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Although quantum well lasers are widely used, prior art quantum well
lasers (especially InP-based quantum well lasers) have shortcomings. For instance,
in order to overcome problems (e.g, a small conduction band discontinuity between
InP and the active region material, as well as a low potential barrier for electrons

15 between the active and cladding regions) inherent in the commonly used
InGaAsP/InP material system, it has been found necessary to use relatively highly
doped cladding layers. This results in relatively high absorption of the lasing mode ,
necessitating use of a multi‘quantum well (MQW) active region. Furthermore, due
to the noted and other characteristic of InGaAsP/InP quantum well lasers, such lasers

20 typically exhibit undesirably strong temperature dependence of threshold current and
external quantum efficiency. The referred-to strong temperature dependences are
particularly detrimental for uncooled lasers which typically have to be operable over
a rather large temperature range, e.g., -40 to +85°C for some uncooled optical
communication lasers. |

25 C. E. Zah et al., OFC 94 Technical Digest, Vol. 4, p. 204 disclosed an
InP-based strained MQW laser with improved temperature performance. The
improvement resulted from the substitution of AllnGaAs for the conventionally used
InGaAsP, with attendant increased electron confinement energy. The characteristic
temperature (T, ) of the threshold current of the laser was reported to be 80K.

30 S. Hausser et al., Applied Physics Letters, Vol. 62(7), p. 663 disclosed a
InGaAsP/InP MQW laser that comprised an InP hole barrier layer between the
MQW region and the n-side cladding layer. The barrier served to prevent hole
leakage into the n-side cladding region, and was said to result in improved
temperature performance of the laser. T, was reported to be 62K. The authors

35 report also fabrication of a laser "...that has an InP electron barrier but no hole barrier
adjacent to the quantum wells...", and concluded t_hat the (InP) hole barrier is very




external quantum efficiency. The referred-to strong tenperature dependences
are particularly detrinental for uncooled |asers which typically have to be
operabl e over a rather large tenperature range, e.g., -40 to [err] for sone
uncool ed optical communication lasers. 25_45_ C. E Zah et al., OFC
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- The invention is defined by the claims. In a broad aspect the invention

10 is embodied in an article that comprises a quantum well semiconductor laser having
features that can result in improved laser characteristics.

More specifically, the laser comprises a multilayer semiconductor
structure on a substrate, and contacts that facilitate flowing a current through the
multilayer structure. The multilayer structure comprises a (optionally n-doped) n-

15 side waveguide layer, an active region comprising at least one quantum well, and a
(optionally p-doped) p-side waveguide layer, with the active region disposed
between said two waveguide layers.

The n-side waveguide layer is disposed between the active region and an
n-doped cladding layer, and the p-side waveguide layer is disposed between the

20 active region and a p-doped cladding layer. In preferred embodiments the multilayer
structure further comprises a hole stopper layer disposed between the at least one
quantum well and the n-side waveguide layer, the hole stopper layer selected to
provide a barrier for the flow of holes from the active region to the n-side waveguide
layer.

25 Significantly, the multilayer structure further comprises an electron
stopper layer disposed between the at least one quantum well and the p-side
waveguide layer, the electron stopper layer selected to provide a barrier for the flow
of electrons from the active region to the p-side waveguide layer. The electron
stopper layer material is selected to have bandgap energy E ; at least as large as the

30 bandgap energy of InP, with more than 50% of the offset associated with the
discontinuity of the conduction band. The bandgap energy of InP is about 1.35 eV.
If a hole stopper layer is provided then the electron stopper layer will have a
chemical composition that differs from the chemical composition of the hole stopper
layer. Material of the hole stopper layer typically has an electron affinity that is

35 greater than that of the material of the electron stopper layei'. In a preferred

