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Abstract—A comprehensive design method for long wavelength pare the resulting fabricated devices with the theoretical predic-
strained quantum-well lasers is applied to design uncooled tions. To reduce the transparency current and the carrier density
multiple-quantum-well AlGainAs—InP 1.3-um lasers for com- geanandent loss due to the intervalence-band absorption, com-

munication systems. The method includes multiband effective ivelv strained-| ¢ I h for th
mass theory and electromagnetic waveguide theory. The resulting presswe y strained-layer quantum-wells are chosen for the ac-

AlGalnAs—InP laser has a threshold current of 12.5 mA at 25°C,  tive layer.
with a slope efficiency of 0.43 W/A, at 77 K orgreater characteristic In Section II, we present a theoretical model for both the

temperature, a 38 perpendicular far-field beam divergence, and  quantum-well optical gain and the optical waveguide structure.

will operate at temperatures in excess of 100C. In Section Il we describe a complete design and optimization of
Index Terms—Optical waveguide theory, quantum theory, the laser structure. In Section IV we present and discuss experi-

quantum-well lasers, ridge waveguides, semiconductor lasers.  mental results on AlGalnAs—InP lasers fabricated to this design.

|. INTRODUCTION Il. THEORY

PTICAL-FIBER dispersion and loss are minimal af- Energy Levels in the Conduction and Valence Band

wavelengths near 1.3 and 1.58n, so semiconductor Because of the semiparabolic band nature for the conduction

lasers emitting at these wavelengths are important lighand, the single-band effective mass equation is used for finding
sources for optical networks. A goal for many applicationge discrete energy levels inside the conduction band [5]
is highly efficient uncooled semiconductor lasers, which can
be achieved using AGa,In;_,_,As—InP [1]-{4] instead 12
of the conventional Ga-In;_,—As,—P;,_,—In-P material _2m§
system. This material system reduces carrier leakage from the
quantum-well region (where carriers recombine to produéiere _
photons) compared to the conventional In-Ga—As—P material¢ ~ €nvelope function;
system under high temperature operation [1]. The reduced? Planck’s constant divided ki
carrier leakage results from ABa,In;_,_,As—InP having " effective mass in the conduction band;
a larger conduction band offseNE, = 0.72AE,) at the Ve  conduction band potential; _
heterojunctions compared to the smaller conduction band offsef’e  €lectron energy level in the conduction band.
(AE, = 04AE,) of Ga,—In,_,—As,~P,_,~In—P. This is For the energy band seml_conductors_tructure shown in Fl_g. 1,
very significant because the effective mass of electrons in tii¢ conduction band potential for a strained quantum-well is
conduction band is much less than the effective mass of holes
in the valence band. As a result, it is much more important to
provide a strong barrier to electrons in the conduction band Vo= AV?, barrier layer 2
(instead of a strong barrier to holes in the valence band) to AVe, cladding layer
prevent carrier leakage at high temperatures.

In this paper we present a complete design procedure fehered;, is the hydrostatic potential, andV®> and AV¢ are
uncooled strained multiple-quantum-well ridge waveguide Atonduction band offsets for the barrier and cladding layers, re-
GalnAs—InP lasers emitting at a wavelength of ln3and com- spectively. The hydrostatic potential is defined as

VAU 4+ V.V = E.V @

26n, quantum-well

6y, = 2a <1 — @> € 3)
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(2) compressive (b) no strain (c) tensile strain The heavy and light hole valence subband potential is
ap ap ap —% 6, + 65, quantum well
a, a, 4 Vi = —AVY, barrier layer
v —AVZ, cladding layer
c
—16&,—6,, quantum well
AVE 8 > _
23, AV}’I ’— ¢ . Vin = —AVY, barrier layer 9)
25,1 —AVE, cladding layer
Be | B 2
25, . . = o Whered, is the shear potential anV;; and AV, are the va-
J_’:F‘_L Aly |—-|_1AVC J_f ' \_L lence band offsets for the barrier and the cladding layer, respec-
Y tively. The shear potential is defined as
—th < 2012)
b, =2b| 1+ € 10
_____ Yin Ci1 ( )

Fig. 1. The conductionV, and valenceVi,., Vi. potentials for a Whereb is the shear deformation potential.
semiconductor structure with quantum-well, barrier, and cladding layers.

