeeni basenct or
of the second cgig4eti \df Y there types are used in a wide range of

applications such as communications, récording, sensing
15  and imaging systems.

Nonetheless, there are many applications for
which the wavelength of light generated by infrared and
red laser diodes is not suitable. Commercially viable
. laser diodes which emit radiation at shorter wavelengths,

20 for example' in the green and blue portions of the
spectrum (ie., at waveléngths between 590 and 430 nm)
would have widespread application. Shorter wavelength
laser diodes would also increase the performance and
capabilities of many systems which currently use infrared

25 and red laser diodes.

Wide band gap II-VI semiconductors and alloys,
and in particular 2nSe, have for many years been called
promising materials for the fabrication of blue and green
light emitting devices. 1In the 1960's, laser action was

. 30 demonstrated in several 1II-VI semiconductors using
electron~beam pumping techniques. Colak et al., Electron
Beam Pumped II-VI Lasers, J. Crystal Growth 72, 504
(1985) includes a review of this work. There have also
been more recent demonstrations of photopumped and

35 electron-beam pumped lasing action from epitaxial II-VI
semiconductor materials. See eg., Potts et al., Electron
Beam Pumped Lasing In ZnSe Grown By Molecular-Beam



opb@S|Pe the second guiding |ayer (16) fromthe first guiding |ayer (14).

5. The | aser diode of any of clains 1 to 4 and further including a
wavegui de ridge (35) in at |east one of the layers of I1-VI sem conductor.
6. The | aser diode of any of clains 1 to 5 wherein the active |ayer
(18) incltudes a quantumwell active |ayer_ gﬁ The | aser di ode of any of

clains 1 to 6 wherein the actlve | ayer (18)*includes a nultiple quant um

wek| active Iay r e Ofna rein
the active | ayerp(lf%ql népg’ge %c g% sél%?ﬁ i Hgﬁfisﬁﬁi 515%@1;]\’\/9&

di ode of any of I@sgrmsAgtiens I.nhei'ben alme-&inqem Fromr Qpthcaliy hé’umped

i ncludes cadmu Pznled) sé'}*ﬁﬁaasgﬁ.nanad Qantid Well skrutturdy | Appadi ng

at | east one p- F%EF Iayer of I'l-Vi sen1conductor do ed with &épe %pts
froma free rad S.sd8tta B3raPnet?26cEHIFP) coﬁE%
[err] 11. R TT-VI Gaytdontidittdr déwices | :ngi-eseédpll sdvezalokeyng

to any of clal 1 to 10 for ;ﬁiﬁ#;ﬁhf%fé'“”é%§e"EQénQEEELh“ theTR

and/ or green po
difflculties included: 1) the inability to produce low-

resistivity p-type 2ZnSe and related alloys; 2) the

inability to form device-guality ohmic contacts to p-type
10 2ZnSe and related alloys, and 3) the lack of a suitable

lattice-matched heterostructure material system.

Modern epitaxial growth techniques such as
molecular beam epitaxy (MBE) and metalorganic chemical
vapor deposition (MOCVD) are now used to fabricate device

15 qguality undoped and n-type ZnSe layers, typically on GaAs
substrates. The growth of low resistivity p-type ZnSe
using Li and N (NH,) as dopants has also been reported.
For some time it appeared that the upper 1limit of

. obtainable net acceptor concentrations (N,-N,) was about

20 10"cm®. Recently, however, significantly greater net
acceptor concentrations"have_ been achieved in 2ZnSe:N
grown by MBE using nitrogen free radicals produced by an
rf plasma source. See eg., Park et al., P-type ZnSe By
Nitrogen Atom Beam Doping During Molecular Beam Epitaxial

25 Growth, Appl. Phyé. Lett. 57, 2127 (1990). The largest
net acceptor concentration in ZnSe achieved through the
use of these techniques is 2x10Y%cm?. Using these
technologies, rudimentary blue light emitting diodes have
been reported by several laboratories. See eg., the Park

30 et al. Appl. Phys. Lett. article referred to immediately
above.

Of the wide band gap II-VI semiconductor
systems that are reasonably well developed, ie., ZnSeTe,
CdZnSe, ZnsSSe and <€dZnS, only <€dZnS-ZnSe offers a

35 lattice-matched system. Unfortunately, this system
offers only a very small band gap difference (aboﬁt 0.05
eV), which is far too small for the carrier confinement



nééded for sinple double heterostructure |aser diodes. Therefore, to

achi eve a band gap difference greater than 0.2 eV, it would be necessary to
use a strained-layer system (eg., [err] with x [err] 0.2). To prevent 5

m sfit dislocations which degrade the | um nescence efficiency, the

thi ckness of the strained | ayer should’'be kept less than the critical

t hi ckness. However, a sinple double hetero3tructure |aser made accordingly

woul d h t I ' tJhi ' tch
" equ reﬁvfo?“sﬂfﬁ%ﬁe% nfxﬁiﬁﬁﬁé“?eﬂb 0 &%?efﬁ%_ﬁ?ﬁ%“?% 1akEe, & éﬁf&%cbe
very poorly corfiexeforiusto tachime indand gap eralide greater: than
tical d hgey! | glat | ' I rate
bsses woul d b T ghY” oAb MU o RebBBLERY, 4! a@ 0 Brral Rl SllEy
Therefore, sif¥etemolede., h%ﬂ"&%ﬂ%@%&éﬁe‘i%r"d%&?’me RSt REexantcal
in these wi d¢ hpiwepaP dislbcabichsal GhitR’ Hegradecathes. Iifiredvdiedeen

e conduct or o et E 1efREY o tHe Foigkhaes ofthe sroatestdievet MmERR o b
extremel y desi rnedpte laxs than thécepitidadpthichhess. Otoweser pfa tsimplale
range of i npor tafty, APl ¢l dstud ird Nitfer RS Hedt ¥ iiffyP Usu A HEYS Of
an active layer thickness so thin (due to the 1large
10 mismatch regquired for sufficient band gap difference)
that the optical mode would be very poorly confined.
Thus, the confinement factor (overlap between the optical
mode and the light generating region) would be small, and
substrate losses would be high, causing prohibitively
15 high threshold currents. Therefore, simple double
heterostructure laser diodes are not practical in these
wide band gap II-VI materials.
For these reasons, there have been no known
- demonstrations of laser diodes fabricated from II-VI
20 compound semiconductors, Commercially viable laser
diodes of this type would be extremely desirable and have
widespread application.

Because of the wide range of important

applications for these devices, considerable amounts of

25 research and development have been devoted to these
materials. Many major obstacles to the production of
commercially viable II-VI devices have been identified as

a result of this work. In fact, despite all this
research, rudimentary blue light emitting diodes (LEDs)

30 fabricated from an epitaxial II-VI semiconductor (2ZnSe)
were only first reported in 1988. See eg., Yasuda et al.,
Appl. Phys. Lett. 52, 57 (1988). There are no known
reports of laser diodes fabricated from these materials.

A significant problem was the inability to p-

35 type dope ZnSe or other appropriate II-VI semiconductor
materials to sufficient net acceptor concentrations.
Improvements have recently been made in this area. See



25 ‘research and devel opnent have been devoted to these materials. Many

maj or obstacles to the production of commercially viable Il1-VI devices have.
been identified as a result of this work. In fact, despite all this
research, rudinmentary blue light emtting diodes (LEDs) 30 fabricated from
an epitaxial 11-VlI sem conductor (ZnSe) wepe_only first reported in 1988.
See eg., Yasuda et al., Appl: Phys. Lett. %2 57 (1988). There are no

kriown reports | as@apill 0ges ghabri gaf.f qu?et hg é}} SAtbm Beam
si gnificant prg%?en1mas the I na |I|t¥ yg ope nSe or ot %w
appropri ate || -BOPLRG Owxrddst oMojecuiay Hean s GrowtReptARPl.
concentrati ons. phy@®! oy@mntﬁobavmé%emim bergo de | n th| S area. See

P R NSO M e U AR
Anot her recest hivolvesi griowivig t ephtakbg) Eilmwl ats Joww temperdtures
e o o SEEAE! WSeslEL 0SB o BART, ' ) ity cracying
source for the Group VI element. See eg., Cheng et al.,
Low Tbmperature Growth Of ZnSe By Molecular Beam Epitaxy
Using Cracked Selenium, Appl. Phys. Lett., vol. 56, p.
10 848 (1990).

The ability to make low resistance ohmic
contacts to both the p- and n-type II-VI semiconductor
also presented problenms. Good ohmic contacts are
necessary for commercially viable (eg., low operating

15 voltage and low heat generation) II-VI devices.

Conventional techniques for fabricating ohmic
metal-semiconductor contacts utilize a metal systenm
(often thermally alloyed) to produce a small barrier to

-carrier injection, and/or to dope the semiconductor

20 contact layer with shallow (energy level) impurities as
heavily as possible at the surface of the layer. Due to
the small barrier height and the high doping level in the
semiconductor layer, the potential barriers are so thin
that tunneling of carriers through the barriers becomes

25 very significant. Most all commercially viable
semiconductor devices and integrated circuits employ this
approach for current injection.

It was commonly assumed that this technique
(eg., doping and au evaporation) would also be suitable

30 for producing ohmic contacts to p-type ZnSe and other II-
VI semiconductors. 1In fact, now that low resistance p-
type ZnSe can be reproducibly grown, it has been
determined that conventional techniques cannot be relied
upon to produce acceptable ohmic contacts. The stable

35 low-barrier metal system and very high doping levels are,
as of yet, not available for these semiconductors. One
exception to these problems is ZnTe, which can be easily
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Sel enium Appl. Phys. Lett., vol. 56, p. 10 848 (1990). The ability to make

| ow resi stance ohmc contacts to both the p- and n-type I1-VI sem conduct or
al so presented problens. Good ohmic contacts -are necessary for
comrercially viable (eg., |ow operating l5gvQltage and | ow heat generation)

I'l-VI devices. Conventional techniques for fabrlcatlng ohm ¢
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the sem conduct §¢¥ 2¢-hight gemirgpanckerh ‘!ﬁliaﬂg ofto RE QnPéve ?c €%t es
as heavily as proaetheless) hej.tsuléa@rﬁeﬁﬁleth&terth&e is tahen%ml | for

barrier height and_the.high,dopin V, he sgm conduct aye e
ot ent | al' bar' | SPErapEacBiinsf BbRERLE Frehfiol Sy “Ek FPOME | Rrondl fravt®
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sem conductor devices and integrated circuits enploy this approach for

current injection. It was connDnIy assuned that this techni que (eg., doping
and Au evaporation) woul d BRdEFnPES N EQRSRIANG® ohni ¢ contacts

to p-type ZnSe and other pig, Vi 561 Wb&&iohalf Yibw (ABL! B8lséare)
resistance p- illustrating the structure of a II-VI semiconductor laser

10 diode in accordance with the present invention.

Fig. 2 1is a schematic illustration of a
molecular beam epitaxy system used to fabricate the laser
diode shown in Fig. 1. '

Fig. 3 is a graph of the I-V characteristic of

15 sample Au ohmic contacts on p-type ZnSe and similar to
that incorporated into the laser diode shown in Fig. 1.

Fig. 4 is an energy band diagram of an ohmic
contact to p-type 2ZnSe which is similar to that

- incorporated into the laser diode shown in Fig. 1.

20 Fig. 5 is a graph of the measured optical power
output from the laser diode shown in Fig. 1 as a function
of applied current.

Fig. 6(a) is a graph of the measured intensity
of spontaneous (non-lasing) light output from the laser

25 diode shown in Fig. 1 as a function of wavelength.

Fig. 6(b) is a graph of the measured intensity
of stimulated (lasing) light output from the laser diode
shown in Fig. 1 as a function of wavelength.

' Fig. 6(c) is a detailed illustration of the

30 central wavelength portion of Fig. 6(b).

Fig. 7 is a cross sectional view illustrating
the structure of an alternative rib waveguide embodiment
of the laser shown in Fig. 1.

Fig. 8 is a graph of the 1low-temperature

35 photoluminescence (PL) spectrum of the p-type ohmic
contact layer sample similar to that incorporated into
the laser diode shown in Fig. 1.




type ZhSe can be reproducibly grown, it has been deternined that
conventional techni ques cannot be relied upon to produce acceptable ohmc
contacts. The stable 35 lowbarrier netal system and very hi gh doping

| evel s are, as of yet, not available for these sem conductors. One
exception to these problems is ZnTe, which gan be easily -5- doped
p-type. It is also possible to nake ohm c contacts for this sem conductor

usi ng conventional techni Q-Lj_gs 9|\lgge5hpj_ idf aSmoled@lar! Pehm! Bpitaky 2

need for inprove m c_cont: techn ot her e |ll-V
band gap semi coff g‘ﬁ §rsTog g??%é°¥ﬁEiBR’Re\T’Rl§a itﬁ %e
cross sectional presun@:ndhvbntioal e) illustrating the struct ure of all-WV

sem conductor | aser 10 di ?.q%n D ag)(‘(%éfjgcr&%% Wi t&(a axy&ékl?gen&fon Fi g.

2 is a schematic illustra emused
fabricate theb | Apsengiibyeversus energy. 1. Fig. 3 |s a graph of the I-V

characteristic of 15 sarrphqge\u i’i‘f’&? Gt ACtGrapn P dﬁlpg/émSe,e&ryillsm ghhar to
voltage for a semiconductor sample described in the
Detailed Description Of The Preferred Embodiments.
Fig. 11(b) is a graph of a net acceptor density

10 versus depletion width for a semiconductor described in
the Detailed Description Of The Preferred Embodiments.

Fig. 12(a) is a cross sectional view (not to
scale) of a light emitting diode described in the
Detailed Description Of The Preferred Embodiments.

15 Fig. 12(b) is a graph of the EL intensity
versus wavelength relationship of the light emitting
diode shown in Fig. 12(a) at 77K.

Fig. 13 is a graph of the EL intensity versus
. wavelength relationship for the 1light emitting diode

20 shown in Fig. 12(a) at room temperature.

Fig. 14 is a cross sectional view (not to
scale) of a second light emitﬁing diode described in the
Detailed Description Of The Preferred Embodiments.

25

The structure of a laser diode 10 in accordance
with the present invention is illustrated generally in
Figure 1. Laser diode 10 is a wide band gap II-VI device
fabricated from heteroepitaxial layers of

30 2ns,Se;;, 2nSe, and Cd,2n,,Se grown by molecular beam
epitaxy (MBE) on a GaAs substrate. Prototypes of this
device have exhibited laser action, emitting coherent
blue-green light near 490 nm from a Cd,Zn,,Se quantum well
structure under pulsed current injection at 77 K.