' embodiment the laser is InP-based, with the active region comprising AlInGaAs, and




i pportant but that the (InP) electron barrier "...has only a minor effect
and is not really necessary...". In view of the potential inportance of
reduced tenperature dependence of |aser characteristics, especially for
uncool ed lasers, it would be highly desirabfe to 5 have avail able a | aser
t hat can have relatively | ow t enper at ure dependence of, e.g., threshold
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potential barrier to the flow of holes and electrons, respectively, from the active
region to the n-side and p-side waveguide and cladding regions, respectively, with
the “height” of the potential barrier typically being at least about 50 meV
(corresponding approximately to 2kT at T = 300 K, where k is Boltzmann’s
15 constant). Clearly, a stopper layer has to have sufficient thickness (exemplarily
>10 nm) such that the carrier tunneling probablhty through the stopper layer is
insignificant (e.g., <1%).
The layer structure of a laser according to the invention can be formed
on either a p~doped or an n-doped substrate, the substrate can be any appropriate
20 semiconductor material (typically InP or GaAs), and the layer structure can be
- formed by any appropriate technique, e.g., MOCVD, MBE, CVD, CBE, or
MOMBE. Furthermore, lasers according to the invention comprise lateral
confinement means, e.g., a mesa structure or a buried heterostructure. Such means
are well known in the art and do not require further exposition. All lateral current
25 and/or optical mode confinement means are contemplated.
Brief Description of the Drawings
FIGs. 1 and 2 show schematic band edge diagrams of prior art lasers;
FIGs. 3 and 4 show schematic band edge dmgrams of lasers according to
the intention;
30 FIG. 5 shows the refractive index of AllnGaAs, lattice matched to InP,
as a function of the energy gap;
FIG. 6 shows an energy diagram of an exemplary quantum well;
FIG. 7 presents curves of light power vs. injection current for an
exemplary laser accordirig to the invention; and
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conpri si ng Al | naneeals Khand 11 refer, respectively, to the conduction band edge and valence
10 band edge, respectively, numerals 12 and 13 refer to the electron Fermi level and the
hole Fermi level, respectively, and numerals 14-19 refer to the p-cladding layer, p-
side waveguide layer, active region, hole stopper layer, n-side waveguide layer, and
n-cladding layer, respectively.
FIG. 2 schematically depicts the computed band edge diagram of
15 another (normally biased) prior art laser, namely, of the laser with InP "electron
barrier” described on p. 664 of the above referred to paper by S. Hausser et al. The
laser of FIG. 2 is identical to the laser of FIG. 1, except that in the former the InP
"barrier” layer is placed to the p-contact side of the quantum well structure.
Numerals 26 and 27 refer, respectively, to the active region and the "electron barrier”
20 layer. According to the Hausser et al. paper, the laser of FIG. 2 exhibits hole
leakage, and the presence of the InP electron barrier has only a minor effect on
electron leakage. ' _
As can be seen from FIG. 2, InP layer 27 provides a relatively
insignificant barrier for the (unwanted) flow of electrons from the active region to
25 layer 15, and actually provides a somewhat higher barrier for the (required) flow of
holes from layer 15 to the active region, thereby impeding the injection of holes into
the active region.
A preferred laser according to the invention has both a hole stopper
layer and an electron stopper layer, with the material of the former differing in
30 chemical composition from the material of the latter. Specifically, the materials are
selected such that the material of the hole stopper layer has greater electron affinity
than the material of the electron stopper layer, and therefore the stopper layers
substantially do not impede injection of carriers into the active region. Exemplarily,
the laser is a GaAs-based laser, the hole stopper layer is GaAlAs, and the electron
35 stopper layer is GaInP. The remainder of the laser structure can be conventional.




the | aser having a characteristic tenperature [err] of the threshold
current greater than 80K The term nol ogy "selected to provide a barrier to
the flow of electrons/holes" does not inply conplete stoppage of the flow
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layer structiy el Cahdifig layer p-AllnAs 5x1017
waveguide p-AllnGaAs (1) 120 2x1017
electron stopper p-AllnAs 10 2x1017
barrier p-AllnGaAs (ID) 10 1x10"?
active AlInGaAs 4 undoped
15 barrier p-AlInGaAs (II) 10 1x10%7
active AlInGaAs 4 undoped
barrier n-AlInGaAs (II) 10 1x10Y7
active AllnGaAs 4 undoped
barrier n-AlinGaAs (I) 10 1x10%7
20 hole stopper n-InP - 8 1x107
waveguide n-AllnGaAs (I) 120 3x1017
cladding layer n-AllnAs 1x1018
substrate n-InP 2x10'8




