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Optimizing and Engineering
EuSe—-PbSgesTe 9o—EuSe
Multiple-Quantum-Well Laser Structures

M. F. Khodr, P. J. McCann, and B. A. Mason

Abstract—In this paper, we present a simulation model to op- well as introduction of new concepts to semiconductor optical
timize and engineer EuSe—PbSgrsTey 22o—EuSe single-quantum-  devices [2]. In addition to being a promising light source
well lasers. We solve for the effects of strong nonparabolicity for various applications, other optical devices based on QW

of the bands on the optimization process. The optical energy
confined in the active region is also calculated for multiple- structures have been proposed and demonstrated, such as

quantum-well (MQW) lasers. The modal gain-current density Optical modulators [3] and optical bistable devices [4].

relation for this structure is obtained for parabolic band and Quantum-well lasers (QWL'’s) have existed only since 1977
nonparabolic band systems. The relationships between threshold [5]. Several kinds of QW heterostructure laser diodes have
current, cavity length, and mirror reflectivity are obtained for been constructed using materials from the INP—INGaAsP sys-

the MQW structure assuming parabolic and nonparabolic band .
systems. Finally, in addition to a 20% shift in the output lasing €M and the more highly developed AlGaAs-GaAs system.

energy, it is concluded that the effects of nonparabolicity on the In these systems, continuous room temperature (CW, 300
threshold current values are significant for short-cavity lasers and K) laser operation has been achieved [5]. The progress in

decrease with an increase in the cavity length. the development of lead salt diode lasers has followed the

Index Terms—Lead a||0ys’ mode”ng’ quantum_we” lasers, progress in llI-V lasers. Lead salt lasers are made up of the

semiconductor diodes, spectroscopy. IV=VI compounds: PbS, PbSe, SnTe, PbTe, and SnSe [1].
Among the IV=VI compounds, single- or multiple-QW diode

|. INTRODUCTION lasers have so far been fabricated in the PbEuSeTe-PbTe,

PRINCIPAL feature of the quantum-well (QW) laser iSPbSnTe—PbSeTe, and PbEuSe-PbSe material systems [6]. At

that a higher gain can be obtained at a given curre%'iesent’ the PbEuSeTe QW system attained CW operation (at

density than in the bulk materials. This arises partly fror%l g.imr)nuv;a:gelgggti) [Lg; t0 175 K, and pulsed operation (at

higher population inversion at a given carrier density be- The bandgaps in IV-VI semiconductor materials are quite

cause of the lower quantlzeq dgnsny of states, but most%a” and, therefore, the emission is in the middle and far
from the higher carrier density in the QW because of ifs

. . . . _Infrared (IR). Moreover, both the energy gap and the refractive
smaller width. Equally important, however, in determmln%dex of lead salts are highly dependent on temperature.

laser properties are modal gain, a product of the gain . o
brop g P 9 ‘ﬁws, by controlling the temperature, the emission wavelength

the well and the optical confinement factor, and the abilitg . ? : :
- . - an be varied. This provides a tunable laser source in the
to collect injected carriers efficiently [1]. These latter factors

. . .Infrared, a source which has found extensive use in ultrahigh-
prevent the improvement of laser performance for arbitrari

. . : > . résolution spectroscopy. Lead salt lasers are also used in other
thin QW dimensions unless additional design features aré .~ . .
johcatlons, such as local oscillators in heterodyne systems

added. These design improvements include the use of multiaf Moreover. it appears that these devices will continue
QW’s (MQW) and/or the separate confinement heterostructL[:r) ' pp

(SCH) scheme where optical confinement is provided by a set maintain a significant advantage over II-VI and IIl-v

of optical confinement layers, while carrier confinement Occucr:gmpound diode lasers for wavelengths of about 3x80at

in another embedded layer. By controlling the width of th ignificantly higher temperatures [6]. Finally, individual mid-