35 Laser diode 10 is fabricated on a GaAs
substrate 12, and includes 1lower (first) and upper
(second) Znse light-guiding layers 14 and 16,



that ihcorporated into the | aser diode shown in Fig. 1. Fig. 4 is an energy
band di agram of an ohmi c contact to p-type ZnSe which is simlar to that

i ncorporated into the | aser diode shown in Fig. 1. 20 Fig. 5is
a graph of the neasured optical power output fromthe | aser di ode shown in
Fig. 1 as a function of ‘applied current.=F¥g= 6(a) is a graph of the
measured intensity of spontaneous (non-lasing) light output fromthe | aser

25\ di ode shown tespeichivielss, separatiedhbyf avEdeiZnde lquantum edl activg aph

of the nea e 4,q,_t,,.e t e {'-Q%u
| aser di odzughgi ri? yTilaEas a??h%%tlgggigiﬁ +dﬂh%h Qfﬂ ¥ CH)Bd h'%
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laser diode Shqmﬂ i@h@f@ n upper 2ZnSe ohmic contact layer 26 is
positioned on the surface of upper cladding layer 22
opposite light-guiding layer 16. A GaAs buffer layer 28
10 separates substrate 12 from lower ZnSe contact layer 24
to assure high crystalline quality of the contact and
subsequently deposited layers. A polyimide insulating
layer 34 covers the surface of upper ohmic contact layer
26 opposite upper cladding layer 22. Electrical contact
15 to the ohmic contact layer 26 is made by Au electrode 30
which is formed in a window stripe in insulating layer
34. A thin Ti layer 31 and subsequently a final Au layer
33 are applied over polyimide layer 34 and exposed
portions of Au electrode 30 to facilitate lead bonding.
20 Electrical contact to thé'lower side of laser diode 10 is
made by an In electrode 32 on the surface of substrate 12
opposite the lower ohmic contact layer 24.
Layers 24, 20 and 14 are all doped n-type with
Ccl (ie., are of a first conductivity type) in prototypes
25 of laser diode 10. Layers 16, 22 and 26 are all doped p-~
type with N (ie., are of a second conductivity type).
Active layer 18 is an undoped quantum well layer of
Cdy,2ny3Se semiconductor deposited to a thickness of 0.01
um., Light-guiding layers 14 and 16 are both 0.5um thick.
30 Lower light-guiding layer 14 is doped to a net donor
concentration of 1x10"cm?®, while upper light-guiding layer
16 is doped to a net acceptor concentration of 2x10Ycm®
Cladding layers 20 and 22 are layers of 2ZnSypSegs
semiconductor deposited to thicknesses of é.Sum and
35 1.5um, respectively. The net donor concentration of the
lower cladding layer is 1x10"%cm®. The net acceptor
concentration of the upper cladding layer is 2x10Ycm?.




-6- Fig. 9 is a diagram of ‘a nol ecul ar beam epi taxy chanber for doping

sem conductors in accordance with the present invention. Figs. 10(a) and
10(b) are graphs of PL 5 intensity versus energy. Fig. 11(a) 1is a graph
of [err] versus bias voltage for a sem conductor sanple described in the
Detail ed Description O The Preferred Enbogi sents. Fig. 11(b) is a graph of
a net acceptor density 10 versus depletion width for a sen conduct or

descri bed in thohhbt acoatiabes dayelrisorz40fandh 26 ater bothEdepdsited .tdi g.
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sectional view (not to scetRér Parametersl drnd HateFialis'ean al8odseisded i n

the in the fabrication of laser diodes 10 in accordance with

the present invention. For example, the thicknesses of

layers 24, 20, 14, 16, 22 and 26 can be varied as needed

10 for given applications. Typical thickness ranges for

contact, cladding and light-gu.iding layers are 0.03 to

1.0 gym, 0.5 to 5.0 ym, and 0.1 to 1.0 um, respectively.

In general,' the thicknesses of light-guiding layers 14

and 16 should be chosen to minimize the width of the

15 optical mode. If the layers 14 and 16 are too thin, the

evanescent tails will extend far into cladding layers 20

and 22. Cladding layers 20 and 22 must be thick enough

to make absorption of the optical mode in substrate 12

. and electrode 32 negligible. The composition of the

20 . €4,Zn,,Se (which determines the laser wavelength) with x

of approximately 0.2 wés selected to provide a iarge

enough band gap difference (AE, of approximately 0.2 eV)

to facilitate effective carrier confinement. Larger x

will provide deeper quantum wells, but would regquire a

25 thinner layer due to increased lattice mismatch, thereby

decreasing the efficiency of the collection of carriers

into the well. '

The composition of the 2nSSe;,, with y of

approximately 0.07 was selected to provide sufficient

30 difference in refractive index from the index of the ZnSe

guiding layers to form a low-loss waveguide. This

composition also provides excellent morphology since it

is nearly lattice matched to the GaAs substrate at the

growth temperature of 300° C.

35 Other n-type dbpants which may be used include

Ga, Al, In, I, F, and Br. Oxygen or Li acceptors can

also be used for the p~-type dopants. Other Group V p-
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DESCRI PTI ON OF THE PREFERRED EMBODI MENTS The structure of a laser diode 10
in accordance with the present invention is illustrated generally in Figure
1. Laser diode 10 is a wide band gap Il1-VI device fabricated from

het er oepi taxi al layers of 30 [err] Zn3e~ 9amd [err] grown by nol ecul ar beam
epitaxy (MBE) on a GaAs substrate r ges of . t hi s, device l,bi ted

. Protot h
l-aser action, B¥P®t iqﬂ?mr'ghicbl d'bié} Oeﬁ | i ntRr1vds rﬂﬁ%ﬁ%}\;fﬁ gé grr]
E uant umd\_/veldl siilguepnbc?usd_er c‘;wgs:ed- donomtand) axtepont coicentestions
aser i ode | r e : ' 1. i ol
| ower (first) AR ﬁgﬁgrg?sé§§hd)a18§ﬁg§h gﬁléghéﬂgﬁliéﬁgt gfaég?%igﬁlggesand
16, -7- respectauskyexcepsivecfirpe-garrier absorpki®dl.| active |ayer 18.

The surfaces of |ight-guinll o, eiee, o3| i 8 are
bounded by Issower and uppﬁbﬁéﬁmﬁéﬁgrﬁsﬁt}s 20 atr]fg ggé $§g§§§§§§% y. A

lower 5 ZnSe ofmi Bivinped naytypes GadAs, substrate 12 nhaving, wer
cladding | ayer c£¢seRROdr Fentdtionli digifbdtvdtes 12 of this type are

commercially available from a number of manufacturers
including Sumitomo Electric Industries, Ltd. GaAs buffer
10 layer 28 is deposited to a thickness of 1 um in this
embodiment, and _doped' n+ with S8i to a net donor
concentration of 1x10%cm3. Other appropriate substrates
(eg., ZnSe, GalnAs or Ge) and buffer layers such as
AlGaAs, AlAs, GaInP, AlInP, AlInAs or GalnAs can also be
15 used. The thickness of buffer layer 28 can also be
varied while providing an appropriate high-quality
surface ‘for growing the II-VI semiconductors. If an
appropriate high-quality substrate and appropriate
~surface preparation is used, buffer layer 28 may not be
20 needed. '

The lattice constants of the 2nSSe cladding
layers 20 and 22 and the adjacent ZnSé layers 24, 14 and

" 16, 26, respectively, are mismatched by about 0.3%.
Preliminary transmission electron microscopy (TEM)

25 studies indicate that the ZnSe of light-guiding layers 14
and 16 is at least partially relaxed by dislocations
formed at the interfaces of the light-guiding layers and
the adjacent 2nSSe cladding layers 20 and 22,
respectively. These preliminary studies also indicate

30 that the thickness of the CdZnSe quantum well active
layer 18 is less than the critical thickness for this
material system. Quantum well active layer 18 is
therefore pseudomorphic, minimizing dislocations in the
light-emitting region of laser diode 10. The maximum

35 pseudomorphic thicknesses for strained epitaxial layers
such as 18 depends on the composition and can be
calculated from formulae described in Matthews et al.,



14, while an upper ZnSe ohnic contact |ayer 26 is positioned on the surface
of upper cladding |ayer 22 opposite light-guiding |ayer 16. A GaAs buffer

| ayer 28 10 separates substrate 12 from | ower ZnSe contact |ayer 24 to
assure high crystalline quality of the contact and subsequently deposited

| ayers. "A polyimde insulating | ayer 34_p9¥pg§ the surface of upper ohmc
contact | ayer 26 opposite upper cladding Fayer 22. Electrical contact 15 to
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final Au |ayer 2¥3 &< bl (X746 er Fogyinclusion-pIzgquaniuryyeddd la¥ier ons
of Au el ectrodgg30 viidiidduldi£1sd& Ae DoadpseudénorpREET 1agerCc o dthex0 the
of "Subst rat o 1SRRI, BIVEFLERBUCR e ANTERRy S35LLAaRSS, Fne G
and 14 are abl JapethreshoRd \eubréht ( operationoiofa Ydsew ddodectovivhern ype)
Lype vi ch N (1 SOttt YA the BRI, 2oRe I8N T1-Vr vBYoghIBES, B
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cladding layers 20 and 22 which can have a relatively
10 small difference in their band gaps and need not be
exactly lattice matched. The composition of the light-
guiding layers may be graded to minimize dislocations
and/or to form a graded index waveguide.
_ Figure 2 is an illustration of a molecular beam
15 epitaxy (MBE) system 50 used to fabricate the laser diode
10 described above.r MBE system 50 includes two MBE
chambers 52 and 54 interconnected by ultrahigh vacuum
(UHV) pipeline 56. Each chamber 52 and 54 includes a
"high energy electron gun 58, a phosphorus screen 60, a
20 substrate heater 90 and a flux monitor 62. MBE chambers
such as 52 and 54 are génerally known and commerciaily
available. A Perkin-Elmer Model 430 MBE system was used
to produce the prototype laser diodes 10.
MBE chamber 52 is used to grow the GaAs buffer
25 layer 28 on substrate 12 and includes a Ga effusion cell
64 and an As cracking cell 66. A Si effusion cell 68 is
also provided as a source of n-type dopants. Substrate
12 is cleaned and prepared using conventional or
otherwise known technigues, and mounted to a Molybdenum
30 sample block (not shown in Fig. 2) by In solder before
being positioned within chamber 52. By way of example,
substrate preparation techniques described in the Cheng
et al. article Molecular-Beam Epitaxy Growth Of 2ZnSe
Using A Cracked Selenium Source, J. Vac. Sci. Technol.,
35 B8, 181 (1990) were used to produce the prototype laser
diode 10. The Si doped buffer layer 28 can be grown on
substrate 12 by operating MBE chamber 52 in a



concentration of [err], while upper |ight-guiding |ayer 16 is doped to a
net acceptor concentration of [err] Cladding layers 20 and 22 are

| ayers of [err] sem conductor deposited to thicknesses of [err] and 35
1.5[err], respectively. The net donor concentration of the |ower cladding
layer is [err]. The net acceptor concerrt 23t ~on of the upper cladding |ayer
is [err] Chm ¢ contact _layers 24 and 26 are both osi,ted t

t hi ckness of OOP["é’ﬁ"]tﬂWatlhE‘&E“&F@t suchag dhat des ed, i Teg, ??PQJ’PQYI ayer
is doped n-twpg Ph?si@s artuoﬂeamaﬁmwtzpumpfed £B.H. cthoaurmw,

tact | 5d t t
Qher par anet cPLeRHE BERER 11888, TheteRtiEing e fiRF Thyek A nie, pH Qser
di odes 10 i n aassxdabc esurfidce rmxnlesexhibhmuoc.(atﬁéb recopstrucidon
thicknesses gf 'sayeBﬁséilveﬁo ‘Je& % £330 26n¢ beerY@E d %iel'?:%

for given applications nesswange for act

and |i ght - gui ddi@ﬂrmi@rtar(mmm «t0 1'1'1@3 [sample blpck b&ﬁ?-'i[l& rqhQaﬁGA@ 1 to
|1 O [err], respafide &ﬁ% esakfeth %chlzrsew%ﬂén tﬂﬁhs%tﬂaf‘ﬂzo
ayers 14 and g EShO amber 54se€hrt'c(»)ugrg r“UHV &peane 56 for further
processing.
10 Device layers 24, 20, 14, 18, 16, 22, and 26
are all grown on the buffer layer 28 and GaAs substrate
12 within MBE chamber 54. To this end, chamber 54
includes a Zn effusion cell 70, cracked-Se effusion cell
72, 2nS effusion cell 74 (as a source of 8), Cd effusion
15 cell 76 and a standard Se (ie., primarily Se;) effusion
cell 79. As shown, cracked-Se effusion cell 72 includes
a bulk evaporator 84 and high temperature cracking zone
82, and provides a source of cracked Se (including Se, and
. other Se molecules with less than 6 atoms). The bulk
20 evaporator 84 and high témperature cracking zone 82 used
to produce the prototype"-laser diodes 10 are of a custom
design, the details and capabilities of which are
described in the Cheng et al. J. Vac. Sci. Technol.
article referenced above. Cl effusion cell 78 which
25 utilizes 2nCl, 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,through leak-valve 88. The
free-radical source 80 used in the fabrication of laser
30 diodes 10 is commercially available from Oxford Applied
Research Ltd. of Oxfordshire, England (Model No. MPD21).
This source has a length of 390 mm. The beam exit plate
at the end of the source is made of pyrolytic boron
nitride (PBN) and has nine 0.2 mm diameter holes through
35 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



15 optical node. If the layers 14 and 16 are too thin, the evanescent tails
wll extend far into cladding |ayers 20 and 22. C adding | ayers 20 and 22
nmust be thick enough to nake absorption of the optical nbde in substrate 12
and el ectrode 32 negligible. The conposition of the 20 [err] (which
determ nes the | aser wavel engt h) with x~ol2approxi mately 0.2 was sel ected

to provide a | arge enough -band &ﬁdlfference ([err] E, of approximtely
0.2 eV) to facgrades eP€PﬂB€F¢vPYC theson, Gash Fraducts . JEhe xPERSFUELovi de

ot t ce m ot o, e peiaret 108 the-teakivalse bh “ﬁ"‘é?a?%‘??,ﬁ B on o
attice msmatc ere ecr eas e e enc i
carriers into the well. *ﬁg ﬁﬁﬁngloFf ofiisne‘:[p(ﬁqvﬁ anner
approxi nat el y @es6rihad £nlﬁweenhém§ @t alde artficle elm'bw%!h arf perandem'-n
refractive i h g y o)

| ow- | 0ss wa eg"‘f::'i;ﬁL 9%%%%? on%om |on %@ Eggggkgés nggéﬁéé%i rr%% ol ogy
since it is ne9%jy5lat (128 mrsing the See s@urce A% @satheasouncegpfvnea
temperatur e of ¢80GkEW leng¥hotype cqntibRE’ CTaliifgl MR 1k ChulBInge |

used i nclude & en or i acce
used for the playeesd@dbnt 30 anterley oa'sss'est ively, of the prototype

laser diode 10. Quantum well active layer 18 is grown in
10 a manner described in the Samarth et al. article,
Molecular Beam Epitaxy of CdSe and the Derivative Alloys
Zn, cdSe and Cd, MnSe, J. Electronic Materials, vol. 19.
No. 6, p. 543 (1990).
MBE chamber 54 is operated in a manner
15 described in the copending Park et al. U.S. Patent
Application Serial Number 07/573,428, entitled Doping Of
IIB-VIA Semiconductors During Molecular Beam Epitaxy and
filed on August 24, 1990, using the Se; source 79 to grow
.the p-type light=-guiding layer 16 and cladding layer 22.
20 The disclosure contained in the above-referenced U.S.
Patent Application Serial Number 07/573,428 is reproduced
immediately below. '
An atomic dopant beam (either nitrogen or
oxygen), produced by a free-radical source, is used to
25 dope ZnSe during molecular beam epitaxy which produces p-
type ZnSe epitaxial thin films. When electromagnetic
power at the frequency of 13.52 MHz is coupled to an RF
plasma discharge chamber of the free-radical source,
atomic dopant species are generated inside the chamber of
30 the free-radical source from a gaseous source of ultra-
high' purity. A diffuser plate having 18 holes of about
0.3 mm diameter each was used to separate the free-
radical source and the molecular beam epitaxy chamber.
The amount of the atomic dopant species generated is
35 controlled by the level of the RF power coupled to, and
the pressure in the RF plasma discharge chamber. The
atomic dopant species, which effuse into the molecular