formed by any appropriate technique, e.g., MOCVD, MBE, CVvD, CBE, or MOVBE.
Furthernore, |asers according to the invention conprise |lateral confinenent
nmeans, e.g., a nesa structure or a buried heterostructure. Such neans are
wel | known in the art and do not require fugther exposition. Al [ateral
current 25 and/or optical node confinenent neans are contenpl ated. Brief
Description of the Drawings FIGs. 1 and 2Tgfley schemati c band edge di agrans
of prior art lasers; FIGs. 3 and 4 show schematic band edge di agrans of

| asers according to the intentidn;, 3 FTG_ 5}shows the
refractive index of AllnGaAs, |t MAERKRehed Bn 1n1PD ag a function of the
energy gap; FIG 6 shows an enefgy di agram of (€M exenpl ary quantum wel | ;

FIG 7 presents curves of |ight VAR ran rMent for an
exenplary | aser according to th 1%@@%sntion; aﬁ? S’ZH- FIG 8 shows a

curve of internal quantum effici AGass I n qﬁ-}(pr gYErent.
AllnGaAs () 1.02 3.455
AllnGaAs (I) | 1.190 | 3.322

InP 1.35 3.21

As is conventional, expressions such as AllnGaAs are not chemical
10 formulas but merely recitations of the constituent elements. Thus, as an example,
the expression "AllnGaAs” is to be understood to stand for the quaternary alloy
Aly_y_yIn,GayAs.
Table IT shows the energy gaps (E ;) and refractive indices (n) of the
materials of Table I. As those skilled in the art know, a given value of Eg fora
15  particular ternary or quaternary composition can be directly translated into an
equivalent wavelength and into a specific composition. For instance, E; = 1.47 eV
corresponds to a value x =0.48 for Al, In,; _ As. FIG. 5 shows the refractive index
of AlInGaAs as a function of energy gap, for material that is lattice matched to InP.
FIG. 3 shows schematically the band edge diagram of the layer structure
20 according to Tables I and II, under normal bias conditions. Numerals 30 and 31
refer to the conduction band edge and valence band édge, respectively, and
numerals 32 and 33 refer to the electron and hole Fermi levels, respectively.
Numerals 34-40 refer to p-side cladding layer, p-side waveguide layer, electron
stopper layer, active region, hole stopper layer, n-side waveguide layer and n-side
25  cladding layer, respectively.
The band structure shown in FIG. 3 also was computed using the
"PADRE" program. The difference between the electron and hole Fermi levels is
smaller in the waveguide layers than in the active region. Thus, the total
recombination rate in the waveguide layers is reduced due to the presence of the
30  stopper layers. Those skilled in the art will appreciate that the potential spikes at the
interfaces between cladding and waveguide layers (especially on the n-side) can
readily be reduced by replacing the abrupt interfaces of the structure of Table I by
compositionally graded interfaces, and we contemplate lasers with one or more
graded interfaces as well as lasers with abrupt interfaces.



Det ai | ed Description of Sone Preferred Enbodi ments FIG 1 schematically
depicts the band edge diagramof a (normally 5 biased) prior art |aser,
nanely, the laser with InP hole barrier disclosed by S. Hausser et al. (op.
cit.), and was conputed, using the known "PADRE" program (see R F
Kazarinov et al., |EEE Journal of Quantum El ectronics, Vol. )
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In FIG. 4 numerals 41-44 refer, respectively, to the conduction band
edge, valence band edge, electron Fermi level and hole Fermi level, numerals 45-47
refer to the p-doped cladding layer, electron stopper layer and p-side waveguide
15 layer, and numerals 48-50 refer to the active region, n-side waveguide layer and n-
doped cladding layer. Exemplarily, layers 45, 46, 47, 49 and 50 are, respectively,
InP, AllnGaAs, AllnAs, AllnGaAs and InP. The active region 48 comprises
AlInGaAs of two compositions.
The presence of the stopper layers (or layer) in lasers according to the
20 invention can provide increased design freedom, exemplarily substantially de-
coupling the design of the electrical aspects of the laser from the design of the
optical aspects. This exemplarily makes it possible to select the material of the
waveguide layers to have a relatively low value of E ; (exemplarily E ; = 1.02 eV for
a laser designed to lase at 1.3 um), and therefore having a relatively large value of
25 refractive index. This in turn can result in significant improvement in the optical
occupation factor of the active region. '
FIG. 6 shows the energy diagram of a 4 nm wide AllnGaAs
(Eg =0.77 eV) quantum well between AllnGaAs (E; = 1.19 eV) barriers. In this
combination, electrons have only one bound state (61), with energy 0.138 eV. Holes
30 have two bound states (62, 63), with energies 0.024 and 0.086 eV. The energy
difference between the two hole states exceeds 2 kT at T =300 K. FIG. 6 also shows
the values of E ; of the quantum well and of the barriers, the conduction band offset
AE_ and the valence band offset AE,, and the energy difference E, between the
~ electron state and the lowest hole state. In FIG. 6, the energies of the electron and
35 hole states are counted from the bottom of the corresponding bands.