QW’s, one can modify the electron and hole wavefunctions. ”I_\./ quantum c_ascade .(QC) "’?‘5”5 cannot be easil_y tu_n ed,
This results in improvement of the laser characteristics and this compromises their use in spectroscopy applications.
' ia-ﬁgher power emission is presently the only feature where
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on the design process are included in this presentation along
with the theoretical formulation.

ey

Vo Il. ENERGY BROADENING IN EUSE-PBSETE
w MQW STRUCTURE
— . .
In a QW structure, a series of quantized energy levels and

B A associated subbands are formed due to the confinement of

- electrons in the direction of the QW thickness. The MQW
@ structures constitute a periodic array of potential wells or

SQW'’s. The potential is periodic inof period A, as shown in

Nec| Pr Nre Fig. 1(a), with the barrier height,, barrier widthB, and well
i i width w. If a MQW structure is used instead of the SQW,

.
, each single energy level splits into a number of different
1 energy levels. The difference between the top energy level

b and the bottom energy level in a single subband:at= 0
() is referred to as the energy broadeningX). The degree of

Fig. 1. (a) Periodic potential wells (Kronig—Penny model). The potential i i ; i
periodic inz of period A with the barrier height/,, barrier width3, and well 'énergy broadeningX{Z) depends on the barrier height and

width w. (b) Schematic representation of in a symmetric double—heterojuncti&hiCkneSS- ] o o ) )
waveguide. The refractive indices for the active region and the cladding layersThe coupling is important for obtaining a uniform carrier

are shown along with the thickness of the active region. distribution in the MQW structure. However, strong coupling
leads to the reduction in the two-dimensional (2-D) character

strates. To take advantage of the developed VLSI technolﬁfy the well through smearing of the configuration of the

in S|, researchers are investigating the fabrication of V- enSIty of states. In order to obtain gOOd Un|f0rm|ty of carrier

QW devices on Si substrates [6]. However, most of the [V—\goncentration and maintain the 2-D properties of the well, the

materials have higher lattice constants and thermal expansigiowing relations are required [2], [12]:

coefficients than silicon. None of these factors is a significant

limitation when interposing Baf~Cak; insulating layers are h/7 < AE < 7/7in
introduced between the IV-VI materials and a silicon substrate _ _ o _ _
[7]-[9]. wherer,. is the carrier recombination time at lasing ang is

Based on Kane's two-band model, a theoretical modile intraband relaxation time. Inserting an approximate value
was developed that finds the gain-current density relatié®f 7r = 3-4x 1_0_79 S andri, ~ 2.3x 107425, avalue oAE <
in EuSe—PbSeTe IV-VI semiconductor single-quantum-well M€V is sufficient to fulfill the above condition [13].
(SQW) lasers [10], [11]. EuSe was the barrier material and "€ calculations of the energy broadenidgt can be
PbSeTe was the well material. This lattice-matched structf@ne using the simple one-dimensional Kronig—Penny equa-
is of interest because it is also lattice-matched with BaF ion which was derived in the envelope wave function approx-
promising buffer material for growth of IV=VI semiconductordMation, using the Kane model to describe the band structure
on silicon substrates [9]. The theoretical development is bas¥tinin each well and barrier [14]. In this reference, Bastard and
on those formulas developed in the literature for the 1II-rum have shown that for the transverse electron wavevector
semiconductors with the necessary modifications required for = 0 in the parabolic band approximation, the equation
the IV=VI material systems. In these modifications, we inti€lding the values ofAE takes the simple Kronig—Penny
cluded the effects of the anisotropy of the effective masst¥m
and the nonparabolicity of the bands. This model can also be
used for other IV=VI material systems. cos kA =
In previous publications, we studied the physical properties
of IV- VI QW lasers of a SQW EuSe-Pb$gTey 20—EuSe with ¢ = mik/mi s, k2 = 2m’e,/h>, andx? = 2m;(V, —
laser structure at a temperature of 77 K [10], [11]. To engine@,g)/h? The symbolsm}, and m; are the effective masses
these devices, MQW structures were studied to improve thgide and outside the well, respectively. The wavevectors
gain—current density relation obtained in the SQW structussd « are parallel to the direction of the well (the growth
[10], [11]. In this paper, the MQW structure under study iglirection). The subscript that denotes the parallel direction is
shown in Fig. 1(a) where the well material is Ph$¢Tey 22, dropped for simplicity.
the barrier material is EuSe, and the cladding material is theTo calculate the values ofAE for nonparabolic bands,
barrier material itself. The refractive index of the well materighe energy-dependent effective mass approach can be directly
and barrier material are,. ., andn,. g (= n.. ), respectively. applied to the above equation by replacing the well effective
We studied the amount of optical energy that is confin@dass or band edge mass in théband modelm}, by the
in this structure, the total losses, and the threshold curresitergy-dependent effective mass [10], [11]
behavior as a function of laser cavity length and mirror
reflectivity. The various effects of nonparabolicity of the bands may,(E.) =m,(1+2E,/E,) 2