9" type' dopants which might be used include arsenic and phosphorous.
Greater donor and acceptor concentrations can al so be used, although they
shoul d not be so high as to cause excessive free-carrier absorption. 5
The prototypes of |aser diode 10 are fabricated on Si-doped n+-type GaAs
substrate 12 having a (100) crystal ori"e3atTon. Substrates 12 of this

type are co rcially,available fro of ,manuf ct ers | Iudlng
Sumi t ono El ecti??qylﬁéag?ﬁeé’?‘%r &')E"‘&Ff gpepings, @%d to
a thickness ofplates; rdre rused agrﬂmlmtsamﬂa@mmmtﬂu dbeamet
donor concentrat f appropriate substrates (eg., ZnSe, _
Gal nAs or eﬁ#%ﬁ#) %é%e?géﬁ% as Al GaAs, Al As, GlnP, AllnP, AlnAs
or @Gl nAs can al so be 15Inisone emBhéimﬁhtknBBSeothbnf ﬂeyerayarezzymn al so
be vari ed { Qi 0 | i
it a Ni@Yidbafiafily ERRES Qﬁff&ée Q5o enel ai%ﬁ‘gﬁf . ty

growing the Il semcC rirate hi

substrate and ‘é&&#%r?%%@‘%%ﬁ*b!eab?%amﬁl &Holi M&taﬂu tatdonms nay
not be 20 need@fbrd h&ré ainhhye suppllietss off éihed StheC Gadd rmbstrate,

available fronm, for example, Sumitomo Electric
Industries, Ltd., 1-1 Koyakita 1-Chome, Itami, Hyogo, 664
10 Japan, or the GaAs epitaxial layer, available from Spire
Corporation, Patriots Park, Bedford, Massachusetts,
01730, for this purpose. Before loading into the
molecular beam epitaxy system for the 2ZnSe growth, the
GaAs substrates are degreased in trichloroethane,
15 acetone, and isopropanol, rinsed in deionized water and
blown dry by high purity nitrogen gas. The degreased
substrates are chemically etched in a solution consisting
of six parts of sulfuric acid, one part of hydrogen
peroxide and one part of deionized water for several
20 minutes (about two to fi_'ve minutes). The substrate is
rinsed in deionized watetr and blown dry by high purity
ni{:rogen gas. The degreased and chemically-etched GalAs
substrates are then attached to a Mo sample block using
molten In of high purity as solder. The substrate
25 assembly is immediately loaded into the molecular beam
epitaxy system. The GaAs substrates are heated in the
ultra-high vacuum growth chamber to about 610°C for about
one to five minutes to desorb the native oxides and
expose the underlying crystalline structure on which the
30 2ZnSe with the same crystal structure is to be grown. The
typical growth conditions for ZnSe by molecular beam
epitaxy are a Zn to Se beam equivalent pressure ratio of
1:2 (in the range of about 1:4 to 2:1) and a growth
temperature of 275°C (in the range of about 250°C to
35 400°C). Typical layer thicknesses and growth rates are
2 ym and 0.5 um/h (in the range of about 0.4 um/h to
2.'0 um/h) respectively. The atomic dopants generated by



l ayers 20 and 22 and the adjacent ZnSe |ayers 24, 14 and 16, 26,
respectively, are m snmatched by about 0.3% Prelimnary transm ssion
electron microscopy (TEM 25 studies indicate that the ZnSe of
light-guiding layers 14 and 16 is at least partially relaxed by
‘dislocations formed at the interfaces ef aghe Iight-guiding |ayers and the
adj acent ZnSSe cl addi ng | ayers 20 and 22, respectively.. These prelimnary
st udi esI al so ithéi free-fadibal sbturcaiakecincaxfporateiZngo fihen

active | ayer LS 'ﬁ?%bﬁ | td [ S hy i

system Qjé.tetk}mn\ﬁﬁi’é act1 V%B‘Trd;yeérﬁﬂl élpi‘g%t er% g?]éépggﬁgg?fgr& %:fc,

m ni ni zi ng di sigbst pakh batvaen| thetfreptradirak $AA and they edy

The maxi mum 3gupaeydedy.phic thicknesses for strained epitaxial |ayers such

as 18 depends on the conpositiqQn and can bg cal cul gted from fornul
described i% Matthews e WA °r1099°\§§f s 5P ¢ FR8%° Nﬁgggﬁgag’ﬁs J.

Crystal G ow reséalrch?7, dn 1lthd 197Wjdedhandgap usi TTBeVIAuancompesind | ayer
19, 1t o Coul Lol b U L 780 e S CanRERA s
been on producing low resistivity p-type material. The
present invention utilizes a method and apparatus for the

10 in-situ production of epitaxial structures comprising
ZnSe pn junctions. This is useful in the fabrication of
efficient light-emitting devices, such as light-emitting
diodes and diode lasers which operate in the blue region
of the visible spectrum. _

15 Either nitrogen or oxygen are an excellent p-
type dopant element in ZnSe. 1In addition to ‘providing
large net acceptor densities (greater than about 5x10%cm?®
and low compensation (Np/N, less than about 0.8)),
.nitrogen and oxygen are stable in ZnSe at temperatures up

20 to 375°C. h

Large concentr;tions of net nitrogen acceptor
impurities are incorporated into 2nSe/GaAs epitaxial
layers which involves nitrogen atom beam doping during
molecular beam epitaxial growth. Net acceptor densities

25 as large as 4.9x10"cm® have been measured in the resultant
p-type ZnSe material.

Fig. 9 shows a molecular beam epitaxy system
110. Molecular beam epitaxy system 110 includes a
molecular beam epitaxy chamber 112 which encloses a

30 substrate 114. Molecular beam epitaxy chamber 112
includes an electron gun 116, a phosphorus screen 118 and
a flux monitor 120. Effusion cells 122, 124, 126, and
128 are carried in molecular beam epitaxy chamber 112.

. Effusion cells 122, 124, 126, and 128 may comprise, for

35 example, effusion cells for Zn, Se, and ZnCl,. Molecular
beam epitaxy system 10 also includes a free-radical
source 130. Free-radical source 130 may comprise a



51 ow f hreshol d current operation of |aser diode 10 when positioned within
the thicker, lowloss Il-VI wavegui de. The wavegui de can be made with

hi gher refractive index light-guiding |layers 14 and 16 and | ower refractive
i ndex cl adding | ayers 20 and 22 which can have a relatively 10 snal
difference in their band gaps and need nof.be exactly lattice matched. The
conposition of the light- guiding | ayers y be graded to mnim ze

di-sl ocati ons t a ed,y ndex ui L IS
| Tustrat on oPoufts; B MY qRbAEC VA GEY SRERN £es itiats)® For
fabricate the ¢xauwple; ofireetradical souree 130 mapmpPxgvide) xEoweedet two
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56. Each cha and 54 i ncludes a h energy electrgon gun 58, a

phosphor us scrign SPPlied wikh: plieranpure ¥ fxem apyl RHES 2N \BE
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substrate 12 a(oxfordshirxea GIKpif usi Freesriadicadnd sourte crxiki might| 66.
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ubstrate 12 is cfeaned and prepadred using conventlona r
radicals. For example, an electron cyclotron resonance
10 (ECR) free-radical source may be used (available from,
for example, Wavemat, Inc., 44780 Helm Street, Plymouth,
Michigan). A microwave cracker coupled into the gas
source through a microwave tube may be used to produce
free~radicals. A DC plasma discharge chamber may also be
15 used. Furthermore, any appropriate thermal cracker or
disassociation cell (available from, for example, EPI,
261 East Fifth Street, St. Paul, Minnesota 55101) may be
used.
ZnSe layers were grown on GaAs substrates in a
20 molecular beam epitaxy system of the type described
herein. These layers” were grown at a substrate
temperature of 275°C with a 2n to Se beam equivalent
pressure ratio of 1:2 (typical layer thicknesses and
growth rates were 2 um and 0.5 um/h, respectively).
25 P~type doping of the ZnSe layers was achieved by a free-
radical source which was incorporated in the molecular
beam epitaxy system, rather than a conventional effusion
source. The free-radical source provided a flux of
atomic nitrogen (together with a much larger flux of non-
30 dissociated N,) created in a RF plasma discharge chamber.
A RF'frequency of 13.5 MHz was used to generate nitrogen
atoms from a gaseous source of ultra-pure N,. The atomic
nitrogen flux level was controlled by suitably adjusting
the intensity of the RF plasma discharge.
35 The nitrogen actively incorporated into the
ZnSe was much greater using the free-radical atomic beam
than that of molecular nitrogen, as evidenced by



ot herwi se known techni ques, and mounted to a Ml ybdenum 30 sanpl e bl ock

(not shown in Fig. 2) by In solder before being positioned w thin chanber

52. By way of exanple, substrate preparation techniques described in the

Cheng et al. article Ml ecul ar-Beam Epitaxy Gowh O ZnSe Using A Cracked

Sel eni um Source, J. Vac. Sci. Technol.,=356B8, 181 (1990) were used to

produce the prototype | aser diode 10. The Si doped buffer |ayer 28 can be

grown on subst¢empaningy 10¥rphetgluminesgence (PhL), gpectranxecorded
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The

processi ng. 10of N2 in the fMelecalhzybeam?épif@xyldhamhBer16f 52103 ToRs are

54. To this
from undoped 2ZnSe heteroepitaxial layers (see R.M. Park,

C.M. Rouleau, M.B. Troffer, T. Koyama, and T. Yodo, J.
10 Mater. Res., 5, 475 (1990)). The dominant peaks in the
excitonic regime are the split free-exciton (E,) and
donor~bound-exciton (I,) transitions, the splitting being
due to the thermal expansion coefficient mismatch between
~ 2ZnSe and GaAs which renders the 2ZnSe layers under in-
15 plane biaxial tension (see K. Shahzad, D.J. Olego, D.A.
Cammack, .Phys. Rev. B 39, 13016 (1989)). Consequently,
at such low background N, partial pressures, ‘molecular
nitrogen is completely unreactive at the ZnSe surface.
.The situation changes dramatically, however when a plasma
20 discharge is created in tpe free-radical source, as shown

al 1 grown on tggﬁ?ﬂégﬁg%gg&gg&éé@s%Sbé%éﬁei@aﬂw e 2B

in the 10K spectrum of Fig. 10(b). Again the background

N, partial pressure in the molecular beam epitaxy chamber
during growth was 5x107 Torr with power applied to the RF
plasma discharge. The excitonic regime is dominated by
25 split acceptor-bound-exciton (IY) transitions due to the
incorporation of nitrogen acceptor impurities (see P.J.
Dean, W. Stutius, G.F. Neumark, B.J. Fitzpatrick, and
R.N. Bhargava, Phys. Rev. B 27, 2419 (1983)). In
addition, the complete PL spectrum is dominated by donor-
- 30 to-~-acceptor (D-A) transitions (Qf-represents the no phonon
transition, with several LO phonon replicas of QY also
indicated) as opposed to excitonic transitions. Thus,
the rate of substitutional incorporation of atomic
nitrogen is much .greater than that of molecular nitrogen
35 at the growing ZnSe surface. The sample from which the
PL spectrum shown in Fig. 10(b) was obtained was found to
have a net acceptor concentration of 1x10Ycm3.



includes a Zn effusion cell 70, cracked-Se effusion cell 72, zZnS effusion
cell 74 (as a source of S), Cd effusion 15 cell 76 and a standard Se (ie.,
primarily Se6) effusion cell 79. As shown, cracked-Se effusion cell 72

i ncl udes a bul k evaporator 84 and high tenperature cracking zone 82, and
provi des a source of cracked Se (including [err] and other Se nvol ecul es
with less than 6 atons). The bulk 20 ewvaldd ator 84 and hi gh tenperature
cracki ng zone 82 used to produce the prototype |aser diodes 10 are of a
cust om desi gn the det aiNet arkreepkay | iconeentrahiions ar ¥Naol¥acrided thet he

Cheng et al. 48genrC Bopeac HiiBe /dHAd Ch8y ei‘ﬂf UPE cdelPNEned stﬁé usi on
cell 78 which 25 utili zes &er source materlg grow des the gl ‘Yé)
dopant. The p- ‘f%&ﬁgiﬁﬁﬁ‘?ﬁ R {&TVBy REPFLLiNgyi cof 0. onse

rr eE- raldl cal sepitgxiWl i Jayersccwetiet gxowapubLne B&niﬁ-mdmlatpnge Mén,r ough
eak-val ve

ok VALY, 8 o bEBe HEhE e e, S RS MR T Bl !
Oxfordshire, Hmfensupfabe Nas wmiedTmtn:§ourthehma@agt¢orlﬁa@0 mm
g L GRS L e a e
source i s nourdleks dphysicahlyr ispbatedofram af Aaxgen CG’JIAI“ RGN
extension tubee1d¥tedé e 8Ghe separation between the inner (dot)
10 electrodes and the outer electrode was 25 um, a small
separation being necessary in order to maintain a low
series resistance. The contact pattern was created by
thermally evaporating 75 A of cr followed by 1000 A of Au
and performing photolithographic and lift-off processes.
15 In all of these measurements the outer electrode was held
at ground potential and bias was applied to the inner
Schottky contact.
_ With this sign convention the majority carrier
type is given by the sign of the slope of the 1/C? versus
20 V plot; a positive siopéﬂwould indicate the material to
be p-type. The net acceptor (N,~Np) concentration is
proportional to the slope of 1/C? versus V. The 1/¢?
versus V plot and the N,-N, versus depletion width profile
obtained from a heavily-doped ZnSe layer are illustrated
25 in Figs. 11(a) and 11(b), respectively. As shown in
Figs. 11(a) and 11(b), the material is p-type with a net
acceptor concentration around 3.4x10"cm®. As shown in
Fig. 11(b), the doping profile is rather flat from zero
bias (0.068 um) out to where reverse bias breakdown
30 occurs (1.126 um). Breakdown occurred at 3.8 V which is
consistent with avalanche breakdown in 2nSe material
doped at this level, ie, 3.4x10"cm® p~type.
Further evidence of the p-type nature of the
nitrogen doped ZnSe material was obtained through the
35 fabrication of blue 1light-emitting diodes based on
epitaxially grown 2nSe:N/ZnSe:Cl pn homojunctions. The
n-type ZnSe layers in these pn junctions were grown using



used to fabricate |aser diodes 10 is of research purity - 12 - grade,
produced by Mat heson Gas Products. The pressure at the inlet of the

| eak-val ve of source 86 is 5 psi. MBE chanber 54 is operated in a nanner
described in the Cheng et al. article Gowh O p- and n- 5 Type ZnSe By
Mol ecul ar Beam Epitaxy, J. Crystal G ow Pt 512 (1989) using the [err]
source 79 as the source of Se to grow the n-type contact, cladding and

| i"ght - gui di ng ¢RY8ES tih 39p£’ﬂ'€' btiemeftleXHe/ ChYuréé '0rc £het ey Rftdmer
di ode 10. QJantu,mvveII active | ayer 18 |s rown in #%@ner descrlbed in

the Samarth etPeing #& 14nGls effps ﬂPa‘FeHa O Ror3t e fplerula
Derivative Al lyedsm [epitayndsysten. J. Electronic Materials, vol. 19. No. 6,
p. 543 (1990). MBE cha ed. | sed.401 t he
copendi ng Park et al. nb@ %éit %%%%%%&%0&?%%%
entitled Dopi repadh epitaxy ware ctesited or STirresnlis verarascfol pwsaxy and
filed on August 24, 1990, using the [err] source 79 to grow the p-type
|l i ght-guiding layer 16 and cl addi ng_| ayer 22.