As can be seen fromFIG 2, InP layer 27 provides a relatively
.insignificant barrier for the (unwanted) flow of electrons fromthe active
region to 25 layer 15, and actually provides a sonmewhat higher barrier for
the (required) flow of holes fromlayer 15g.0 the active region, thereby

I mpeding the injection of holes into the active region. A preferred | aser

according to the inventiy,on ot | g, stopper. | r tron
stopper layer, with t he%qugﬁﬁ‘éﬁ?wgp ﬁﬁ@f%ﬁﬁﬂ‘%ﬂ“&ﬁ’%& e?%ﬂg@'&n@h@% cal
conposi tion fr sateshwithenly tha lowsdr holeceriergyt level sghssantially plopylatedhdhasat er i al s
are selected s ) t eri.als : : : ter
el ectron affi n%‘%‘ﬁ?ﬁﬁ%@"ﬂgﬁgﬁbﬁ’m@ °¥%§°€%§?@%%%ﬂg§%ﬂ“§ﬁ, gﬁg
therefore the StVGBﬁéF?GFQQWFI'Q%t antially do not inpede injection of
carriers intp the activEq, 9%heRs c&%@'z%ﬁghﬂ powdrii8. inpeRon teméht ee2rPaned

P

oGl nP. The FLtafdtidnsssAbiaraing 40 1R01e ; Wb dp0 B frvi et am 3 BpciEess | 5
Next we will deddthi Thegorrespontingniresisold coméms hre Sondf androem A réspelgtively, and t he
ocited i TaphbaiesBil HFeRtdoSust 48 39 Wik apld Sh Mled,, THE T, Wil i e
mat ched t o | nPlasdihis 102 K, and the slope efficiencies are 80% at 27°C and 60% at 87°C. Our
10 calculations also indicate that the internal quantum efficiency makes no significant
contributions to the external efficiency even at 87°C.
FIG. 8 shows an exemplary curve of internal quantum efficiency vs.
injection current for the laser of Table I, at 87°C. The curve shows that substantially
all carrier re-combination above threshold takes place in the active region,
15 substantially independent of injection current.
Lasers according to the invention are advantageously used in most, if
not all, situations where prior art semiconductor lasers are currently used.
Exemplarily, they are used in optical fiber communication systems as sources of
signal radiation at, e.g., about 1.3um or 1.55um. As is well known, such a system
20 comprises, in addition to the signal source, a signal detector and optical fiber that
signal-transmissively connects the source and the detector.
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Claims: Al | nGaAs 4 undoped _:_Qar*rl ert n s
1P An article ﬁxﬁé@%ﬁﬁs}éﬁccmpﬂsmﬁ% ﬁl}ﬂﬂ%%e?iecrorn]ducztgr
structusg-(B40; 45-50) on a substrgte and contapis that fagiljiate floyeing a current
through thé Qnultila;er sthRturd, thé ARlttiRger|sBY&re haviny #tdidtion band
edge and con?ﬁrls?ng an n-side waveguide layer (39; 49)[ gr{ erv:l,tive region (3'7; 48)
comprising at least one quantum well, and a p-side waveguide layer (35; 46), the
active region being disposed between said waveguide layers;

CHARACTERIZED IN THAT :

the multilayer structure further comprises an electron stopper layer (36;
47) disposed between said at least one quantum well and the p-side waveguide layer,
the electron stopper layer selected to have a bandgap energy E, at least as large as
the bandgap energy of InP, with more than 50% of an energy offset associated with a
discontinuity of the conduction band edge, and selected to provide a barrier for the
flow of electrons from the active region to the p-side waveguide layer.