ur

(1/€—¢€) sin kwsinhkB+cos kwcosh kB (1)

DO =



1606

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 34, NO. 9, SEPTEMBER 1998

0.07 — 0.05
. W=70 A
0.06 - /
[ S -
_______________________________________________________________ 0.04
> 0.05 - s
L 2 .
T) E1_battom o W=100 A Et_bottom
= —_— > / R —
%, E1_top 8‘ 0.03 E1_top
[ R, R T e = ¥ B
[0) Q
c c
Ll w
0.02 -
0.01 L | 1 I 1 0.01 | 1 1 |
7.16 10.74 14.32 17.90 21.48 7.16 10.74 14.32 17.90

Barrier Width (A) Barrier Width (A)

Fig. 2. The top and bottom of the first energy band for the parabolic systdfiy. 3. The top and bottom of the first energy band for the nonparabolic
as a function of barrier width. The dashed line for the P0@ell represents system as a function of barrier width. The dashed line for the AQQell

the discrete energy level. represents the discrete energy level.

0.025
whereE.(k) is the energy dispersion in thedirection in the Nonpar.  Parabolic
unperturbed periodic lattice [210], [22] | 7 T
002
1 1 h’E d
EZ:—§Egj: ZEg—i—ng? (3) .§’o.o15
and £, is the bandgap energy. 2 501
The EuSe-Pb3esTey 22 MQW structure proposed has a 5
periodic potential in> of period A = w + B [Fig. 1(a)]. The &
well material is PbSgss Tey 22 and the barrier material is EuSe 0.005
with 77 K bandgaps of 0.2 and 1.8 eV [15], respectively. The
well growth is in the[100] direction and it is assumed that the

7.16 10.74 14.32

Barrier Width (A)

17.90

discontinuities in the conduction band and valence band edges 21.48

are equal. This assumption is valid based upon work by Partin
[6] and Yuanet al. [16]. A barrier height isV, = 0.8 eV, the Fig. 4. The first energy band broadening for the parabolic and nonparabolic
effective mass in the well is:}, = 0.05m,, and the effective systems as a function of barrier width.

mass in the barrier isn; = 0.4m, [10]. .