1. Undoped ZnSe:

Zn to Se beam equivalent pressure

ratio: 1:2
10 Growth Temperature: 275°C
Results: Low temperature
photoluminescence spectrum indicated
sample was not p-type. Cc-v
measurement indicated sample was
15 insulating.

2. Doped ZnSe using N, with no RF power to
free-radical source:
Zn to Se beam equivalent pressure
20 ' ratig: 1:2 |
Growth Temperature: 275°C
RF power: O watts
Background pressure: 5x107 Torr

Results: Low  temperature
25 photoluminescence spectrum indicated
sample was not p-type. c-v
measurements indicated sample was
insulating.
30 3. Doped ZnSe using N, with RF power to free-

radical source:
Zn to Se beam equivalent pressure
ratio: 1:2
Growth temperature: 275°C
35 RF power: 320 watts .
Background pressure: 5x107 Torr
Results: Low temperature



20 The disclosure contained in the above-referenced U S. Patent Application
Serial Nunmber 07/573,428 is reproduced i nmedi ately below. An atom c dopant
beam (ei ther nitrogen or oxygen), produced by a free-radical source, is
used to 25 dope ZnSe during nolecul ar beam epitaxy which produces p- type
ZnSe epitaxial thin filns. When el ectt gpetic power at the frequency of
13.52 WMHz is coupled to an RF plasma di scharge chanber of the free-radical

source, atom c dopant species are groEoPhRIneSSbAGe! SfeCtAIRE ciréfitt Ne
f

free-radical source froma gaseous source 0

ultra- h:agh puri t A
di ffuser plate having 18 hol es of ¥9btR98 MEATUEEWARE And LIPARALINGR~t o
separate the free- radical source ¢sltage MdamidedientcainGicated cthaber .

The anount of the atonic dopant species generated is 35 cantyolle t he
|l evel of the RF power coupled to, ﬁﬁﬂpiﬁewBPe% PG, t“’éf%gap‘ldas&éfgh
di schar ge clganber. The atomi c dogeptingpecieffidiexice)f useandt o tNg-

nol ecul ar -13 - beam epitaxy chanher 19 openings in the diffuser
pl ate, are used as the dopants du%ﬁ?‘tﬁéﬂm ecul ar beam

4. Doped ZnSe using O, with RF power to free-
radical source:
10 Zn to Se beam equivalent pressure
ratio: 1:2
Growth temperature: 275°C
RF power: 320 wvatts
Background pressure: 5x107 Torr
15 Results: Low temperature
photoluminescence spectrum, current-
voltage measurement, and capacitance-
voltage measurement indicated that
sample was p-type and N,-
20 Np=3.0x10"cm. .

Fig. 12(a) shows a light emitting diode 134.

Light emitting diode 134 includes a p-type GaAs substrate
136. P-type GaAs substrate 136 forms the base for

25 molecular beam epitaxial growth. A p-type ZnSe nitrogen
doped layer 138 is deposited upon p-type GaAs substrate
136. P-type ZnSe layer 138 is deposited in accordance
with the present invention using a nitrogen free-radical
source. An n-type 2ZnSe chlorine doped layer 140 is

30 deposited upon p-type ZnSe layer 138. An n* 2nSe cap
layer 142 is deposited upon n-type ZnSe layer 140. The
deposition of layers 138, 140, and 142 is through
molecular beam epitaxial growth. Ohmic contacts 144 and
146 form electrical contacts to n* ZnSe cap layer 142 and

35 p-type GaAs substrate 136, respectively. In one
embodiment, p-type ZnSe layer 138 has a thickness of 2um
and has a net acceptor concentration of 1x10"cm®. N-type



epitaxy growth of ZnSe. In one enbodi nent, ZnSe thin layers are grown 5 on
a well-polished GaAs surface with the surface normal vector essentially
along the [001] crystal orientation. There are many suppliers of either the
GaAs substrate, avail able from for exanpl e, Sum t ono El ectric

| ndustries, Ltd., 1-1 Koyakita 1- Chone, = 2@, Hyogo 664 10 Japan, or the
GaAs epitaxial |ayer, available from Spire Corporation, Patriots Park,
Bedf ord, Massaghseclager 0146Chasfarthickness pofc0.5 pmcdnd ca | wetli dgnor nt o

are degr oased TRACPRERESE SR HE, iﬂ‘i“’ Lot GRS TogREe cap ERyRE I EL ST o0
dei oni zed wat ea %hdckness &f $90hAgandurad tlyetn dengEn qymenttm:mgreﬁsed
substrates aregglgnigdl |y etched in a solution consisting of six parts of

sul furic acid, one part of hydrogen peroxide and one part of deionized
water for sdveral 20 ni nBigs 1260)tshaws thenpriypengnsSe) layss iagrewre is

rinsed in dei opiZzg€ ¥R &M pELEyHE WEAS SubRtIAEd. PUNLY €Ypé S mB@siedhe
degreased and chem cal I%YPetched GaAs substrgtes are then attacheg io a No

sanpl e bl ock uRThHEPRoI1&YEXY, FEIHGHRLR, AvP sEhgerserions epe 25
assenbly is inaﬁdoaistedl wdthd chiiic (dentadiechbtmabiom to iputype/ stase The

Gass substrat epsgl 82 f8asl, 'R cheng, J.M. DePuydt, and J.E. Potts,
10 J. Appl. Phys., 67, 448 (1990)). However, a disadvantage
with this device design is that a large hole barrier
exists at the p*-GaAs/p-ZnSe hetero-interface (see L.
Kassel, H. Abad, J.W. Garland, P.M. Raccah, J.E. Potts,
M.A. Haase, and H. Cheng, Appl. Phys. Lett., 56 42

15 (1990)). In this type of device, hole injection across
the p*-GaAs/p-ZnSe hetero-interface is only realized at
avalanche breakdown. Consequently, large turn-on
voltages are required to observe electroluminescence
-associated with the ZnSe pn homojunction.

20 Light-emitting diode fabrication was
accomplished using db'nvent.ional photolithographic
techniques with device isolation being achieved by wet
chemical etching to form 400 um diameter mesas. The top
electrode metalization was ring shaped and was patterned

25 by vacuum evaporation and lift-off. Ultrasonic gold ball
bonding was used to make contact to the devices for
electroluminescence characterization. |

A typical electroluminescence spectrum recorded
at 77K for light emitting diode 134 shown in Fig. 12(a),

30 is illustrated in Fig, 12(b). The dévice operating
voltage and current were 13.5 V and 40 mA, respectively,
for the spectrum shown in Fig. 12(a). As can be seen
from Fig. 12(b), the visible electroluminescence is
dominated by blue emission, the spectrum comprising a

35 number of resolved lines principally at 447.7 nm, 459.6
nm and 464.7 nm. The two highest energy peaks in the
spectrum correspond <c¢losely in energy to the



ul tra-hi gh vacuum growt h chanber to about 610C for about one to five

m nutes to desorb the native oxides and expose the underlying crystalline
structure on which the 30 ZnSe with the sanme crystal structure is to be
grown. The typical growth conditions for ZnSe by nol ecul ar beam epitaxy are
a Zn to Se beam equi val ent pressure ratl f 1:2 (in the range of about 1:4
to 2:1) and a growth tenperature of 275[ (in the range of about 250C to

3554€g£re]r/r]h) ( IJY?%%lMYﬁé?E%Egnﬁi Qﬂiﬁﬂ)@d’ b ez{‘-,gre % herpiuend
respectively. mﬁ'r@hi% ingafiodes cfabricayed uq;img fhen ‘F’&Q‘Fla'dieﬁl
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(lerr] 2 07ed gl Lgum CamSiad o %o B5ERe" Bllc il Al oby |
t he (simultaneously with the blue emission) which appears to
be the result of electron injection into the p*~type Gais
material under avalanche breakdown conditions at the
10 hetero-junction (not shown in Fig. 12(b)).

An electroluminescence spectrum. recorded at
room temperature from the device structure illustrated in
Fig. 12(a) (visibie region only) is shown in Fig. 13. As
can be seen from the figure, dominant emission in the

15 blue region of the wvisible spectrum is observed, peaking-
in intensity at a wavelength of 465 nm. For the
particular spectrum shown in Fig. 13, the voltage applied
and current drawn were 22 V and 20 mA, respectively.

' Fig. 14 shows. a 1light enitting diode 148.

20 Light enmitting diode 148 is a p on n device which
operates similar to ligﬁt emitting diode 134 of Fig.
12(a). Light emitting diode 148 includes an n* GaAs
substrate 150, an n-~type ZnSe layer 152 and p-~type ZnSe

. layer 154. Contacts 156 and 158 make electrical contact

25 with p-type ZnSe layer 154 and n* GaAs substrate 150.
The p-type 2ZnSe layer 154 is deposited using molecular
beam epitaxy and a group VA free-radical source described
above. In one embodiment, diode 148 shown in Fig. 14 n~

- type ZnSe layer 152 has a net donor concentration of

30 about 1x10®cm® and a thickness of about 2.0 um and p-type
ZnSe layer 154 has a net acceptor concentration of about
1x10"cm® and a thickness of 0.5 um.

Using the method and apparatus described above,
n-type IIB-VIA semiconductor film may also be produced.

35 The resultant IIB~VIA semiconductor £ilm may be used in
pn junction devices such as light emitting diodes and
light detectors as well as diode lasers and transistors.



10 in=situ production of epitaxial structures conprising ZnSe pn junctions.
This is useful in the fabrication of efficient light-emtting devices, such
as light-emtting diodes and di ode |asers which operate in the blue region
of the visible spectrum 15 . ~Either nitrogen or oxygen are an
excel l ent p- type dopant element in ZnSegaln addition to providing |arge
net acceptor densities (greater than about [err] and | ow conpensati on

Eggpgfalt 5?25 188 Fae Sd?&er ,J%;édfwnianﬂna?wta&ear axﬁoab& embledadarat
e centrat,i nltro

acceptor i rrpuPPPP‘e%P&FEXYn% a&é%‘“? & OPARL, 9 3ygi§ whi ch
:\IQYCH ves {n t rgggnsaﬁmhm% dfmmﬁkylm[dl@?uigweam bpé.tax[iaﬂ.agre%gu ow h.

accept or nsities_ ar ge._as v h&8phB {lge
resul tant p-type en’é?% % %\gceg Eﬁgws 2 %%ar' g BprT axy
system 110.5 akieadcl, ararikaantinonyy syoxygen isayndlaesbe L#%r abeam
epi taxy chamb {1 &ﬁy‘ f‘?&]e-g&'s 2l ZothrculPStiyd emééifod ,na/bhgﬁukatusbeam

epi t axy cha an el ectron gun 1 osphoru creen 118
and a flux rmualYorbelz‘IFed Efex sNodoping sand) O-dop. n926’f0 €98 §r gy?&r ried

in nol ecul ar hegraey EdpLviRawenicbhductors including 2n,,Cd,Se, ZnSe,
,Te,, ZnSe..S,, 2nsS,Te,, and Zn;,Cd,S.

10 Referring again to Figure 1 and the present
invention, lower ZnSSe cladding layer 20 is doped n-type
using the ZnCl, source. Other aspects' of the techniques
used to grow cladding layers 20 and 22 are described in
the Matsumura et al. article, Optimum Composition In MBE-

15 2ZnS,Se,,/ZnSe For High Quality Heteroepitaxial Growth, J.
crys. Growth, vol. 99, p. 446 (1990). '

A low resistivity p-type 2ZnsSe ohmic contact
layer 26 has been achieved by growing the contact layer
‘at low temperature within MBE chamber 54 utilizing the

20 cracked Se source 72 ,(ie., cracking 2zone 82 and
evaporator 84), while at the same time doping the
semiconductor material of the contact layer p-type in

~ accordance with the method described above. The low
temperature growth technique used to produce the contact

25 layer 26 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
Selenium, Appl. Phys. Lett. (Feb. 1990). The
semiconductor body with layers 28, 24, 20, 14, 18, 16 and

30 22 on substrate 12 is heated to a temperature less than .
250°°'C but high enough to promote crystalline growth of
the 2nSe doped with the N p-type dopants to a net
acceptof concentration of at least 1x10Ycm?d. A net
acceptor concentration of 1x10%cm® was achieved in the

35 ohmic contact layer 26 of prototype laser diodes 10, when
grown at a substrate temperature of about 150° C.
However, it is anticipated that ohmic contact layers 26



Ef fusi‘on cells 122, 124, 126, and 128 may conprise, for 35 exanple,

effusion cells for Zn,. Se, and [err]. .Ml ecular beam epitaxy system 10
al so includes a free-radi cal source 130. Free-radi cal source 130 may
conprise a - 15 - source of any group. VA or oxygen free-radicals. For

exanpl e, free-radical_ source 130 may prp Wade, a source of nitrogen
free-radicals, in which free-radical source 130 is supplled with ultra-pure

[err] from awﬂﬁuaada&;ﬁ:&ﬂe‘? PR At T wih £t etHexdi cal
source 130 is avallable fron1Ckford 'l ed Res éi ( ford ire,
U8 D o RAEl teUBREBLULes dAwh: toohk, 18a8Rhcl30 b

whi ch produce dpeatatimyli patrameters cofMBE chamberctisonusgdl tor cprdamance

10 (ECR) free-adi

iavemat, 1o, 5 Rk RN e S o Bl BRI Al i
cracker cou§|dmlane)aSNSQﬁ%DWQMrce t hrough~a m crowave tube nmay be used to
produce free-radicals.. A DC plasma di scharge chanber may al so be 15 used.