2. An article comprising a multilayer semiconductor structure (34-40) on

a substrate and contacts that facilitate flowing a current through the multilayer
structure, the multilayer structure having a conduction band edge and comprising an
n-side waveguide layer (39), an active region (37) comprising at least one quantum
well, and a p-side waveguide layer (35), with the active region disposed between
said waveguide layers, the multiléyer structure further comprising a hole stopper
layer (38) disposed between said at least one quantum well and said n-side
waveguide layer, and selected to provide a barrier for the flow of holes from the
active region to the n-side waveguide layer;

CHARACTERIZED IN THAT

the multilayer structure further comprises an electron stopper layer (36)
disposed between said at least one quantum well and the p-side waveguide layer, the
electron stopper layer selected to provide a barrier for the flow of electrons from the
active region to the p-side waveguide layer and having a chemical composition
different from the chemical composition of the hole stopper layer, the chemical
compositions of the respective stopper layers selected such that the material of the
hole stopper layer has an electron affinity that is greafer than the electron affinity of
the material of the electron stopper layer.

3. An article according to claim 2, wherein the material of the electron
stopper layer has a bandgap energy at least as large as the bandgap energy of InP,
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conposition. For instance, [err] = 1.47 eV '

4. An article according to any of the preceding claims, wherein the
substrate is selected from the group consisting of InP and GaAs.

5 5. An article according to claim 4, wherein the active region comprises
two or more quantum wells, with a barrier layer between two adjacent quantum
wells, each of said two adjacent quantum wells comprising AlInGaAs of a first
composition, and the barrier layer comprising AlInGaAs of a second composition.

6. An article according to any of the preceding claims, wherein with each
10 of said stopper layers is associated a potential barrier, each said potential barrier
being at least S0 meV.

7. An article according to any of the preceding claims, further
comprising lateral confinement means adapted for lateral confinement of one or both
of an electrical current and an optical mode. '

15 8. An article according to any of the preceding claims, wherein the
multilayer structure comprises at least one compositionally graded interface between
two adjacent layers.

9. An article according to any of the preceding claims, wherein the laser
has a threshold current characteristic temperature T, > 80K.

20 10. An article according to any of the preceding claims, wherein the at
least one quantum well has a thickness selected to provide a single electron energy
level (61) and two or more hole energy levels (62, 63) in the quantum well, the
energy difference between said two hole energy levels being at least 2 kT, where k is
Boltzmann’s constant and T is a laser operating temperature in degrees Kelvin.

25 11. An article according to any of the preceding claims, wherein the
article is an optical fiber communication system.



corresponds to a value x =0.48 for [err]. FIG 5 shows theé T
of AlJnGAs as a function of energy gap, for nmateri al thatTHl%hL@ﬁgggg Replaced
mat ched to InP. FIG 3 shows schematically the band edge d| g"]l”"

| ayer structure 20 according to Tables | and Il, under nor

conditions. Nunerals 30 and 31 refer to the onductl on band

val ence band edge, respectively, and numeral’s 32 and 33 refer to the

el ectron and hole Ferm |levels, respectively. Nunerals 34-40 refer to

p- si de cl addi ng A;?ﬁgﬁg p- si de wavegui de | ayer, electron stopper |ayer,
active region, hole stopp side 25
cl addi ng | ayer, respectl V%ﬁéi;‘ﬁ %@F@@%@W&@%ﬁg al so was
conput ed using the "PADREhe gumgumrweﬂﬂwrdammwhbmmem coraprisecant elestronnd