The barrier and the cladding are lattice matched materials. (a) Compresgiye Optical Gain and Current Density

strain between the quantum well and barrier. (b) No strain. (c) Tensile strain.

Notation: AV?, AV} are the conduction and valence band offset for the Knowledge of the optical material gain as a function of op-
barrier layer AV, AV ® are the conduction and valence band offset for thgj~5) energy is required to find the appropriate material com-
cladding layerq,,, a, are the lattice constants for the quantum-well and barrier . .
layers,s,, is the hydrostatic potential, arfd is the shear potential. position for the quantum wells of the laser. Due to the planar

symmetry characteristic of the quantum-well wavefunction, the

. . . oPticaI transition will depend on the polarization. The optical
Since the valence band structure in the quantum well is not p fin coefficient is a function of the photon energy and can be

abolic, the multiband effective mass theory is used, giving co titten as [5], [8]
pled differential equations for heavy and light holes [6]. We can '

solve the resulting Kohn-Luttinger Hamiltonian [7] in order to , 7’| Mp|?

get the envelope functions and energy levels in the heavy hol (E) = W
and light hole valance energy bands. The Schrddinger equation

. . . . . Eg
:/:th the Kohn-Luttinger Hamiltonian for heavy and light holes ) Z /E My 1;Cii A (o — f)L(E)dE  (11)
i, 4 g
H M N 0 where
o= |M L 0 Nilg= B, (4) q electron charge; N _
NT 0 L -M |Mp|? bulk momentum transition matrix element [9];
0 N* —M* H E photon energy;

free-space permitivity;
vacuum speed of light;
off effective refractive index of the laser structure;

where) is the envelope function an#l,, are the energy eigen
values for electrons in heavy hole and light hole subbands. Then
elementsHd, L, M, andN in (4) are

154 width of the quantum well;
52 52 ¢ andy conduction and valence band quantum numbers;
H=—5— [(ki + E2)(y1 +72)— (1 — 272) W} + Vi th My spatially weighted reduced mass for transition;
0 % 5 i — j, C;; spatial overlap factor between the statesid;;
©) A j angular anisotropy factor [5], [8];
h2 2 2 2 f.andf, electron quasi-Fermifunctions in the conduction
L= " 2mg [(/% +h) (= 72)—(n + 22) ﬁ} +Vin, and valence band [10], respectively;
(6) L(F) Lorentzian lineshape function, commonly used
to include the spectral broadening of each tran-
V3h? . "
—4 (—ky —iky)y3 ) _ S|t|or_1 [5], [11]. _ _
2mg 9z Under high carrier concentrations common in quantum-well
V3R ) ) ‘ structures, the transition energy includes a many-body effect
= omg [va(kZ — kj) — 2iyskak,) (8)  [12] known as bandgap renormalization [5]. At such high carrier
concentrations, more vacant valence band states are available al-
where lowing the charges to redistribute for a stronger screening effect
mg free electron mass; [8]. This screening will reduce the conduction electron energy
~1, ¥2, ys Luttinger parameters; and the transition energy between the conduction and valence

k. andk, components of the transverse wavevector. bands [13]. As a result, the optical gain peak will move toward
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longer wavelengths with increased current injection. This mech-
anism is described with a Coulomb-hole self energy [14]

TABLE |
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PARAMETERS FOR THEAI . Ga,In;_.._,AS SYSTEM

39 W 1/2 ) Y2 3 Cn Cn a(eV) | beV) | m. ay(A)
ABcp = —2EpaoKin |1+ C.K3a (12) AlAs | 345 | 068 | 129 |125 |0.53 |-564 |[-15 |0.15 |5.6611
7 0
whereEp, a,, K, n, and¥" are the Rydberg energy, Bohr ra- GaAs |6.85 [2.1 |29 |11.88 [538 |-97 |[-1.7 |0.067 |5.6533
dius, inverse screening length, carrier density, and the width Tnas™ [204 |83 [9.1 [8329 [4526 [-6.08 [-1.8 [0.023 |6.0584
the quantum well, respectively; is the integration constant
and the value is between one and four [13]. The transition en-
ergy with bandgap renormalization becomes
TABLE I
ENERGY GAP OF Al Ga,Iny —,. _,As
Ejj=E.+|E) +E,=E.+|E,|+E,+ AEcry (13) AIN—e—y
. . . -X=) = 90, i - i
whereE, is the energy gap in the quantum-well region. 0.526+1.516x (1-xy =0.82) | 2% compressive-strain
The total current density through the device contains compo- 0.572+1.517x (1 =0.74) | 1.5% compressive-strain
nents due to both radiative and nonradiative recombination. The
. . - B . . - . = 90 i - i
radiative recombination is dominated by spontaneous emission 0.638+1.532x (1-x-y=0.67) | 1% compressive-strain
and the nonradiative recombination is dominated by Auger re-  p _ 57571 .548x (15 =053) | lattice matched