The solutions for the first energy subband using (1) anvddth w = 100 A represents the first discrete energy level as
neglecting the effects of nonparabolicity of the bands ag@lculated for the SQW structure [10], [11] (see Fig. 3).
shown in Fig. 2 for three different well widths of 70, 100, The calculations for the energy broadening, including the
and 150A. The bottom energy levels of the first subban@ffects of nonparabolicity in the bands, as a function of
are depicted with solid lines and the top levels of the firshe barrier width were performed using (1) and the energy-
subband with dotted lines. Since EuSe is face-centered culsiependent effective mass (2). The data in the figures reveal
the increment value of the barrier width is equal to the spaci@gsimilar behavior to that seen above for the parabolic case.
between the{100} planes, a value of 3.18 [17]. From the However, from Fig. 4, the energy broadening including the
figure, the bottom and the top energy levels approach eagffects of nonparabolicity in the bands is less than its parabolic
other as the barrier width increases. This difference, whiclounterpart while the values f@,,;, are equal for both cases.
is referred to as band broadening, has a maximum allow&te difference in energy broadening between the two cases
value of 1 meV, as required. The barrier thickness value @an be explained following the same reasoning as above for
which AE is less than or equal to 1 meV will be called théhe wide well effects. Lowering the occupied energy levels of
minimum barrier thicknessi,,;,). These minimum thickness the electrons confined in the well results in smaller coupling
values will be needed when we discuss the MQW structuredfects. The effects of nonparabolicity on the minimum barrier
In addition, this energy broadening decreases as the well widitickness are not important for this system due to the large
increases at a fixed barrier width because the electrons occbpyrier increment. In addition, the effects of nonparabolicity
lower energy levels and thus the wavefunctions do not overlape not obvious for the 158—wide well because of its
strongly with neighboring wells. Increasing the barrier widthegligible effects on the energy levels in wide wells.
above B,,,;, leads eventually to the discrete energy levels for Finally, the value of B at a fixed well width should be
the SQW which are independentBf The dashed line for well chosen such thah E satisfies the inequality above. Far=
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100 /°-\, the well width of interest in this work, the values 0.018

(Buin) Were found to be equal to 15&for both the parabolic 0.016 |
and nonparabolic bands. The thicker the well, the thinner the N
barrier needed to keepE < 1 meV. Therefore, a barrier _ 0.014 T ¢
. o £
thickness value greater thd®y,;, ensures thahFE < 1 meV. g 0.012 -
A barrier thickness value of 2A was found to be greaterthan % o01} .. . . "7
. Q . . . o “0 20 40 60 30 100 120 140 160
Buin for well width valuesw > 100A. This barrier thickness 2 , /o [ e Tcknees (£)
value is used in the forthcoming analysis. 2y
€ 0.006 -
8 L
lll. CALCULATIONS OF THE OPTICAL CONFINEMENT FACTOR 0.004 I
Parabolic  Nonparabolicity
The optical confinement factor depicts the overlap of the 0002 S ——
optically guided wave with the quantum well, according to 0 T R
the formula 50 100 150 200 250 300 350
Well width (A )
w/2
/ Eg(z) dz Fig. 5. The optical confinement factor as a function of well width for
—w/2 the EuSe-PbSersTey 2o MQW structure. The inset shows the optical
Ly = T oo (4)  confinement factor as a function of barrier thickness for the structure where
/ E2(7) dz the well width is 100A and the number of wellsV,, is 3.
2(2) d»
—