Furthernore, any ap roprlate t hermal cracker or dlsas%EC|at|pn cel |

(available from f#n &eam equiyalent pressure: Torxr*

Se cracking zone temperature: . 600° C*
Se bulk evaporator temperature: 250° C*

10 Growth rate: - 0.3-0.6 um/hr
Surface reconstruction: Zn-stabilized
Nitrogen pressure in chamber: >3.5%107 Torr#*
rf power: 150-250 W#*
* parameters dependant upon specific MBE system

15 configuration

Figure 3 is the current-voltage characteristic
of a sample with two coplanar Au metal electrodes on a p-
-type'ZnSe contact layer produced for test purposes in a
20 manner substantially similar to that described above.
The ohmic nature of this contact is indicated by the
substantially linear nature of the curve over the -6 to

+6 volt range. .
The mechanisms believed to enable the ohmic
25 nature of contact layer 26 can be described with
reference to Figure 4 which is an energy band diagram of
the Au - p-type 2ZnSe contact layer interface. In
addition to the expected shallow impurities 100 utilized
by conventional ohmic contacts, additional- electronic
30 energy states 102 are formed in the contact layer. These
additional energy states 102 are relatively deep (within
the forbidden gap) with respect to the valence band
maximum, compared to the depth of the shallow impurity
level 100. Energy states 102 are in effect intermediate
35 energy states located at an energy less than the Au Fermi
level and greater than the shallow impurity level 100.
Since the probability of charge carriers tunneling



261 East Fifth Street, St. Paul, M nnesota 55101) may be used. ZnSe | ayers

were grown on GaAs substrates in a 20 nol ecul ar beamepitaxy ', system of
the type described herein. These layers were grown at a substrate
tenperature of 275[err] with a Zn to Se beam equi val ent pressure ratio of
1:2 (typical layer thicknesses and growtipgates were 2 [err] and 0.5 [err],
respectively). 25 P-type doping of the ZnSe | ayers was achi eved by a free-
radi cal sour cebetvedn wewoi givepoeaerdgy statesrdinondamesh eaxpanentiallyst em

rat her than a enis| usi ce. frege’ aive?! ;ﬁlf
provided a fl u‘gxﬂgﬁ{ a{ig%gghﬁﬁ’gogéﬁ% tgigeet hetr’etv&;-{%’a Errﬁgh |'ar ger uﬁg'of
non- 30 di ssocdddibiongl crenexdyi nskakesp| 193 Greatdyye inarense he
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acceptor energy. A diagramatic depiction of an electron
making a multi-step tunneling transfer between the 2ZnSe

10 and Au layers through the additional energy states 102 is
also shown in Figure 4. Even better contacts are
attainable with electronic states at more than one energy
level, such that tunneling can occur from state to state
across the barrier.

15 It is anticipated that the introduction of
additional energy states 102 can be achieved by a number
of methods. Doping during growth, diffusion, ion
implantation or other known techniques can be used to
.incorporate impurities which produce deep levels. One

20 important type of deep level impurity is the iso-
electronic trap. By way"" of example, Te is thought to -
form a hole trap in Znse. The additional energy states
102 can also be achieved by introducing proper native
crystal defects such as, but not 1limited to,

25 dislocations, vacancies, interstitials or complexes into
contact layer 26. This can be done during the deposition
of the contact layer by choosing the molecular species of
the precursors, and/or by other appropriate growth
conditions. Native defects can also be generated by

30 post-growth treatments such as irradiation by electron
beams, ion beams, radical beams or electromagnetic
radiation. However, these techniques must be implemented
without detrimentally degrading the conductivity of the
ZnSe or other semiconductor material used for the contact

35 layer.

It therefore appears that the useful p-type
contact layer 26 has a number of properties. The net



-* 16 -* conparing 10K photol um nescence (PL) spectra recorded from ZnSe

| ayers grown with a flux of N2 only and with a flux of N+ [err]. As shown
in Fig. 10(a), the 10K PL spectrumrecorded froma ZnSe |ayer grown using a
flux of 5 N2 only, (in this case an equilibrium background pressure of N2
in the nol ecul ar beam epitaxy chanber of 107 Torr was mai ntai ned) appears
to be identical to that recorded fromundoped ZnSe heteroepitaxial |ayers

(see R'M Park Ee PO‘déi{f&i 1Wlﬁ »%rosléerm KOpPePerPably  atodpeadt 10
Mat er. Res 9933}% he do nant _pea g |n he excitonic reginme are

the split freei@(El j}s SRFVERH Fo edugeckbe WAAER, PF FheRRFFERE. the
splitting bei ngngea hOwhheht *ﬁ{éﬂﬁh nsaPriére’ Mt etunfied 1ot ofhdepueen

Censi on (see K '°29£>§3" D! t“eé&i’s isth URitRgen Sny?s%'ari‘%%«%‘xi%om
(1989)). Corssemustt h)lsoatbs drdew prefervahly Natpayalsad nnﬂhn‘%.s
Sl tuation charBaahEne YE Epenindloaa " RhEaThw, Madtblor 1sdkls . Fae
created in theniteegeaduimum;hese also s Appeakn tmepavkisppateurﬁmftlieg
10(b). Again tfsrﬁaeiaﬁouﬁdtﬂ& a@e %tra‘i:éél thee "@! e iim DeEHR
epi taxy chanber during growth was r r Wt h power applledtotheRF
amount of nitrogen required is that which will provide
10 adequate concentrations of both types of levels. The
growth conditions must also be appropriate to form the
defects at the energy levels described above. The low
temperature growth technique described above has been
shown to produce these material properties (contact
15 resistances less than 0.4 ohm-cm’ have been achieved).
The low-temperature photoluminescence (PL)
spectrum from a | good ohmic contact layer such as 26 is
shown in Figure 8. The observed characteristics include:
1) the very weak near band edge PL; 2) the appearance of
20 the defect band at 2.3 eV (18,500 cm'); and 3) the
presence of a band (presumably associated with donor-
acceptor-pair recombination) at about 2.5 eV (20,400 cm?).
The band edge PL is expected to be weak for materials
which have significant concentrations of deep levels
25 since the deep 1levels provide 1long wavelength and
nonradiative channels which .compete with the near band
edge processes. The emission band at approximately 2.3
eV is associated with a transition from the conduction
band to a deep (acceptor) level about 0.5 eV above the
30 valence band maximum. This is near the energy position
that’ is believed to be the most effective for cascade
tunneling. The emission band at 2.5 eV is believed to be
related to transitions from donor to acceptor states. No
or minimal donor states would be preferrable, eliminating
35 this transition, or shifting its occurance to slightly
higher energies.



pl asne di scharge. The excitonic regine is dominated by 25 split
acceptor-bound-exciton [err] transitions due to the incorporation of
nitrogen acceptor inpurities (see P.J. Dean, W Stutius, G F. Neumark, B.J.
Fitzpatrick, and R N. Bhargava, Phys. Rev. B 27, 2419 (1983)). In
addition, the conplete PL spectrumis q,ogant ed by donor- 30 to-acceptor
(D-A) transitions ([err]-represents the no phonon transition, with several

LO phonon replicas of [qfr{] #, dl&ﬁae@ﬂf&- OEﬁQﬁedtﬁQ QI Ifces

transitions. Thus, the rate-o tltutlona I ncor poration of atom cC
nitrogen is miasHikadbake CRRVeRtianad. Rracanses -35 those, s158d i ng

ZnSe surface. fgie sam:mfmqm-mlcbmiben&ﬁcsaectdwmammua Figed 1&d) was
optal ned vas {24l ks "BNE. BaE AT e CRRRERRLED, Thils SiSdpcae U
| ayers wer e5d@®crlowiany then glepasidi iiom of: oointagpt lager) Air,ofthe rag; yetsl nce
P e bl PR32 L1001 3P aY) S Y el B
out . The suBleatrase O includes Au which is vacuum evaporated onto
contact layer 26 and patterned. into a stripe (typically
about 20 um wide) using conventional photolithography and
10 lift-off. An insulating layer 34 of is then applied over
electrode 30 and the exposed surface of contact layer 26.
For an insulator that can be applied at low temperatures,
polyimide photoresist is preferred. Probimide 408 from
Ciba-Geigy Corp. was used to produce laser diode 10. A
15 stripe (about 20 um wide) of the polyimide layer 34
directly: above electrode 30 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
20 polyimide, the device was flood exposed to 1 J/cm? of UV
light from a mask aligner, and baked at 125° C on a hot
plate in air for 3 minutes. Ti-Au layer 31 is then
evaporated on the exposed surface of the Au electrode 30
and polyimide ‘layer 34 to facilitate lead-bonding. The
25 In used for MBE substrate bonding also served as
electrode 32 on substrate 12. Opposite ends of the
device were cleaved along (110) planes to form facet
mirrors. Cavity length of the prototype devices 10 is
about 1000 uym. Laser diodes 10 were then bonded p-side
30 up to ceramic sample holders with silver-filled epoxy.
Improved performance of these lasei' devices can
be gained by providing better lateral confinement of the
optical mode. This can be achieved by forming an index-
guided laser 10' such as that shown in Figure 7. Index-
35 guided laser 10' is similar to laser 10 and can be
fabricated with the same II-VI semiconductor layers.
Portions of laser 10' which correspond to those of laser



patter’n consisted of a series of 762 [err] dianmeter C/Au dots physically

I solated froma large C/Au surroundi ng el ectrode. The separati on between
the inner (dot) 10 electrodes and the outer electrode was 25 [err], a
smal | separation being necessary in order to nmaintain a | ow series

resi stance. The contact pattern was creg$ﬁ? by thermally evaporating 75 A

of O followed by 1000 A of Au and perT ng photol ithographic and

el 4 2t of ool aPe, dhaitatda Ui SPRRERSK HEE, priliRd? {4, | A8 FpI° Voo
contact. Wthre geacgnnquVéASLonInhshmmanhq§¢m§nﬁishOWquiaesgi¥eh by
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concentrati onaPd §PBEBFE dAYPTt 86( e ﬁl%p@sopa["em frrmda, Sp .aT‘ﬁgd%’ér rl
versus V pleotofndbblit [N Br $oA Bealclatehingliwitl Odi Ke @it Ametlohr om a
heavilyjdope ZnSe | ayer are IlJustrated 25 in Figs. 11( and éiég 1
respectively. eans s?%vvnbyn ﬁ'@éé&ﬂ%‘f‘ nd ef'f(lﬁ)“%‘t he mat@rYar “type
with a net acpkptoresisterdamtben usedinds| @& rinasks fomwthis Fprocdssb), the
OO D h oL ek BADGE hd cLiOMECA coubiu it [S0h 1Ay gulnd ibere
which is to provide lateral waveguiding. These techniques include

10 using substrates in which grooves have been etched (ie.,
channelled-substrate lasers), or etching a rib and re-
growing a top cladding layer (ie., " a  “puried
heterostructure" laser). Improvements in the threshold
current or the differential quantum efficiency may be

15 achieved by dielectric coatings of the facets to adjust
the reflectivities.

Initial tests of the prototype laser
diodes 10 were conducted at 77 K by pulsing the devices,
typically with 500 nsec pulses and a 500 pusec period.

20 Current measurements were made with a box-car averager,
while a large Si photodetéctor was used to collect and
monitor the output light intensity from one end facet of
the device. The measured light output as a function of
current (ie.,  L-I) characteristics from one of the

25 devices is illustrated in Figure 5. The threshold
current is 74 mA, which corresponds to a threshold
current density of 320 A/cn’. Differential gquantum
efficiencies in excess of 20% per facet have been
measured, as have pulsed output powers of over 100 mW per

30 facet. The coherent light is strongly TE polarized and
a "speckle pattern" is clearly visible. The output laser
beam has an elliptical far-field pattern, with a
divergence of roughly 40°x4° for the central lobe. Side
lobes are visible, indicating higher order transverse

35 modes.

The measured L-I characteristics, such as that
shown in Figure 5, do indicate some dependence on pulse



consi stent with aval anche breakdown in ZnSe material doped at this |evel,
e, [err] p-type. Further evidence of the p-type nature of the nitrogen
doped ZnSe material was obtained through the 35 fabrication of blue
light-emtting diodes based on epitaxially grown ZnSe: N ZnSe: d pn

honoj unctions. The n-type ZnSe | ayers +m28hese pn junctions were grown

usi ng - 18 - O as the dopant elenent, the source of the O atons being
a-ZnC 2 ef fuslengthl| iAtodvighat urrenthdensitiesy tbemaninadin stheem A
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Thermal effects become important at these current
densities, as thermal gradients and the temperature
dependence of the index provide lateral optical
confinement. It is expected that these characteristics

10 will be alleviated by index-guided versions such as laser
diode 10°'.

Figure 6 is a graph of the optical spectra
that are characteristic of the prototype laser diodes 10
at 77 K. The spectra illustrated in Figure 6 were

15 acquired using a SPEX 1403 double monochromator. At
currents below threshold, the spontaneous emission occurs
at 490 nm and has a FWHM of about 3 nm. Above threshold,
the 1060 um long device operates in many longitudinal
modes centered at 489.6 uym, and which are separated by

20 0.03 nnm. ..

Laser operatio'i'x has been observed in the
prototype laser diodes 10 for ‘short periods of time at
temperatures as high as 200 K. At room temperature the
devices emit at 502 nm, but do not lase.

25 The operating voltage of the prototype laser
diodes 10 at the threshold current is approximately 15 V.
This characteristic indicates that there is still room
for improvement in the ohmic contact between electrode 30
and contact layer 26 and/or improvement in the

30 conductivity of p-type layers 16, 22, and 26. Reducing

~ this series resistance and improving the heat-sinking of
the device (ie., by solder-bonding the p-type side down)
are expected to facilitate CW operation at higher
temperatures.