combination [10]. The radiative part of the current density can
be expressed as

']radiative = (]WR(E/)

g

0.79+1.568x (1-x-y =0.38)

1% tensile-strain

0.81+1.578x (1-x-y =0.307)

1.5% tensile-strain

1672 n.g* F |MB|2

somgc3h4W

> / My, i5Cij[fe(1 = fu)|dE
ij

0.83+1.588x (1-x-y =0.225) 2% tensile-strain

qW

(14)  The perpendicular far-field distribution of the semiconductor
laser is the product of the Fourier transform of the near field

where R(E') is the spontaneous emission rate, and the nonré, and an obliquity factoy(¢) given in [18].

diative part can be expressed as

lll. DESIGN OF THE1.3-um AlGalnAs MULTIPLE

2
Fnomeadiative = AW Cnp QUANTUM-WELL LASER

(15)

where’is the Auger recombination coefficient. A. Material for Quantum Well, Barrier, and Cladding
C. Waveguide Theory, Confinement Factor, and Far-Field  The optical gain equations discussed above are solved using
Distribution a transfer matrix method using a program called GAIN, which
The scalar form of the wave equation for TE modes in therovides the energy levels, the wave functions, and the optical
dielectric waveguide witli layers is [15], [16] gain (including bandgap renormalization). A program called
) MODEIG [19] also uses a transfer matrix method to solve the
8<I>_y(x) electromagnetic wave equations discussed above. MODEIG

2+ (e — By (z) =0, i=1,2- _ i d at
O provides a complete modal analysis resulting in the complex

I (16)

where modal effective index, confinement factors for all layers, and
¢, electric field component; the near- and far-fields. The modal gdin, G(E)), the beam
ko  vacuum wavevector magnitude; divergence, and the threshold current all have to be considered
& dielectric constant of théth dielectric layer; to properly design a laser structure.
I electromagnetic wave propagation coefficient along Any quaternary parameté},;,.q used in the gain calculations

the » axis (the coordinate system for waveguide modier the AlGalnAs material system is calculated by interpolation
analysis is different from the one introduced for theising
quantum-well analysis).
The wave equation for TM modes is similar to (16).
The fraction of the optical power of the mode contained AL Gay Ty As
the active quantum-well layer is called the quantum-well con-
finement factod”,, and is defined in [17]

/ 2 (x) da
QW ]

(1 -2 —1)Qmas + 2Qa1as + YQcans
(18)

from the corresponding binary material parametgys which
are listed in Table I [5], [10], [13], [20], [21].

r, = (17) The relation between energy gap and aluminum mole fraction
too 9 x for the AlGalnAs material system [4], [22], [23] is summa-
®2(x)dx . .
oo Y rized in Table Il.
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concentrations. The barrier energy gaffig, = 1.16 eV.
Compressive Strain (%)