where E,(z) is the electrical field intensity of the first trans{s itself a function of well width in QW lasers because of the
verse mode (TE) propagating in the active region. In otherdependence of the quantized energy levelswohis shift of
words, this formula defines the fraction of the mode energhie photon energy or wavelength affects the value of the index
which is confined to the active layer and thus “sees” opticaf refraction of the well material. In this work, these variations
gain [18]. of the index of refraction with emitted photon wavelength are
The optical analysis of SQW lasers is conventional in thabt considered. Because of only recent interest in this material
one solves for the TE modes in a three-region dielectric optiag}stem, these data are not currently available. Therefore, the
waveguide [18]. A planar SQW structure is commonly repréndex of refraction of the well material is fixed at. , =
sented as a three-layer slab dielectric waveguide where $¢21] and that of the cladding layer at. . = 2.43 [22].
guiding layer corresponds to the active layer and the claddifgom this figure, the nonparabolicity of the bands decreases the
layers correspond to the passive layers. If the structureiglue ofI", at smaller well widths. This is expected because
symmetrical, i.e., the cladding layers have the same indexiatluding the nonparabolicity for this system shifts the energy
refraction, then the waveguide will always support at least oigyels toward the band extrema and thus increases the emitted
propagation mode [18]. Fig. 1(b) depicts such a SQW structyshoton wavelength which decreaseE,, as seen from (5).
for which 7. (= 7, w), "r,c (e > 0 ) @re the indices of  The calculations of the confinement factor for a MQW
refraction of the active and cladding layers, respectively, ag@ructure like the one shown in Fig. 1(a) can be found consid-
t = w is the thickness of the active layer. In practiee, ering the structure as a three-region waveguide with identical
is so small that only the fundamental transverse mode lasgfadding layers (same.. .), plus a center layer of average
It is also found experimentally that its polarization is almoshickness? and average index of refraction, [23]. These
invariably TE [18]. For these reasons, one is mostly concerngglerage quantities for the MQW structures are given by the
with the propagating characteristics of the ;TEhode in a following equations [23]:
symmetrical slab guide. A more general approximate solution _
for (4) that is valid for allw is found by Botez [19], [20]. t=Nyw+ NpB (7)
Botez's analytical techniques yield quite accurate results (jﬂ}d
calculating I', for three-region dielectric guides [19]. The

_ Nywny w + NpBn, p

analytical approximation given by Botez for calculating the T, (8)
optical confinement factdr, in a symmetrical waveguide for t
the TE, mode is where N,, and Ng are the number of wells and barriers,
D2 respectively, whereass and B are their thicknesses. The
I, = DTz (5) confinement factor for these structures is given by [23]
where ™ =T, N Lt_”w (9)
w
D=2 (—) 2 —n2). 6 o . —
"X (% w =70 © wherel’, is given in (5) withD — D

A is the vacuum wavelength at the lasing photon energy and o 7

D is the normalized thickness of the active region. D= 27T<X) (@2 —n2 ). (10)
Plotting the confinement factor as a function of well width in

Fig. 5 for the EuSe—Pb3esTey 22 SQW structure shows that The three-region waveguide with. ., 7., andt is an accurate

I', decreases with decreasing The photon energy emitted model for a MQW laser when the waveguide supports only the
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0.25 imperfections. The loss due to radiation from the ends of the
I laser is given by
02 1 1
g g e = o In il (12)
ELf 0.15 - whereL is the laser cavity length anl; and R, are the end
5 facet reflectivities.
2 o1f Free carrier absorption is crucial to semiconductor lasers
g because it is a major unavoidable loss mechanism. It results
©oosl from the scattering of carriers in motion and is therefore
influenced by the same scattering mechanisms that influence
0 carrier mobility [26]. An expression for free carrier absorption
0 12 in lead salts has been given by Anderson [27]
Number of Wells
N,e3
Fig. 6. The optical confinement factor as a function of the number of wells Afe = (13)

o * )2 2
for the EuSe-PbSers Ten 2o MQW structure where the well width is 108. 7erCEo Hn (mw) (hw)

where N, is the carrier concentrationy, is the carrier

fundamental mode, and the model decreases in accuracy asr?ﬁg'“ty’. ﬁw IS thg emltted_ photon energy, and;, is the
nductivity effective mass in the active region. The constants

. .pe . 0
device parameters are modified such that higher order moé?%' and =, are the electron charge, speed of light, and
propagate [23].

The above formulas are used to calculate the confinem(gr(?trm'mvIty of free space, respectively. Typical values of the

factor for EuSe—Pb$esTe, 22 MOW structures wheres = carrier concentrations and mobilities in Ph%gley 2> films

o ~ 7 —3 ~ vVl <1
_100 A. The well materigl PbSge; Sjl'eo._n index of_ refract?on gfbs_ti%[iingc?;]esea\r/]glu_eéogmznj 23/ 0 m*s: oa})572n};ﬁ55:].
IS Tor,w = 6. The barrier materla[ IS EuSe V\{Ith an |nde>b.2 eV into (13), we calculate the free carrier absorption value
of refractionn,, g = 2.43 and a minimum barrier thickness "™ _, 13 . -
_ o - . ar. =2 1.3 (L/cm). This is a small loss value when multiplied
BLin = 25 A, as found in Section II.