hole Ferm |evelg, élpét %&Q&eﬁg%ﬁg%e‘é‘@ﬁﬂi&% thﬁ?ﬂ%%fteﬂ% wfr&mh@ﬁéﬁ%e

regi on.. Thus, the ation rate in_the wave ers 1.s

reduced due t8 tmgiop(3Ddadke preidenravegnide (35)aad Cﬂaé%g:@ Mmffpﬁ t he
art will appr eCle?ﬁlﬁ)dhhaits alss cBﬂbﬁEBtﬁéle%ﬁipiSéiSl %é Btﬁmwravfdas:@smbﬁ% P& ehe

cl addi ng and wav a ers eci al | n-si de
Feduced by 1 ept dEHar Reles HBTBt actieareian L dp teesids pavtear P i piioding,
conposi ti onal |'y (30pkgersi Mﬁxéﬁ@m IninBases lsendceorling ®© the imvestion édmprises or

more gr LN Exﬁnaéag quan\ﬁ%n weflslagre%ss gr{dsba\fmnérqaﬁgg %& ahms %I'Ol'l stopper

10 layer and an InP hole stopper layer. Lasers according to the invention can have

relatively low temperature dependence of, e.g., threshold current and/or external
quantum efficiency, and may be advantageously incorporated in, e.g., optical fiber
communication systems.



7-- IhR and AllnAs that is lattice matched to InP have al nost equal val ues
of [err] but the electron affinity of the former is about 0.35 eV |arger
than that of the latter, making Al InAs useful as el ectron stopper |ayer
material in | nP-based Iasers. The presence of the stopper |ayer does not

i npede the injection of carriers into the fygactive region, but can
drastically reduce the thermonic emssion of carriers out of the active
region. FIG 4 shows the band di agram of El) rmal [y bi ased) | aser that
conprises InP cladding | ayers and an ele s'top r layer but does not
conprise a hole stopper |ayer. Provision o RmnIART)an appropriate el ectron

st opper | ayer can resul t4 red
enbodi ments of the |nvent|on generally al so conprise a hole stopper |ayler.
In FIG 4 nunerals 41-4 HWspectively, to the conduction band e

val ence band edge, el ecfrtjon FEfmi |evel apd hole Ferni | evel , nurreral S ;
45-47 refer to the p-doppes 2lermas P PP F0 et 1 10~ - -
p-side wavegui de 15 | aye and nurreral s 48- 50 refer to the actlve regifon,
n-si de wavegui de | ayer -gh {2doped cl addi ng | ayer. Exenplarily, |ayersj 45,
46, 47, 49 and 50 are, respectively, InP, AllnGAs, Al lnAs, A IlnGAs aqd
I nP. The acti VP‘OT‘EﬁﬂALon"‘l‘B conprises Al I nGaAs of two conpositions.
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The presence of the stopper

| ayers (or |ayer)

in |lasers according to the 20

i nvention can provide increased design freedom exenplarily substantially

de- coupling the design of
design of the optical
the materi al
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[err]m,

i ndex.
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The quantumwel | of FIG 6 has highly quantized el ectron and hol e states,
with only the I ower hole energy | evel substantially popul ated. This
substantially ideally 2-dinmensional electron and hole gas facilitates high
gain for a given carrier concentration. 5 FIG 7 shows conmputed
| ight power vs. injection current at [err] md [err] for a |laser according
to Table I, with 500 [err] cavity length and 3 [err]mmesa w dth. The
correspondi ng threshold currents are 5 mA and 9 mA, respectively, and the
threshold current densities are 330 A/lcn2 and 594 [err] The [err] val ue of
the laser is 102 K, and the slope effici eF' are g%at [err] and 60% at
[err] Qur 10 cal culations also indicate t#a @ i n=&rnal quantum

ef ficiency makes no significant contributions to the external efficiency
even at [err] FIG 8 shows ard.® At um
efficiency vs. injection current for the laser of Table I, at [ferr] The
curve shows that substantially carrier re-conbination abovel threshold
takes place in the active reg‘)l,'f substantial ly i ndependent f injection
current. Lasers according to ion are advantageously used in nost,
if not all, situations where prfior art i conductor |asers aref currently
used. Exenplarily, tREERACHVE us i fiber conmunication systens as
sources of signal radpggxon &3Ee.g., about 1.3 errImor 1l.55[ery]m As is
wel | known, such a system 20 c rises, in addit™hNQn to the sigral source, a
signal detector and optical fi
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siqgnal “transm ssively connects the source and the detector. Repl acenent
sheet d ai ns: Dat e: 03 APR 1996 1.- An article
conprising a laser conprising a nultilayer sem conductor structure on a
substrate and contacts that facilitate flowng a current through the