Fig. 2. Transition energy [see (13)] for the first energy level in the conductigihich corresponds té = 1.3 xm, we find an acceptable range
and valence band versus compressive strain with quantum-well width a$or the strain of the single quantum-well material to be compres-
parameter. The barrier energy gapfis, = 1.16 eV. sive from 1.4% to 1.45% with a well width between 5 and 6 nm
if the quantum-well composition is about@lgGay.191N0. 74AS.
At a heterojunction in the AlGa,In;_,_,As material Numerical calculations of the material gain for the TE mode
system, the band offset is mainly in the conduction band [4] for the single QW structure with 1.44% of compressive strain
and for the quantum-well composition of AlsGay.10INo.74AS
AV, = 0.72AE, (19) are presented in Fig. 3 for different well widths and carrier con-
centrations. With a proper choice of the quantum-well width, a
whereA E, is the difference between the bandgaps at the heteRgak energy at 1.8m can be achieved.
junction. The nonradiative recombination currentis smaller than L
the radiative recombination current in InGaAsP lasers at rodfn Structure Optimization
temperature [1], but must be included. After reviewing previous After the analysis of the single quantum-well
studies [8], [24]-[27], we choose the Auger coefficients to bstructure (Fig. 1) and choice of the compositions for
3.5107% cm® s7! and 1.5107%° cmP s7! for 25°C and 85 the quantum well (A)16—Ga.10—INg.74—As), barrier
°C, respectively. (Al g.267—G&.203—1Ng.53—As) and cladding (A 4s—Ing.52—AS)
In order to find the right material composition of the quanturregions for a peak energy close to 1.8 we proceed further
well for lasing at 1.3um, we start with the simple strainedwith the design of the AlGalnAs laser.
quantum-well structure shown in Fig. 1. For the inner cladding A widely accepted logarithmic relationship between the
layer we choose Alysing s2As [4] to be lattice matched with modal gainGy,(.7) and current density/ for quantum-well
the substrate InP. The energy gap of the barrier is important fasers is [28]
selecting the proper material compositions of the quantum well.
Since most of the effective optical transitions of IlI-V materials Gu(J) =Ty, -G(J) =T, -Gy [ln <i> + 1}
occurred atth& band center [5], we solve the diagonal elements 0
of the Hamiltonian [see (5) and (6)] fér, = k, = 0. After sev- J
eral iterative applications of GAIN and MODEIG, we selected = Gomodal [111 <J—> + 1} (20)
one of many possible solutions, &gz Gay.2031No.53AS, which 0
has an energy gap of 1.16 eV for the barrier layer. where Gy and Jy are the coefficients that are material and
The choice of composition of the quantum well is a comgW width-dependent. Equation (20) is very useful for the
plex procedure. We want the transition energy to corresponddstimation of the optimum number of quantum wells and
awavelength of 1.am. However, the transition energy dependthe resulting transparency current density. For the chosen
on the material composition of the quantum well, the materiaingle-quantum-well structure, the numerical results and
composition of the barriers, the width of the quantum well, anttie Go—J, approximation (20) are both presented in Fig. 4,
the strain of the quantum-well material. Fig. 2 shows the transihowing excellent agreement.
tion energy as a function of strain, with the quantum-well width The optimum operating point for a single quantum well can
as a parameter. The compressive strain is varied from 1.35%btobtained from curves similar to Fig. 4 by finding the intersec-
1.50%. For the target transition energy (13) around 0.947 e\n of a line through the origin that is tangent to the.J curve
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Fig. 5. Threshold current as a function of cavity length for different operating

Fig. 4. Material gain versus optical energy for 1.44% compressive strain fiPeratures.
a single quantum-well structure, for different quantum-well widths and carrier
concentrations. The barrier energy gaffis, = 1.16 eV.

TABLE IV
THE CHARACTERISTIC TEMPERATURE OF THEAIGalnAs LASER FOR
TABLE I DIFFERENT CAVITY LENGTHS
THE OPTIMUM NUMBER OF QUANTUM WELLS IN A COMPRESSIVELY
STRAINED LASER STRUCTURE FORDIFFERENT CAVITY LENGTHS AND L(pm) TyK)
OPERATIONAL TEMPERATURES 250 75.8
400 114.6
L 25°¢C 65°C 85°C 500 133.3
700 153.0
250pm |3 wells [4wells |4 wells 800 158.7
900 163.7
300pm [ 3wells |4 wells |4wells
500 pm |2 wells | 2wells | 3 wells temperature but allows operation at temperatures well above
the design limit.
700 pm | 2wells | 2wells | 2 wells In high-speed optoelectronics, lasers with short cavity
lengths, low threshold currents, and a wide temperature opera-
1000 um |2 wells |2 wells |2 wells . . . . .
tion range are highly desirable. The choice of cavity length may

be a tradeoff between optimum performance (low threshold
. ) current density, highly) and the number of laser die with
[28]. By calculating thei—J curve at the highest expected 0pycceptable performance produced per wafer. The relationship
erating temperature, we can find the optimum gain per quantyyeen the threshold current of the five-quantum-well struc-
well. We can then divide the total required threshold dain  tyre and its cavity length for different temperatures is shown in
by the optimum gain per quantum wel, and obtain the op- iy 5 The cavity length for which the threshold current has a
timum number of quantum wells (Table Il1). The required gaigyinimum value at the desired working temperature is called

at threshold is the optimum length and is around 50fn at 85°C.