The confinement factor, as a function of the number ley the confinement factor for a QW structure (typical value of

. ; =20.03), thus the first term in (11) can be neglected. Therefore,
wells for the parabolic system and for the nonparabolic systemé Ios)ses due to free carrieE al;))sorption ingQW structures are
is shown in Fig. 6. From this figurd;} increases with the

number of wells and its values for the parabolic case are higfﬂfe ligible, mainly because of the small confinement factor

than its values for the nonparabolic case for the same reas né.!'; . . . L
. he scattering lossy; is due to scattering of radiation
mentioned above for the SQW structure. out of the optical waveguide by either nonplanar heterostruc-
The above analysis was done at a fixed barrier thickneds P 9 y P

value of 25A. However, the values of the confinement factoture interfaces or _|mperfect|ons n the dielectric _Iayers [26].
veral mathematical models of discrete and continuous wave-

depend on the barrier thickness values through (7) and ide deformations from which optical scattering losses were

Increasing the barrier thickness abakg,;,, the confinement 9 : . .
factor decreases as seen from the inset of Fig. 5 for tﬁ%mputed as functions of parameters which characterize the

parabolic and nonparabolic bands. The valued #f shown severity of the imperfection can be found in [28]. Here,
in this figure are for a well widtho o 100A . n — 243 however, we assume a defect-free interface layer, éhus 0
n . — 1.46,N, = 3.0, andNp — N_ 7 T’he”a’fo;inf,w’ and the second term in (11) is neglected. Because of the small

for B > B, is faster for thinner barriers than for thickerIoss values of the first and second terms of (11), it is reasonable

ones. Therefore, designing a MQW with barrier thicknestg neglect these two terms in our model.
values that are comparable to the well width values reduces
the confinement factor from that &t,,;,. Further increase in
the barrier thickness value does not have a big effect on theThe analytic form for the maximum gain and current density
confinement values, as shown in the inset of Fig. 5. On tle@pressions in IV=VI SQW lasers are discussed in depth and
other hand, the confinement factor values for MQW desiggiven in [11]. However, in laser oscillators, the important
structures are higher and more sensitive to the variationsdasign parameter is the modal gain rather than the maximum
thickness values for thinner barriers. gain. It is defined as the gain experienced by the traveling laser
mode [1]. It is obtained by multiplying the maximum gain
values by the confinement factor. In order for laser oscillation
to occur, the modal gain at the lasing photon enekgy

V. MODAL GAIN—CURRENT DENSITY CALCULATIONS

IV. CALCULATIONS OF TOTAL LOSSES

The total losses are given by the relation [26] must be equal to the total losses..;. The laser oscillation
Qw 1 condition is given as [26]
Ctotal = L' e + s + — In —— 11
ol ) 2L R1R2 ( ) gmod(hwl) = Oltotal- (14)

where o is the free carrier absorptiol @Y is the confine- The current density that corresponds to this modal gain value
ment factor, andv; is the scattering loss due to waveguidés the threshold current density(,).
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Fig. 7. The modal gain as a function of current density for the 10 20 30 40 50 60 70 80 90 100
EuSe-PbSgersTen.2o MQW structure (at 77 K). The well width is Current Density (A/cm*2)

100 A and the number of wells is 3. The inset shows the modal gain as_a

function of current density for the EuSe—PhSeTes 22 SQW structure (at Fi9- 9. The modal gain as a function of current density for the
77 K) where the well width is 10G. EuSe-PbSgrsTep 22 MQW  structures (at 77 K) with number of

wells as a parameter. The well width is 180

100 — —
P than that of the two-well structure. At higher valuescgf,; .,

P which call for large laser modal gain, a larger number of wells

8o are needed. It is also noted that fey.... > 45 cnt?, a four-

£ p— well structure (V,, = 4) will have the lowest threshold current
2 60 - : density. The curves shown in Fig. 9. illustrate that including
.\g | S the effects of nonparabolicity of the bands reduces the cross
o S JPRRSERERES over a1 Values below those obtained for the parabolic
g O o | ' bands. From this figure, these effects are noticed to be small.
L