35 It is expected that the inventive concepts
disclosed herein and used to fabricate the prototype
laser diode 10 are equally well suited to the fabrication



15 . _ Insulating. 2. Doped ZnSe using [err] with no RF
power to free-radical source: Zn to Se beam equival ent pressure 20
ratio: 1:2 Gowh Tenperature: 275[err] RF power: O watts Background

pressure: 5x10[err] Torr Results: Low tenperature 25

phot ol umi nescence spectrumindi cated sangy &. was not p-type. CV
measur ements indicated sanple was insulating. 30 ' 3. Doped ZnSe
ysing [err] whg Maffeﬁ%/ﬁdéé) fricifa wébcehrieuycef dthép Sempeand eI+ val ent
pressure ratlo ; f.enmperat ure: er,l RF
power: 320 whF &Rﬁ'ﬁ? NS [QPPF Regﬁf’?‘s other 2Zn3¢,

tenperature alloys. For example, improved operating characterisics

will be achieved by using lattice matched materials such

5 as €4,2n,,S (with x of approximately 0.61) and ZnSe to form

the waveguide. The quantum well in such a device may

include cCdZnsSe. This semiconductor system will not

suffer from misfit dislocations which can dQecrease

efficiency and the useful lifetime of the devices. Also,

10 a multiple quantum well active layer made of a strained-

layer superlattice could replace the single pseudomorphic
quantum well layer 18. '

ohmic contact layer 26 might also be improved

by using thin layers of smaller band gap II-VI alloys

15 such as ZnSe,,Te,, C4,2n,,Se ahd Hg,2n,,Se. Group VI sources

other than Se, can also be used to produce ohmic contacts

in accordance with the present invention. Other Group VI

species X, where m<6, as well as other sources of these

species, should '_be suitable substitutes. Other metals

20 (eg., Pt) or other electrically conductive materials

having a large work functi&n (eg., >5eV) and suitable for

a stable semiconductor interface can alsoc be used as

electrodes. In conclusion, although the present

invention has been described with reference to preferred

25 embodiments, changes can be made in form and detail

without departing from the spirit and scope of the

invention.



- 19 JApHﬁToTuninescence spectrum current- voltége measur enent and

capacit measurenent indicated that sanple was p-type. J[err]
(hi gh 5nmm”m m E dopi ng ef ficiency) and [err] [err] 4.

Doped Zn%e aisid
Zn to Se beanleqU|vaIent pressure ratiQ: 2k 2 Gowh tenp
power: 320 watts Background pressure: [err] Torr 15

Resul t s: CLATMBY t enperature photol uni nescence spe
vol t age neasurenent, and capacitance- voltage neasurenent
sanple was p-type and [err] 20

12(a) shows a Ilghtx.em i m-vmodeoiﬁéunal émivonducitori Qds

th RF power to free- radical source: 10

Qﬁﬂ;@: RF
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i*ndi cat ed t hat
[err] . Fig.
Qdser34 diodeldes

p-type GaAs s 136 As substrate f t base for
55 ol ccul feimedt Eron aveziawibe Aayars St prerial, dpthdding?

a first guiding layer of\II-VI semiconductor of a

first conductivity type;

a second guiding layer of II-VI semiconductor of a
second conductivity type adjacent the first
guiding layer, the first and second guiding

10 layers forming a pn junction;

a quantum well active layer of II-VI semiconductor
between the first and second guiding layers;
a single crystal semiconductor substrate of a first
conductivity type opposite the first guiding
15 layer from the second guiding layer;
a first electrode opposite the substrate from the

first guiding layer; and

a second electrode opposite the second guiding layer

from the first guiding layer.
20 '

2. The laser diode of claim 1 wherein the guantum
well active layer includes a strained pseudomorphic

semiconductor layer.

25 3. The laser diode of claim 1 wherein the quantum
well active layer includes a multiple quantum well active

layer.

4. The laser diode of claim 2 wherein the quantum

30 well active layer includes a CdZnSe layer.

5. The laser diode of claim 4 wherein the first
and second guiding layers include 2ZnSe layers.

35 6. The 1laser diode of claim 5 wherein the

substrate includes a GaAs substrate.
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doped Tayer 138—+s—depesited upon p-type GaAs substrate 136. P-type ZnSe

| ayer ' [ ted in accordance with the present invention using a
nitroMﬁ”,ﬂ&kﬂMﬁi‘lsourcei An n-type ZnSe chlorine doped |layer 140 is
30 depesi sp-rype ZnSe layer 138._. An n+ ZnSe cap |layer 142 is
deposi ted upon n-type zZnSe |ayer 140. “THt* deposition of layers 138, 140,
and 142 is through, nol ar epj I al e0r ' t 44 and
146 formelectrical® coﬁf‘gct 51$§g€]+ Q#ﬁééécaéfl a%g?qf4g%amn§ﬂ%?gpﬂfy;te&%a%

substrate l13csubstrateiincludes a InSe substrateqbodi ment, p-type ZnSe
| ayer 138 has a thickness of 2[err] and has a net acceptor concentration of

[err]. N-type - 20 - ZnSe_| ayer . 140 _has a thickness of 0.5 [err] and a
net donor concentr&tiorthe [baeer dhede. ofisccdaim gjer angd ther
thi ckness gf HrE1daBRg: 2 net donor concentration of [err] 5 Fi g.

subotrate. This et bre€rainading, Iudrons, ToVr, S condneton if &r i ous
probl ens associ at ed wi tfixétri conductivityr typeobetween: the Afsstrate
- and the first guiding layer; and
a second cladding layer of II-VI semiconductor of a
10 second conductivity type between the second

guiding layer and the second electrode.

9. The laser diode of claim 8 wherein: _

the first and second cladding layers include ZnS,Se,,
15 layers where x is about 0.07; and

the substrate includes a GaAs substrate.

10. The laser diode of claim 8 wherein:

the first and second cladding layers include C€4,Zn,,S
20 layers where x'is about 0.6; and

the substrate includes a GaAs substrate.

11. The laser diode of claim 8 wherein: _

the first and second cladding layers include Cdzns
25 layers; and

the substrate includes a ZnSe substrate.

12. A method for producing an ohmic contact to a p-
type II-VI semiconductor body, including:
30 placing a p-type II-VI semiconductor body in a j
. molecular beam epitaxy chamber; \I,
injecting at least one group II source into the @-‘ U @( q(

chamber; .
injecting at least one group VI source X, into the ‘/) 28 A
35 chamber, where m<6; US A

injecting at least one free-radical p-type dopant
into the chamber;
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(See MA—Haase—H-_Cheng, J.M DePuydt, and J.E. Potts, 10 J. Appl. Phys.,
67, 448 . _However, a disadvantage with this device design is that a
Iarge h({ﬂﬁﬂ ' ”M”juf at the p+-GaAs/ p-ZnSe hetero-interface (see L.
Kassel | and, P.M Raccah, J.E. Potts, MA Haase, and H
Cheng, Appl . Phys LBt t* 56 42 15 (1990 ) In this.type of device, hole
I njection across the p+- GaAs/p ZnSe heTe? -Tnterface is only realized at

‘aval anche br eakdown. nsequgent | I urn-pn _voltages are
required to observBe BF@E?r& (%%é?%’ ?ﬁmPﬁ’éa 3 gﬁss
honoj unction. 20 thaangbt degrutasn@ butdihdagh endwgh tatpoomotewas

acconpl i shed usin . t

devi ce isol ation be?ng agﬂlgggg‘g?ﬁ& \&%%Bga:wg?&%ﬁ% %&ﬁ#j%?ﬂ]&ﬁgsﬂ%er r] -
di amet er mesas. The 't oplayett rdeveﬁet atiithat ithe freerxadicald BnEYRRS
patterned z by vacuum ﬁ& RAta! 'tB”aa’i%t‘ lddaeiitor ddricamruticw! ofbat!

bondi ng was used to make ont act devi ces for el ectrol um nescence
characterization. A typﬂ-EaFteF-EéPrSPum ardcence spectrumrecorded at 77K

fl gzbl)lght Tﬁm g ti ngg#oRifigld sﬂt@atammeg 112¢3) ,o!ﬁﬂcdegHt!a%anlaylern Fig.
e devi ce operating curraent 53\ 4
respectively, for the sﬁ@?ﬁa H:igho%%q ? '@("% %pd?'n ‘B%P%Sgﬁ o™
a net acceptor concentration of at least
10 1x10cm®, on the semiconductor body.

13. The method of claim 12 wherein heating the
semiconductor body includes heating the semiconductor
body to a temperature high enough to promote crystalline

15 growth of a II-VI semiconductor layer doped with free-
radical p-type dopants to a net acceptor concentration of
at least 1x10%cm?. |

14. The method of- claim 12 wherein heating the

20 semiconductor body inclﬁd_es heating the semiconductor

body to a temperature between about 130 and 200
degrees C. '

15. The method of claim 12 wherein:
25 injecting a group VI source includes injecting Se,
where m<6;
injecting a group II source includes injecting 2zn;

and
injecting free-radical p-type dopants includes

30 injecting group V free-radicals.

16. The method of claim 15 wherein injecting a
group VI source includes injecting thermally cracked Se.

35 17. The method of claim 15 wherein injecting group
V free-radical p-type dopants includes injecting free-

i




fromFig. 12(b), the visible electrolumnescence is donm nated by bl ue
em ssi .conprising a 35 nunber of resolved lines principally
at - 447|mlwrmmll€ﬂm nd 464.7 nm The two highest energy peaks in the
spectrum ¢ c@rrespi)nd* cl osely in energy to the - 21 -

el ectrol um nescence peaks observed at T7R3 f'rom blue light-emtting di odes
fabricated usin I trogen-i.on | ant atl apn n rocedur
reported by AFP%&F& f<‘:'t%"'(§'l'3’éa I‘?r% yﬁf HSL ﬁﬁﬁg aﬁEPP%CS Jpn.

J. Appl . Physand?phosphdroiiai9)) . Infrared em ssion at 844 nmwas al so
recorded fromthese devices (sinultaneously with the blue em ssion) which
appears to be the result of electron injection into the p[err]-type GAs
materi al under aval&sch&hier seithodn ofordnrimoidl wherrdnidnjecting Greeron

(not shown & nrgigg cal? gh)t&FgAg??Bﬂ%br Qhe;maesc £19 Sc‘EEﬁ ¢ h!&b?@ﬁr gedeal room

tenperature fromthe ucture | ustrat ed vi sible
region only) raddcad®-in Fi g. 13. As can be seen from t he figure, donm nant
em ssion in the 15 blue region of the visible spectrumis observed, peaking

19. The method of claim 12 and further including
depositing a layer of conductive material on the ohmic
10 contact layer.

20. The method of claim 19 wherein depositing a
layer of conductive material includes depositing a layer ‘{ d :
of conductive material having a work function > 5eV on vie
15 the ohmic contact layer.

21. The method of claim 20 wherein depositing a
layer of conductive material includes depositing a layer
of metal on the ohmic contact layer. —_—

20 ' j
_ 22. A p-type ohmic contact for Group II-VI ,
semiconductors, including: o

a p~type Group II-VI semiconductor device layer; ﬂ&P 3*9&(
a p-type Group II-VI crystalline semiconductor ¢ 2287
25 contact layer on a first side of the device oS ,3/]
layer; .
a conductive electrode layer characterized by a
Fermi energy, on the contact layer; and
the contact layer is doped, with shallow acceptors
30 having a shallow acceptor energy, to a net
acceptor concentration of at least 1x10'cm3,
and includes sufficient deep energy states
between the shallow acceptor energy and the
electrode layer Fermi energy to enable cascade
35 tunneling by charge carriers.
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|ntens wavel ength of 465 nm For the particular spectrum
shown the vol tage applied and current drawn were 22 V and 20
mA, 14 shows a light emtting diode 148. 20 Light
emttln p on n device which operates sinmlar to |ight
emtting d| ode 34s of* Ig. 12(a). Li‘ght34em tti ng di ode 148 includes an n+
GaAs substrate 150, an n-type ZnSe |ayer 152 and p-type ZnSe |ayer 154.
Contacts 156 and 153 aukEhe| petypeabhuiat mnt!?hMQfl elajme 22nthergin 154

and n+ GaAs sufjd Bbftact. ﬂ}ﬁ‘eﬂo L0 g sha low dseeap&sésusedg
nol ecul ar beam ep| taxy a group ree cal source descCr i ove.
In one enmbodi RShieYs GdBeE4%°‘§9BW|‘?P‘W§‘ ipn of ,atzlen a’;Pé'-\‘o “:'?2 has a

net donor concentration of 30 about [err] and a thickness of about 2.0

[err] and p-type Z r 154 has et ac or trgtion of about
[err] and a5th|ckné§ o?ﬁ'&f B¥P %E'? %tﬂﬁ Eﬂpgériﬁﬁreﬁ'
descri bed abovthe n-comeadt B—]A}éeserrisondopedr filcim mwmrbe ghaddioved. 35
The resul tant Aé% M&s em conductor filmmay be used in pn junction devices

such as |ight |ng di odes and light detectors as well as diode |asers
and transi stors.

25. 'I‘he p~type ohmic contact of claim 24 wherein
10 the contact 1layer is doped with nitrogen to a
concentration of 1x10%¥cm?®.

26. The p~type ohmic contact of claim 22 wherein
the semiconductor device layer includes a 2nSe
15 semiconductor layer.

27. The 'p-type ohmic contact of claim 22 wherein
the electrode layer includes a layer of material having
a work function of al least 5 eV.

20 :
| 28, The p-type ohmic contact of claim 27 wherein q‘
the electrode layer includes a metal layer. ’ '
_—
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" 22 - The free-radical source is introduced into a nol ecul ar beam epit axy
gromﬂh chanber to provide a dopant .to a.ll.B- VIA sem conductor during

nol ecul ar beam epitaxial growmh. The free radi'cal source may be nitrogen,
phosphorus, 5 arsenic, and antinony. égen may al so be used as a
suitabl'e free-radi cal source. The netheu d*appar atus nmay be used for

N- dopi ng and O dopi ng of ZnSe. P-type- ternaréTIIB-V{A sem conduct ors
including [err] [err] [err] . and [err Referring again to

Figure 1 and the present al TEeVl GompouHd saﬂ%xfdwkbmm&mrdfedeswoped
n-type using t err] .spurce. aspects of, th sed
grow cl addi ng ng% éﬂ fmm z‘ﬁ"%ﬁqe%é&% ?c-ﬂfq r?ft H&%ﬁ?ﬂﬁggib‘f‘g g
article, Cpt|nnﬁtgpeposﬁngielrctﬁitalS bemiponfAucteryh spbstrate 12
Het er oepi t axd a @L9
resistivity p % Sse%ge oh%ﬁ:eyc%glr#}ag%f% &ﬁggﬁgsasgég}%gacjﬁ Zévned growl ng
t he cont act |a;2§rvat semip«padpgtarufm},mm pedunetdion, s4quantum welihe 20
cracked Se saai;?&e 7iayé1~e 18 GECHirgyT Za&mc%%auwxevsa%ahar thd) .
while at the san? I ng the sem conductor material of the,contact
| ayer p-type iH% 1ng lay rs 14 and 16, first electrode 32 opposite the
substrate 12 from the n-type guiding layer 14, and a
10 second electrode 30 opposite the p-type guiding layer 16
from the guantum well layer 18. Electrode layer 30 is
characterized by a Fermi energy. A p-type ohmic contact
layer 26 is doped, with shallow acceptors having a
shallow acceptor energy, to a net acceptor concentration
15 of at least 1 x 10"cm®, and includes sufficient deep
energy states between the shallow acceptor energy and the
electrode layer Fermi energy to enable cascade tunneling

by charge carriers.

_—
* This Sheet Has

[T

———



accordance with the nethod described above. - The | ow tenperature growh

t echni que' used to produce the contact ,-325 | ayer 26 of the prototype |aser
diode 10 is described.generally in the Cheng et al. article Low Tenperature
Gowh O ZnSe By. .\ eam Epi.taky : Usi ng ,Cracked Sel enium  Appl.