mul tilayer structure, the nultilayer struq?ure havi ng a conducti on band
edge and conprising an n-side 5 wavegui de [ayer, an active regi onconprising
at | east one quantumwel |, and a p-side wavegui de |layer, with the active
regi on being di sposed between said wavegui de | ayers. CHARACTERI ZED I N THAT
the multilayer structure further conprisds Jyel ecffon stopper layer 10

di sposed between said at | east one quantumwell and the p-side wavegui de

| ayer, the electron stopper 2, selected to have a bandgap energy Eg at

| east as | arge as the bandgap gnergy of InP, with nore than 50% of an
energy offset associated with g discontinuity of the conductiofp band edge,
and selected to provide a barriter for the flow of el ectrons m the active
region to the p-side maveguiﬂ@.layer
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2. sAn " Aarticle conprising a nultil ayer - sem conductor 15 structure on a
substrate and contacts that facilitate flowi ng a
mul tilayer structure, the nultilayer structure ha ﬂgPlaAeEMINEBH&ETb nd
edge and conprising an n-side waveguide |ayer, an{pcti vz thﬁwm i si ng
at | east one quantumwel |, and a p- side wavegui dg¢{ Datgel:,.= e--aftive
regi on di sposed between said 20 wavegui de | ayers, *

structure further conprising a hole stopper |ayer disposed between said at

| east one quant Abstwe¢ and said n-side wavegui de | ayer, and selected to
provide a barrier for th g O the

n- si de wavegui de | ayer; %M?%@F@@W@MWWE%@E mul til ayer
structure further conpriEw@duapug well jasers geenspiag to Hipdpventiop somprise enelenireni d
at |east one quaABH ?QE 36) 'ifxiat ilesd BiPridYers e thdi bRy beel&dtronk RONEHRHCLPE

The- bt 'Vnyégfé'afq?% ta?rg?sgted&g&sé’@m g cladiie 40ies ane opretared
conposi tion di férﬁb&ﬁfneﬁfs@lﬁotdmpﬁseﬁlh@lﬂ st@p;m)miybi (38 that pidviies albaridrdoptie

el ect ed ‘such (RGP of RolenERET e et Bangardodie Bk WEoRhRES) s tFibine,
affinity that |(slogmratserArt éxemplivy IeP-daseddaseabfconding tothetireentinh eomprisest t he

el ectron stopp A{}L@éﬁ 8u§ritu§ir1v€’1f fa&ngs%n&‘%r?fegia%rst S dPAThAs elBEEE sidphlte

material of the
layer and an InP hole stopper layer. Lasers according to the invention can have
relatively low temperature dependence of, e.g., threshold current and/or external
quantum efficiency, and may be advantageously incorporated in, e.g., optical fiber

" communication systems.

Figure 3
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stopper 4 ayer has a bandgap energy at |eastgas |arge as the bandgap energy
of ‘1P, ﬁlm 1996 with nore than 50% of an &2@&3&3&.&.&
of the conduct”“l“ﬁmnmuu An article g : '

the substrate i%s <el éct&d fromthe group cgpn
article according, to claim2, wherein with ppr I ayers S
associ ated a pot 1R18$: barrier, each said ahin ‘Peling at | east
50 neV. 6. An article accordlngto cl ai m 2, {iuetBer=—F0 g | ateral
confinement neans adapted fagr ah:ai&ealcoﬁ@ﬂslﬂgrranuaéér Rfpisihgt B ﬁlﬁl@ﬂayer