20 VI. THRESHOLD CURRENT CALCULATIONS

2 The current needed to compensate for the total tags,

0 i ; [ (112) is called the threshold current ) and is calculated by

1 L 1 L |
Current Density (A/cm”2)

I, = Jy, X Area (15)

Fig. 8. The modal gain as a function of current density for the nonparabolic

EuSe-PbSgrs Tey 22 SQW and MQW structures (at 77 K) with the number .
of wells equal 2, 3, and 4. The well width is 1@0in all the structures. where the Area of the QW equalsx width. The threshold

current density .{;;,) corresponds to the modal gain value that
i ) ) satisfies the oscillation conditionv{ta; = gmoa(fw;)) and

The modal gain and current density calculations for theyn pe obtained from the modal gain—current density plots.
EuSe-PbSgrsTey.2—Bak, SQW structure wheres = 100 The threshold current calculations are performed assuming the
A are shown in the inset of Fig. 7. The SQW curve reflectgidin has a constant value of Am, the cavity lengthZ as
the fact that SQW laser structures are suitable for low-logg independent variable, and the mirror reflectivities as a
applications [11]. On the other hand, the EuSe—BbSEe.22  parameter. The total losses are calculated using (11) where the
MQW structure is suitable for high loss applications, as notggbe carrier loss and the scattering loss terms are neglected.
in Fig. 7 for aN,, = 3.0. The high modal gain values in this The threshold current—cavity length relations for the EuSe—
structure are due to the high confinement factor values showRsg - Te; 2- MQW structure are shown in Fig. 10. The
in Fig. 5. Similar to the SQW structure, the nonparabolicittiumber of wells for both structured’,, = 3 is considered
of the bands shifts the gain—current density to the left of the satisfactory one for the current analysis because of the
parabolic curve, reducing the modal gain and increasing tAgjh modal gain values. The threshold current calculations
current density at some fixed gain value. for the MQW structure are performed using (11) and Fig. 7.

In Fig. 8, a comparison is made between the modal gaite reflectivity at one end?; is fixed at some value and
and current density values for the SQW and the MQW whetige reflectivity at the other end?, is 0.5, 0.7, and 0.9.
N, =2, 3, and 4. The modal gain region of interest is betwedtrom these plots, one notices that each curve has a minimum
0 and 100 cm* because of the cross over points between thiereshold current value at a critical cavity length. Increasing
different structures. From this figure it is noted that, for lowhe reflectivity factorR, R, decreases the threshold current
losses, the injected threshold current density is minimal wralues and the critical cavity length. This behavior is seen
the case of SQW structures. If 4 aoa1 < 45 cnTl, the in thin QW lasers [29], [30]. The region above the critical
threshold current density for the three-well structure is lowéhickness value corresponds to the low modal gain regime (or
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0.1 effects of nonparabolicity on the threshold current values can
r R1%05 be neglected without loss of accuracy. What is not to be
0.09 neglected is the 20% shift in the output lasing energy.
2008} The small threshold current values calculated for the above
£ - structures could be due to the assumption made earlier that
= 0.07 the internal quantum efficiency is one. In other words, we
S 0_06; neglected the nonradiative contributions to the current that
et i come from the thermal leakage of the carriers over the
g 0.05 |- : confining potential barriers and from the Auger recombination.
2 i The first energy level for the EuSe—PR%gTey 2 QW of
= 0‘04f width w =s 100A was found to be 0.033 eV assuming
0.03F . : parabolic bands and 0.026 eV assuming nonparabolic bands.
i T W w Thus, the thermal energy needed to overcome the potential
0.02 100 200 300 200  s00  eoo  Dbarrier is 0.767 eV assuming parabolic bands and 0.774