Phys. Lett., (' : isem: condu :body . with |aye 28,
: e 12 is hlé)/fg'd. Ez-a'_terrpm}@e

24, 20, 14; 18,1 tbs
tBgfHronote crystalline g ?Nt f the
. _ ' a

Ness t han 250[ err] .:

ZnSe doped with t tion of at
| east [err]. nek _ ~ mvs\% n the 35
ohm ¢ -contact”’l ayp B i1l oqes e when at a
substrat e tenperapt 1 t d that ohmc
contact |ayers 26 . 2 S é't(a.rﬁ [ can be achi eved
at other growth tpnperatures down to.at Teast 130 C ! Wragz erating
par aneters of MBE chanber. 54 used to produce the ohmc cof ayer 26 of
t he prototype |aspr gi odes 5:10 .are-as. f-ol | ows:
P rr/é: Zn 55e cmMm/4 LA y&f | =
| ,D- 7'}’P£ Z/:Se é/é#f—é///f)//% mme |
/8 — Ca’z?/) 5e cpwwrum WELL (AVER p
-
/V- 7‘)?”5 Zn Se (./4//7—.{,0/&//1/4 4,4)’5\’
N _K RO
N-TYPE 2rSSe CLAJING (AYER
24\ N-TVPE 2Zn Se CONTACT LAVER
_. » . _’28
NV-TVFAE GaAs BUFFER LAYER
-2
" N-TYPE GaAs SUBSTRATE
_ . ) 31
iV ELECTROIE 1T
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Zn bedm equi val ent pressure: [err] Torr* Se cracking zone

t enpersat ur e: 600 C* Se bul k evapor at or tenperature: ~250[err] C* 10
Gowth rate: - 0.3-0.6 [err]/hr Surface
reconstruction: Zn- stablllzed Ni trogen pressure in chanber:

[err] Torr* rf power: 150-250 W * paraneters
dependent upon specific MBE systen115 configuration Figure 3 is the

current-voltage characteristic of a sanple with two copl anar .Au net al

el ectrodes on a p- type ZnSe contact Fayer produced for test purposes in a
20 manner substantially simlar to t hdt described above. The ohmc natgy e
of this contact is indicated by the sué?ta tially linear nature qkﬁphe

curve over the -6 to +6 volt range. hani sns bel i eved t he
ohmi c 25 nature of contact layer 26 can be described G8h rejer t o
Figure 4 which is an energy band dlagran1of\the Au - p- tact

| ayer interface. In addition to the“expected shall UELE |

utilized by conventional ohnmic contacts, additional/ele o} energy
states 102 are fornmed in the _contact Iayer. Thesegaddi ti Onal |engl gy st R\es
102 are relatively deep (w t¥ N T l

. : 58 _

5z ez JeP
— — “i —
= =
60 -\
' /),
S8
"“”'—'lhéééﬁb -~ | 54
78 //(/4 1:\\ o
B¢
58
Q 79 | 72.
2 70 74 %
Bb
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the fdrbidden gap) with respect to the val ence band maxi num conpared to
the depth of the shallow inpurity |evel 100. Energy states 102 are in
effect internediate 35 energy states l-ocated at an energy |ess than the Au
Ferim |evel and greater than the shaIIOM/lnpurlty | evel. 100. Since the
probability of charge carriers t unnel i‘ng - 24 - between two given energy
states increases exponentially with decreasing di stance between the two
states, additional energy states 102 greatly increase the tunneling
probability by providing a tenporarxiéﬁ dence 5 for the carriers and
facilitate nmulti-step or cascade tu The optimum condition is
illustrated in Figure 4 where [err]. 'sgthe Ferm energy and EA is the

acceptor energy. A diagrasatic depi ctizon of Iectron king a nulti-step
tunneling transfer betwe e ZnSe 19. and Lﬁﬁgﬁgh t he additiona
energy states 102 is also s WD;},,W Fi gure 4x v better contacts are
attainable with electronic states at nore than ont energy |evel, such that

tunneling can occur fromstate to st#te across the barrier.

Y

V- dma

P-7yPE 2nSe




i5 ' It is anticipated that the introduction of additional energy

states 102 can be achi eved by a nunber of nethods. Dopi ng during

growt h, diffusion, ion inplantation .or other known techni ques can be used
to incorporate inpurities which produce deep |evels. One 20 inportant type
of deep level inpurity is the iso- electronic trap. By way of exanple,

Te is thought to &gén1a hol e trap in;ZnSe.‘%Z? dditional energy states 102
can al so be achie y i ntroduci ng pr.aper ifTve crystal defectsy such
as, but not Ilimted to, 25 dislocations, vacancies, interstitifals or
conpl exes intQ.gontact layer 26. This can be done during the depgSition of
the contact la rd%% hoosi ng the nol ecul ar species of the precyfsors,

and/ or by ot hergagfopriate growth conditions. Native defects/can al so be
gener ated by ost-prowt h treatnent®: such as irradiation by gl ectron
beans, ion beags, radjcal beans or el@ctromagnetic radiation./However,
t hese techniqu must| be inpl enented W thout detrinentally dggrading the
conductivity ofathesZprSe or other seniconductor material usgd for the
contact 35 layey. It fherefore appears that the useful p-type contact |ayer
26 has a nunbeﬂgof prpperties. The ‘net .

S’/o -
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- 25 - acceptor density [err] is large, preferrably at least [err]. This
serves to reduce the width of the barrier through which the charge carriers
must tunnel. The p- type dopant concentration (nitrogen in |aser diode 10)
5 mist also be large, preferrably at |Jeast [err]. In addition to form ng
the shal |l ow acceptor |evels, the ni_ts'r/c'] ninpurities also appear, to
participate in the formati on of the deep energy states. At woni mum the
\amount of nitrogen required is that which will g§)r,ovi de 10 gfdequat e

concentrations of bothd of Tgvels. e gtlowt h condifjons nust al so
be appropriate to for e Uat " ene | evel S, ri bed above.
The | ow tenperdture gro evimi-gue—descNb&d above h been shown to
produce t hgye pefti ed7¥cont acf i Ds l ess, than 0.4

[err] have bee i d). Thedprsapepture ne ce (PL)
spectrum from ood ohm c fon F ayer|such as 26 is ovvn in Figure 8.
The observed ¢ dﬂgSUéWZW ;ﬁé_u_ he &éKEMReak hear band edge PL;

2) the appearame of 20 the defect band at\ 2.3 eV (18 b00 [err]); and 3)
the presedcs of a umabl y associ ated with donof- 22
1

P-TIPE 2nSSe CLANDING LAYER { 1
_ A

P-TYFPE ZnSe LIGHT-GuidiNg LAYER

/ - C
1B —CodZrSe QUANTUM WELL LAVER 4
. _ B

~4

W-TYPE ZnSe LILHT-GUIDING LAYER

. : _ /
) | 20

N-TYAE 2prS5Se CLANIING (AYER

247 N-TVAE 2n Se CONTACT LAYER

28’
NV-TYPE Ga As BUFFER LAYER
|
N-TYPE Gads SUBSTRATE
~. ’ /
32

/W ELECTROIE
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acceptor-pai.r reconbi nati on) at about 2.5 eV (20,400 [err]). The band edge
PL is expected to be weak for materials which have significant
concentrations of deep |levels 25 since the deep |levels provide |ong

wavel engt h and nonradi ati ve channel s which conpete with the near band edge
processes. The emi ssion band at approximately 2.3 eV is associated with a
transition fromthe conduction band to a deep (acceptor) |evel about 0.5 eV
\above 't he 30 val ence band maxi nrum Thi's is near the energy .position that is
believed to be the nost effective for cascade tunneling. The em ssion band
at 2.5 eVis believed to be related to transitions fromdonor to acceptor
states. No or mnimal donor statgs woul d be preferrable, elimnating 35
this transition, or shifting iéf/ﬁkcufance to slightly higher energies.

- 26 - In general, and other than the differences described bel ow,
conventional processes (ie., those used for«Si and Il1-V sem conductor
devices) are used to conplete the fabrication of prototype |aser diode 10.
5 Following the deposition of contact:.layer 26, thagas yet
Q
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———nconpl ete | aser diode 10 is renoved from NBE chanber 54. El ectrode 30
i ncludes Au which is vacuum evaporated onto contact |ayer 26 and patterned
into a stripe (typically about 20 [err] w de) using conventional
photolithography and 10 lift-off. An insulating |layer 34 of is then applied
over electrode 30 and the exposed-surface of contact |ayer 26. For an
i nsul ator that can be applied at Logzgp eratures, polyimde photoresist is
preferred. Probimde 408 from Ci ba- iéngorp. was used to produce | aser

. di ode 10. A 15 stripe (about 20 [err] wi de) of the polyimde | ayer 34

- directly above electrode 30 is renoved by UV exposure through a
phot omask and devel opnent -using _the manufacturer's recommended

processing reci pe, except for the post-devel opnent cure. To cure the
devel oped 20 polyim de, the device was flood exposed to 1 [err] of UV light
froma mask aligner, and baked at 4 r~j{on t plate in air for 3

m nut es. TjiQAuU layer 31 is en evaporated on the posed surface of the
Au el ectrode 30and pol yi mjde | ayer 34 1017§ilitate.l -bondi ng. The 25
In used for MBE strate bondi ng al so gefv el ectro 32 gbstrate
12. Opposite ends off the device wer Ieaé, al ong (110X pl anes to form

facet mrrors. Cavity/length of thejprototype devices 10 is out 1000
[err]. Laser diodes/10 were then bonded p-side

SIIG

~ . | 128
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@ 133 & = <
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122
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30 up to ceramic sanple holders with silver-filled epoxy. |nproved
performance of these | aser devices can be gained by providing better
| at eral confinement of the optical node. This can be achieved by forning an
i ndex- guided | aser 10" such as that 'shown in Figure 7. Index- 35 guided

| aser 10' is simlar to laser 10 and’can be fabricated with the same |-V

. sem conductor |ayers. Portions of | aser whi ch corréspond to those of
‘Faser - 27 - 10 are indicated with i ical but primed (ie., "X")
reference nunerals. In the enbodi mrept shown, |aser 10' includes a
wavegui de or rib 35 in the cl addi ng 1ayer 22" and contact | ayer 26'. Rib 35

can be forned :
or Ar ion be et chi rygEx(Z 79949V)onvent| onal
for this process. O her -known and

phot or esi st
conventi onal provide lateral waveguiding.

Y4

These tecifr quels incl ude 10 usiTq substrat [ ggeevyooves have been
etched (i d Iasers) r u% 1{ ms%‘})l b and re- groM ng
a top Ccaddi A B buré'e

2. 8024av
/13(2.79323V)

12.77356V) |
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L ]
281 280 279 278 277 276

Energy (eV)

PL Intensity (arb.u
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het erostructure” laser). Inprovenents in the threshold current or the
differential quantum efficiency may be 15 achi eved by dielectric coatings
of the facets to adjust the reflectivities. Initial tests of the prototype
| aser diodes 10 were conducted at 77 K by pul sing the devices, typically
wi th 500 nsec pul ses and a 500 [err]séc period. 20 Current measurements
were made with a box-car averager, while a large Si photodetector was used
¥o col l'ect 'and nonitor the output light intensity fromone end facet of the
devi ce. The neasured |ight output as a function of current (ie., L-I)
characteristics from one of the 25 devices is illustrated in Flgure 5.
The threshold current is 74 mA, Sﬂhﬁg Lcorresponds to a threshold.current

1

density of 320 A/ferr]. Differ guant um C|enC|es cess of
20% per facet have been neasured, as have puls -I;j zm g over 100
mN per 30 facet. The coherent Ilght is strongl an "speckl e
pattern"” is clearly visible. The output |aser beamh an el liptical
far-field pattern, with a divergence of roughly 40x40[err] for the central

| obe. Side | obes are visible, indicati'ng higher order transverse 35 nodes.

The measured l-1 characfieristics. such as that
N
LN £y T
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shown in Figure 5, do indicate sonme dependence on pul se - 28 - length.
At hi'gh current densities, the gain in the single quantum well prototype
devices tends to saturate. At the sare tinme, the index of refraction is
reduced due to the injection of excess carriers, which tends to make 5 the
regi on under the stripe of el ectrode 30 antl-QU|d|ng Thermal effects
,becone inportant at these current densities, as thermal gradients and the
$enperature dependence of -t he index prOV|de | ateral optical confinement. It
is expected that these characteristic§ 13 ‘4 be all eviated by

i ndex-'gui ded -versi ons such as |aser dpod C?B Figure 6 i.s a graph of the
optical spectra that are characteristi.c of the prototype |aser diodes 10 at
77 K The spectra illustrated in Flgure 6 were 15 acquired using a SPEX
1403 doubl e nonochr omat or . At currents bel ow threshol d, the spontaneous
em ssion occurs at 490 nm and has a F?.M ofs about 3 nm Above t hreshol d,

the 1060 [err] |ong device operates i'n. many Iongﬂi 0 egycentered at
489.6 [err], and which are separated by J! '22!

N

1.57

1/C? X 10° (pF?)

0 - ] . ) ] ' 1
0 1 2 -3 4

- Bias (Volts)




"20 003 nm Laser operation has been observed in the prototype |aser diodes
10 for short periods of tine at tenperatures as high as 200 K At room
tenperature the devices emt at 502 nm but do not |ase. 25 The
operating voltage of the prototype |aser diodes 10 at the threshold current
is approximately 15 V. This characteristic indicates that there is stil

~room for inprovement in the ohmic contact between el ectrode; 30 and contact

~layer 26 and/or inprovement in the 30 conductivity of p-type layers
16, 22, and 26. Reducing this series resistance and inproving the

heat - si nki ng of the device (ie., by sol der-bondi he p- ﬁ@de down)
efn“an

are expected to facilitate CM/operatlon at hlghe
It is expected that the inventive ;?ncepts di scl 0s r used to

fabricate the prototype |aser di oid are equally wefl suited to the
fabrication - 29 - of laser diodes froma wde variety of other conpound
- VI sem conductor alloys, especially from other ZnSe

-b
[--]

-t
o
!

Net Acceptor Density, N ~ N, (cm?)

0.06 008  0.10 0.12 0.14
Depletion Width (um)

and
<,
-




‘all oys. For exanple, inproved operating characterisics will be achi eved by
using lattice matched materials such'5 as [err] (with x of approximately

0.61) and ZnSe to formthe wavegui de. The quantumwel |l in such a device may
i ncl ude CdzZnSe. This sem conductor systemw.l| not suffer frommsfit
di sl ocations, whi ch can decrease efficiency and the useful lifetinme of the

- devices. Also, 10 a nmultiple quantumwel |l active |ayer nade of a strained-
~ ayer superlattice could replace the single pseudonorphi c quantum wel |

| ayer 18. Chmic contact |layer 26 mght also be inproved by using thin

| ayers of smaller band gap 11-VI alloys 15 such as [err] and [err]. Goup
VI sources other than [err] can also be uzégcé? produce ohm c contacts in
accordance with the present invention. O oup VI species [err] where
n<6, as well as other sources of these species, should be suitable
substitutes. Gther netals 20 (eg., Pt) or dbther electrically conductive
materials having a | arge work functiion (eg., >5eV) and suitable for a
stabl e sem conductor interface can al'so be used as- el ectrodes. I n
conclusion, although the present invention has been described with
reference to preferred 25 enbodi nents, changes gan be nmade in form and
detail wthout departing fromthe spirit and scope of the.