Shor ei n' 1 he act PAEPBGROTC BPIAEUES. PhcP GPERbTaay FE BT sl Routitate.
barrier |ayer bélwag bmuﬁﬂgrﬁceil_mmgmmnmtﬂayeeastth| dhewouditilayent
ot S ) PESARPE Rt (Lo SR sk O ol BTl e
wavegulde layer, an active regioncomprising at least one quantum well,
and a p-side waveguide layer, with the active region being disposed
between said waveguide layers.
CHARACTERIZED IN THAT
the multilayer structure further comprises an electron stopper layer
10 ~ disposed between said at least one quantum well and the p-side waveguide layer,
the electron stopper layer selected to have a bandgap energy E, at least as large as
the bandgap energy of InP, with more than 50% of an energy offset associated with a
discontinuity of the conduction band edge, and selected to provide a barrier for the
flow of electrons from the active region to the p-side waveguide layer.

2. An article comprising a multilayer semiconductor

15 structure on a substrate and contacts that facilitate flowing a
current through the multilayer structure, the nmltilayer structure
having a conduction band edge and comprising an n-side Waveguide
layer, an active region comprising at least one quantum well, and a p-
side waveguide laver, with the active region disposed between said

20 waveguide layers, with the multilayer structure further comprising a
hole stopper layer disposed between said at least one guantum well and
said n-side waveguide layer, and selected to provide a barrier for the
flow of holes from the active region to the n-side waveguide layer;

CHARACTERIZED IN THAT

25 the multilayer structure further comprises an electron stopper layer
disposed between said at least one quantum well and the p-side waveguide layer, the
electron stopper layer selected to provide a barrier for the flow of electrons from the
active region to the p-side waveguide layer and having a chemical composition
different from the chemical composition of the hole stopper layer, the chemical

30 compositions of the respective stopper layers selected such that the material of the
hole stopper layer has an electron affinity that is greater than the electron affinity of
the material of the electron stopper layer.

3. An article according to claim 2, wherein the material of the electron
stopper layer has a bandgap energy at least as large as the bandgap energy of InP,



e el 11111 T L) Aol zﬁ@ﬂﬁ bl oo

adj acent | ayers 9 AR akti'tl € accor di ndt® o he | aser has

a threshol d, et §f 'aﬁtérfe ngasat L Ak 36 ff _
accordi ng to a| m wherein the a Ieast one quantum wel | has a thickness
sel ect ed too%rtbﬁl‘m?daCEJf%gP@deleé@Q-ron energy level and two or nore hole
energy levels in the quantum wel |, the energy di fference bet ween said two
hol e energy | evels bein | east 2kT, where S nn' s.constant and
Tis a laser operati ngA'? g e Qié:ﬁr‘é]é?‘mK%'I r'?’“ﬁ?'f‘?%?e :

accordi ng t eelcaédn 2omviner ghdupt Bénsdkstig} eflmPaand)maAsal fi ber communi cati on
system conprising, in addition to a signal source that conprises said

| aser, a signal detector and optical fiber that signal-transmssively
connects said signal source and said signal detector.

5. An article according to claim 2, wherein with each of
said stopper layers is associated a potential barrier, each said
potential barrierbeing at least 50 meVv. '

6. An article according to claim 2, further comprising
lateral confinement means adapted for lateral confinement of one or
both of an electrical current and an optical mode.

‘7. An article according to claim 4, wherein the active
region comprises two or more quantum wells, with a barrier layer
between two adjacent quantum wells, each of said two adjacent wells
comprising All-nGaAs of a first composition, and the barrier laver
carnprising AllnGaAs of a second composition.

8. An article according to claim 2, wherein the multilayer
structure comprises at least one compositionally graded interface
between two adjacent layers.

9. An article according to claim 2, wherein the laser has a
threshold current characteristic temperature T,>> 80K.

10. An article according to claim 2, wherein the at least
one gquantum well has a thickness selected tb provide a single electron
energy level and two or more hole energy levels in the quantum well,
the energy difference between said two hole energy levels being at
least 2kT, where k is Boltzmann's constant and T is a laser operating
temperature in degrees Kelvin.

11. An artlcle accordmg to claim 2, wherein the article is
an opt:Lcal f:.ber cam\un::.catlon system comprising, in addition to a
signal source that compr:.ses sald laser, a signal detector and optical
fiber that 51gnal-transmlss:.vely connects said signal source and said
signal detector.