1 1 The temperature variation of the threshold current of a laser
G = cine + 57 In R.R, (21) " is commonly described by a characteristic temperature defined
by [10]
where
fae internal loss; L (T) = I exp(T/Tp) (22)
L cavity length;
R; andR, facet reflectivities. wherel, is a constant. The characteristic temperature depends

Our design considerations suggest we use four 5-ron the cavity length (see Table IV). For the optimum length of
Alg.16G&.111ng.73As quantum wells separated by 10-nn500 m for the 85°C working temperature, the characteristic
Alg.267G&y.2031N0.53AS barriers. Factoring in some uncertaintyemperature of the laser is predicted to be 133 K.facet reflectiv-
for the parameters used in the theoretical calculations aloitigs.
with growth and fabrication variations and a conservative de-The epitaxial structure shown in Fig. 6 is composed of five
sign philosophy, we choose to add an additional quantum weliantum wells, four barriers, two graded-index (GRIN) layers,
(bringing the total to five) to the optimum number to ensure thatner cladding layers, transition GRIN layers, one p-spacer,
we will have sufficient gain at 85C. Our simulations show etch stop, and outer cladding. Thorough calculations and
that adding an additional quantum well beyond the optimueanalysis with MODIEG allowed us to determine the optimum
number slightly increases the threshold currents near rodayer thicknesses. The variations of the confinement factor and
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Fig. 7. Sum of the confinement factors of the five quantum wells versL 0.03 LA L L A A
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far-field beam divergence as a function of GRIN layer thicknes ~ 0.025 - — GRIN = 0.05 um 7
and inner cladding layer thicknesses are shown in Figs. 7 a N — -GRIN=0.10um ]
8. A compromise between a high confinement factor (whic L = — -GRIN=015um ]
results in lower threshold currents) and a narrow far-field bea %92 [ N ]
divergence (desirable for coupling light into an optical fiber) it NN e SR

An

required.

For ease of fabrication of a ridge-guide structure (shown i
Fig. 9) to provide lateral optical confinement, an In-Ga—As—
etch stop layer with a 1.4m photoluminescence wavelength
is inserted. Analysis shows that the thickness of the p-spac
and the etch stop layer affect the confinement factor and tl
far-field beam very little so this effect can be neglected in initie
calculations. In order to guarantee that the laser operates il
single lateral mode, the lateral index st&p must be carefully
chosen [10] and we use an index step in the range of 0.005 olom ]
0.02. Fig. 10 shows that the index st&m can be adjusted by 0 0.05 0.1 0.15 02 025 0.3
choosing the thickness of the p-spacer and GRIN layer.

In order to overcome the potential barrier to electron flov

from the outer n-cladding (ID_P) layer to the inn?r Claddinﬁg. 10. The lateral index step as a function of the p-spacer thickness with
(Alg.48—1INg 50—As) layer, a thin, graded, and heavily n-dopedRIN-layer thickness as a parameter.

0.015
0.01

0.005

Thickness of p-spacer ( jm)
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TABLE V
LIST OF THELAYERS OF THELASER STRUCTURE FROM FIG. 6
Layer Composition Thickness (um) | Refractive index

n-substrate InP 1.25 3.1987

n transition GRIN | Al ,,,.Gag o¢5,Ing 5,AS t0 Al (oIng 5)As 0.01 3.2689-3.2310
inner n-cladding Al In, i, As 0.11 3.2310

n-GRIN Al 450, ,As to Al ,.Gag 0.Ing ;As 0.1 3.2310-3.3728
QW Al 16,Gag 10,10, 73,AS 0.005 3.4850
barrier Al 56,Gay 50310 5,As 0.01 3.3728
QW Al 16:Gag 10,1y 3,AS 0.005 3.4850
barrier Al 56,Gag 50510 55AS 0.01 3.3728
QW Al 15,Gay 10,00 75,AS 0.005 3.4850
barrier Al ,6,Gag 50310, 5;AS 0.01 3.3728
Qw Al 6,Gay 10,00 75,A8 0.005 3.4850
barrier Al 6,62 50510, 53AS 0.01 3.3728
Qw Al 16,Gay Iy 13,48 0.005 3.4850

p -GRIN Al 56,62 50310 5;As to Al Ing ,As 0.1 3.3728-3.2310
inner p-cladding Al 45Ing ,As 0.11 3.2310

p transition GRIN | Al ,.In, ;,As to Aly,1,.Gag o7, In, 5, As 0.01 3.2310-3.2689
p-spacer InP 0.05 3.1987
Etch stop InGaAsP 0.025 3.3414
Outer p-cladding InP 1.25 3.1987
p-cap InGaAs 0.2 3.0667