Fig. 10. The threshold current as a function of cavity length for the no
parabolic EuSe-Pb%esTey 22 MQW structure (at 77 K) withRs as a

Cavity Length ( micro meter )

assuming nonparabolic bands, knowing that barrier potential
for our system isV, = 0.8 eV. The thermal energy{) of

n-

the carriers at 77 K is= 0.007 eV, which is not enough to

parameter and?; fixed at 0.5. In the insef?; is fixed at 0.9. The well overcome this high barrier. Based on this simple argument,

width is 100A and the number of wells is 3.

the contribution from the leakage current can be considered
negligible. The contributions to the current due to Auger

01 recombination are left for future work and are not addressed
here. The calculations that lead to the evaluation of the internal

0.09 i guantum efficiency will help determine the external quantum
<008 | efficiency and the output power from these devices.
E ro Finally, the above structures can be grown on a fluoride
g 0071 buffer layer grown on a Si substrate. The fluoride buffer layer
§ 006 L | can be composed of a Bakayer which is lattice matched to
o - EuSe on top of &aF; layer which is approximately lattice-
2005 - matched to a Si substrate. In addition, these fluoride layers are
£ 0.04 i useful as an antireflection coatings in optically pumping these
| structures [31]. Also, the Bakayer can be used to modify the

0.03 - fo=05 - MQW st_ructure to the MMQW structure. Details of the above

I 1 . . * n it ™ applications can be found in [31].
0.02 0 100 200 300 400 500 600
Cavity Length ( micro meter )
) i ) VIl. CONCLUSION
Fig. 11. The threshold current as a function of cavity length for the

EuSe-PbSgrsTey 22 MQW structure (at 77 K) withRe as a parameter
and R, fixed at 0.5. In the inseR, is fixed at 0.9. The well width is 100
A and the number of wells is 3.

We used the 106 well in studying the effects of adding
more than one well on the energy broadening of the first
excited state. This investigation was performed using the
Kronig—Penny model for the EuSe-PRh%gTey 2> System
low losses regime) whertky, « L. However, the region below with parabolic and nonparabolic bands. The nonparabolic
the critical cavity length value corresponds to the high modeffects were studied using the energy-dependent-effective-
gain regime (or high losses regime) where the modal gaimass method. The theoretical model solves for the confinement
increases more slowly witlh/ than at lower values of...a factor, total losses, modal gain—current density relation, and
[30]. theoretical current for the MQW quantum structure. In this
The effects of nonparabolicity of the bands on the threshadtructure, the minimum barrier thickness values that are needed
current are illustrated in Fig. 11. From the previous section, tie minimize the coupling between the wells can be calculated
effects of nonparabolicity on the modal gain—current densitysing the Kronig—Penny model for the nonparabolic bands
relation are to shift the modal gain—current density curve dowssing the energy-dependent-effective-mass equation. This is
and to the right of the parabolic reference curve. These effeatgportant for any design of a MQW structure in order to obtain
are more noticeable in the high-gain regime (or high-loggod uniformity of carrier concentration and maintain the 2-D
regime) than in the low gain regime (or low loss regimeproperties of the well.
Fig. 7. Therefore, for a fixed total loss value in the low-loss The nonparabolicity of the bands in the growth direction
regime, the effects of nonparabolicity on the threshold currelotvers the values of the confinement factor relative to those
values are very small. Increasing the total loss by decreasfiog the parabolic bands which in turn lowers the modal
L or R1 R», these effects become more and more pronouncegin values. The calculated modal gain values for the MQW
as shown in Fig. 11. For a QW laser, a typical cavity lengtstructure increase with an increase in the number of wells. At
value of 250;m is usually used. At this typical value, thelow modal gain values, there are crossover points between the
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