Fiz; 12 ﬂ

144~ /
Ohmic 142
W Contact /

"\ |46

n* ZnSe cap (5 x 1 0%cm?) } _500 2
n-type ZnSe (1 x 10'%cm-)
MBE Grown [Chlorine-doped] }\Ol.i}(t)m
Structure -
p-type ZnSe (1x107cm?) ({ ,
[Nitrogen-doped] B
138
P't}'be GaAs
L substrate L
T [Zinc-doped] A
36
ol I



i nvention. 30 CLAI M5 1. A Il1-VI conpound sem conductor |aser diode
(10)-of the type including a pIurallty of layers of 11-VI sem conduct or
form ng a pn junction, a quantumwell active layer (18) of |-V

sem conductor within the pn junction, a senmicaonductor substrate (12) for
supporting the layers of . 11-VI sem conductor and first and second

el ectrodes (32,33) on: opp05|te sides of the layers of I1-VI sem conductor
\t0 coupl e el ectrical  énergy 'to the |aser-diode; .characterized by a first
and a second guiding l-ayers (14, 16) of. 1'1-VI sem conductor within the

| ayers of 11-VI sem conductor formng the pn junction, said quantum wel |
active |ayer being between said fli lgpd second guiding |ayers. 2. The
| aser di ode of claim1 and |nclud|&3/ first cladding layer (20) of II-V
sem conductor of a flrst ‘conductivity type between the substrate (12) and

first guiding layer .(14); and a second cl addi a ﬁé?hf?lﬁrl_VI

sem conduct or of a second conductivity type gui di ng

| ayer (14) fromthe first cladding |ayer (20). 3. The | aser di ode of
claim1 wherein the plurality of layers of Il-Vl s nlconductor include: a
first cladding |ayer (20). of II-VI senlconducto; of a first conductivity
type over the _substrate (12):; and a second quiding |ayer (16) of II-V

semcond_uctor of a second conduct|V|ty type over the first QU|d|ng1Iayer
(14), tQE‘fl st7%qg second gui di ng Iayers form ng the pn junct|o1.

|

EL Intensity (arb. unit

750 650 550 450
Wavelength (nm)



4. The Iaser dlode of claim3 and further |nclud|ng a.first cl addi ng

| ayer. (20) of 11-VI semiconductor of the first conductivity type between
the substrate (12) and:the first. guiding |ayer (-14); and a second cl addi ng
| ayer (22) of 11-VI senlconductor of . the second conductivity type opposite
t he second gui ding - Iayer (16) fromthe first gui di ng layer (14). 5. The
-l aser diode of any of clains 1 to 4 and further including a maveQU|de ridge
k‘(-35) in at |east one of “the layers of.l1-Vl. senlconductor ) The | aser
di ode of any.of clains:l to 5 mhereln t.he active Iay [ udes a
quantum wel | .acti've. layer-. 7, Théﬂbébﬁr di ode of ezgaLB 1to 6
wherein the active |ayér (18) |ncludes a nultlple quantu wel | active

| ayer. 8. The Iaser_d;ode of - any -of: cl ai ms to 7 wherein the active

|l ayer (18) includes zinc and selenium - 31 9 9 The laser di ode of any
of clains 1 tjo 8 wherein the active |ayer (18) further i ncl udes ca
10. The qer diode of any claims 1 to 9 and including at |east
p-type | ager of 3AOK seni conductor doped with p-type dopants from
radi cal s@erde to a net:. acceptor concentration of at least [err] 11.
electronlgzs)sten1|ndludlng a ll-VI laser diode, according to any o
1 to 10 for gmtting. a coherent Iight beamin the bl ue and/ or gre
portions tthe spectrum : : :

cl ai

a_a\u

'EL Intensity (ar,li

l - . L 1 . | !
750 | 650+ - 550 450

Wavelength (nm)




- 32 - heating the sem conductor body to a tenperature |ess t @30

degrees C but high enough to promote crystalline growth of a | | -5

sem conduct gy SYEFT GAREREFNiIth the free-radical p-type 5 dopant s
to a net aycept (}qtp;_g@gyntra ion of at least [err]; and growing a
crystalliné e—eontact |ayer %gped W th the free-radical p-type
dopants to a net acceptor concentratioi~of at |east 10 [err], on

the senmi conductor body. 13. The nethod of claim 12 wherein heating the
sem conduct or body includes heating the sem conductor body to a tenperature

hi gh enough to pronmote crygtigl g&ﬁﬁqgt‘%@ﬁl{obmhg VI sem conductor | ayer

doped with free- radi cal p-type dopants to a net acceptor concentration of
at least [err]. 14. The nmethod of claim 12 wherein heating the 20

sem conduct or body i ncl udegglagahaicdd oFhenEebreendeorer body to a
tenperature between abouf 130 and 200 degrees C.

A II-VI compound semiconductor laser diode 10 is
formed from overlaying layers of material including an
n-type single crystal semiconductor substrate 12,
adjacent n-type and p-type guiding lasers 14 and 16 of
II-VI semiconductor forming a pn junction, a quantum
well active layer 18 of II-VI semiconductor between
the guiding layers 14 and 16, first electrode 32
opposite the substrate 12 from the n-type guiding
layer 14, and a second e ectrode 30 opposite the p-
type guiding layer 16 from the quantum well layer 18.
Electrode layer 30 is characterized by a Fermi energy.
A p-type ohmic contact layer 26 is doped, with shallow
acceptors having a shallow acceptor energy, to a net
acceptor concentration of at least 1 x 10Ycm™, and
includes sufficient deep energy states between the
shallow acceptoi‘ energy and the electrode layer Fermi

energy to enable cascade tunneling by charge carriers.

FIGURE 1
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15. The method of claim 12 V\,herel n: 25 i nj ¢ct i REPHAGEMENTVEHEBIR ce SG

I ncl udes injecting
I nj.ect,i ng -Zn; and
I nj ectifig group

! ‘injecting a
di cal p-type
Thg net hod

THIS %Eﬁd'w\er
freepepiiCEll s, 14
'te I ncludes injecting t

gEbDa—lhbsmupﬁﬁﬂlnckmyasd .....
d@ams I;ﬂCludes Qow i grd

injecting a groupy hg‘ W.J_y cracked Sem ngxed .
17. The method of claim 15 wherein 'd?JA‘fﬁS' ng grloup V free-radi cal p- type
dopants includes injecting free- 33 - radidal %UH;ilu‘!q!

consi sting of ni i eni.c an a -7
wher ei n inj loct | fIT 8mpg‘m§§8?18%ﬁ é{mﬁ &8& (g%tm i mgnap Playéct

nitrogen free- afr\éhv@nc@éuctonferw h@ﬂ J‘BF“?PP & W‘l@néﬁ'ﬁy etive Ié*?r (ilﬁcqu&Vﬁg
deposi ti ng a | agemicadductonerithinitheepmjunetionak semicordnctohsmbstratd)(12) for soppariingethe

20. The nethod Qfyefsl VI SeniiRbRdY 26& BRAS hrid $360nd electrodes (32,33) on opposite sides of
the layers of II-VI semiconductor to couple electrical énergy to the laser diode;
characterized by a first and a second guiding layers (14,16) of II-VI semiconductor within
the layers of II-VI semiconductor forming the pn junction, said quantum well active layer

N O 00 W

being between said first and second guiding layers.

2. The laser diode of claim 1 and including:

a first cladding layer (20) of II-VI semiconductor of a first conductivity type
between the substrate (12) and first guiding layer (14); and

a second cladding layer (22) of II-VI semiconductor of a second conductivity type
opposite the first guiding layer (14) from the first cladding layer (20).

The laser diode of claim 1 wherein the plurality of layers df II-VI semiconductor include:

a first cladding layer (20) of II-VI semiconductor of a first conductivity type over
the substrate (12); and a second guiding layer (16) of II-VI semiconductor of a
second conductivity type over the first guiding layer (14), the first and second
~ guiding layers forming the pn junction.

The laser diode of claim 3 and further including :

a first cladding layer (20) of II-VI semiconductor of the first conductivity type
between the substrate (12) and the first guiding layer (14); and

a second cladding layer (22) of II-VI semiconductor of the second conductivity type
opposite the second guiding layer (16) from the first guiding layer (14).

5. The laser diode of any of claims 1 to 4 and further including a waveguide ridge (35) in at

least one of the layers of II-VI semiconductor.

6. The laser diode of any of claims 1 to 5 wherein the active layer (18) includes a quantum

well active layer.

7. The laser diode of any of claims 1 to 6 wherein the active layer (18) includes a multiple

quantum well active layer.

8. The laser diode of any of claims 1 to 7 wherein the active layer (18) includes zinc and

selenium.
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mat eri al
The et hodTm
i ncl udes depo

(D

nctl on > 5eV on 15 the_ohnic cont act | ayer. 21.
| n depositing a | aygriSoSHEONANGtapeR jmat eri al
of nmetal op the ohpic CQﬂ#%ﬁ £p aver. 20 22. A

p-type ohmc cont act for Goup I1-VlI sem senducto lncluding: a
p-type Goup Il-VlI sem conductor device |ayer; a p-type Group [1-WV
crystalline sem conductor 25 contact layer on a first side of the

devi ce | ayer; t@&%@#&&aevs{ By S 1 @Y€ bl S LB AL Ry TRk Thei S 0.

on the contac conta ayer 1s ope
acceptors 30 caduium! havi ng a shal | ow acceptor energy, to a net acceptor
concentration of at least [err], and includes sufficient deep energy states

bet ween t he. shght Meﬁﬁi@&@bf)ﬁnyea@ﬁlﬁw @19 ahd enchldamyt sqeBt by plypedhyer o MEVEY t O
enabl e cascade sgnconductor doped Wl RlybE AofWitsCHrcHh A&l falifcA Sdurce to a net acceptor

concentration of at least 1x10"7 cm?. -

11. An electronic system including a II-VI laser diode according to any of claims 1 to 10 for
emitting a coherent light beam in the blue and/or green portions of the spectrum.
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34 23, The p-type ohm c contact of claim 22 waes

fox T2 s Eflgllé?EMENT ?HEET

ei-n.the co

doped with shall ow acceptors to achi eve a net acc‘spﬁ’muﬁmmﬂ?mgon g@ at
| edst [®err]. 5 24 The p-type ohnic contpdt T vbmmﬁ&ﬁgwlr@g;ﬁe
cont act ni trogen shal | ow ad€éptiars. 2%as Jh@» B3 LUPSY 7.
ohm c contﬂm“l)mllmﬂﬂmmmherel n 10 the contjadt Clayer s \th ed |
nitrogeh to*a TortkceMtréation of [err] The Mtfyp@.;@hm €., coln;}agl rgnj dcl'_;su
22 wherein the semnm conductor devi ce Iayer i ncludes a” ZnSe AEEd s
sem conductor layer. 27. The p-ty c cort frgl in the
el ectrode layer includes a |layer of materi al n?&lﬁ Oﬁ [ﬁﬁ@l%% Na?@ﬁ--ef" al

| east 5 bV. 24 Ib¥Icompound sepirondsstar iaserciinda £10) of the tm incieding phueslity offleyers
el ectrode | ayef IIiViGkmidemiueon finfing| sptejunctiob £ € qudr@sin Bell active layer (18) of II-VI

semiconductor within the pn junction, a semiconductor substrate (12) for supporting the

layers of II-VI semiconductor and first and second

electrodes (32,33) on opposite sides of

the layers of II-VI semiconductor to couple electrical energy to the laser diode;
characterized by a first and a second guiding layers (14,16) of II-VI semiconductor within
the layers of II-VI semiconductor forming the pn junction, said quantum well active layer
being between said first and second guiding layers.

The laser diode of claim 1 and including:

a first cladding layer (20) of II-VI semiconductor of a first conductivity type
between the substrate (12) and first guiding layer (14); and

a second cladding layer (22) of II-VI semiconductor of a second conductivity type
opposite the first guiding layer (14) from the first cladding layer (20).

The laser diode of claim 1 wherein the plurality of layers of II-VI semiconductor include:

a first cladding layer (20) of II-VI semiconductor of a first conductivity type over
the substrate (12); and a second guiding layer (16) of II-VI semiconductor of a
second conductivity type over the first guiding layer (14), the first and second

guiding layers forming the pn junction.

The laser diode of claim 3 and further including :

a first cladding layer (20) of II-VI semiconductor of the first conductivity type
between the substrate (12) and the first guiding layer (14); and

a second cladding layer (22) of II-VI semiconductor of the second conductivity type
opposite the second guiding layer (16) from the first guiding layer (14).

least one of the layers of II-VI semiconductor.
well active layer.
quantum well active layer.

L

selenium.

The laser diode of any of claims 1 to 4 and furthér including a Waveguide ridge (35) in at
The laser diode of any of claims 1 to 5 wherein the active layer (18) includes a quantum
The laser diode of any of claims 1 to 6 wherein the active layer (18) includes a multiple

The laser djode of any of claims 1 to 7 wherein the active layer (18) includes zinc and

Tris is the repiaeerent EAGEL

pate: 12MRWE




REPLACEMENT SHEET

IR O a

9. The laser diode of any of claims 1 to 8 wherein the active layer (18) further includes
cadmium.

10. The laser diode of any claims 1.to 9 and including at least one p-type layer of II-VI
semiconductor doped with p-type dopants from a free radical source to a net acceptor

concentration of at least 1x10"7 cm™.

11. An electronic system including a II-VI laser diode according to any of claims 1 to 10 for
emitting a coherent light beam in the blue and/or green portions of the spectrum.
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BLUE-GREEN LASER DIODE
ABSTRACT OF THE DISCLOSURE

A II-VI cdmpound semiconductor laser diode 10 is
formed from overlaying layers of material including an
n-type single crystal semiconductor substrate 12,
adjacent n-type and p-~type guiding lasers 14 and 16 qf
II-VI semiconductor forming a pn junction, a quantum
well active layer 18 of II-VI semiconductor between
" the guiding layers 14 and 16, first electrode 32
opposite the substrate 12 from the n-type guiding
layer 14, and a second e ectrode 30 opposite the p-
type guiding layer 16 from the quantum well layer 18.
Electrode layer 30 is characterized by a Fermi energy.
A p-type ohmic contact layer 26 is doped, with shallow
acceptors having a shallow acceptor energy, to a net
acceptor concentration of at least 1 x 10Yem™, and
includes sufficient deep energy states between the
shallow acceptor energy and the electrode layer Fermi
energy to enable cascade tunneling by charge carriers.

FIGURE 1
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