(Alg.48—INg 52—As to In—P) transition layer is inserted betweeto the value of 4.5:m than to the 5:m width of the ridge on
the outer n-cladding layer and inner cladding layer. A p-tranghe mask, due to undercutting during etching.
tion layer is also inserted between the outer and inner p-claddingrhe characteristic temperatufg (22) calculated from the ex-

layers in order to further reduce series resistance.

perimental data for the bm wide ridge waveguide laser (with

The thickness of each layer of our laser structure is given @length of 25Q:m) shown in Fig. 12 is 77 K, which is in agree-
Table V. The lateral index stefain provided by the ridge guide ment with theoretical calculations within 2%.

is 0.0177. These ridge guide lasers have similar threshold currents,
slope efficiencies, and characteristic temperatures reported for
AlGalnAs 1.3um buried heterostructure lasers [3] but with
lower threshold current densities-{ kA/cm? versus~1.75

Al-Ga-In—As laser structures shown in Table V were growkA/cm? at room temperature). Although highly dependent on
by metal organic chemical vapor deposition by Epitaxial Prodacet reflectivities, lengths, and far-field beam divergences,
ucts, Inc. (now International Quantum Epitaxial Products, Incthreshold current densities reported for other AlGalnAs ridge
The continuous wave light-current characteristics for one of owaveguides are in this same range (1.4 kA/cf29] and 2
AlGalnAs lasers at different operating temperatures are shok/cm? [2]).
in Fig. 11. The theoretical agreement is within 6 to 10% for the The experimental full-width at half-maximum beam diver-
threshold current (Fig. 12). gences in perpendicular and lateral directions afes3&l 14

Fig. 12 shows theoretical predictions and curves for two diénd are in agreement with theoretical calculations within 4%
ferent values of the ridge width (4 and&n). The theoretical and 9%, respectively. Using a 4:8n value for the ridge gives a
results indicate that the ridge width of the tested laser is clodateral far-field divergence within 3% of the experimental value.

IV. EXPERIMENTAL RESULTS FOR1.3:m AlGalnAs LASER
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Fig. 13. Measured longitudinal-mode spectra for a/Am-AlGalnAs laser.
The center wavelength and mode spacing &t@@re 1335.2 nm and 0.97 nm,

respectively.

laser structures. We applied this method to Arm8- Al-

Fig. 11. Experimental light-current characteristics for a as- GalNAs—InP lasers for high-temperature operation. The
AlGalnAs-InP laser. The ridge width, cavity length, and reflectivitiestrained multiple-quantum-well ridge-guide lasers grown and
fabricated to this design had experimental characteristics within
10% or less of the theoretically predicted values. The threshold

25 —e— d=5um experiment S ]

----- d=5um theory . .
— -d=4um theory , /

i [1]

Ith (mA)

(2]

15
(3]

(4]

10—
10 20 30 40 50 60 70 80
T(C)

(5]
Fig. 12. Threshold current versus temperature for ayhBAlGalnAs—InP
laser. Experimental and theoretical resulis£ 250 pm). [6]

[71
The longitudinal-mode spectra of the AlGalnAs—InP laser 8]
are shown in Fig. 13. The mode spaci®yis given byé\ =
A?/(2Ln,) [10] whereX s the lasing wavelengtth, is the cavity
length, andh, is the group effective index of the laser mode. The (9]
measured mode spacing is about 0.97 nm, which is very close
to the theoretical prediction (0.96 nm) for a 261 long laser.  [10]

[11]
V. CONCLUSION

In this paper, we have presented a comprehensive desié%z]
method for long wavelength strained multiple quantum-well

— current was typically 12.5 mA for a length of 2%0n at room
S temperature and operation was achieved at temperatures in
’ 1 excess of 100C. The experimental far-field beam divergences
’ ] were 38 perpendicular to the junction and %Lparallel to the
junction.
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