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Abstract: Using Harrison’s model and anisotropic parabolic approximation, the band structure of Ini- .- ,Ga,Al:As

compressively strained quantum wells is calculated. To design lasers with 1. 55um wavelength, it is necessary to an—

alyze the well width, differential gain. transparency carrier density and the characteristic gain for an arbitrary com-—

position. Some useful empirical formulas are also presented.
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1 Introduction

It is well known that there are two main mate—
rial systems used to fabricate long-wavelength
semiconductor lasers, Ini-xGacAsi-, Py system and
Ini- -y GayAl:As system. The former has been
studied extensively'"”, but the latter is applied on-
ly recently and with some high quality results
yielded” ™. For an Ini- .+, Ga,Al:As system, large
band offset AE./AE., from 0.47eV to 0.7eV, pre-
sents better electron confinement, which can im-
prove the temperature stability.

In the device design, the threshold current, L
characteristics and modulation speed of a quantum-
well laser can be optimized by varying the material
compositions or strain. Some useful parameters can
facilitate the design of certain emission wavelength

lasers. such as well width. differential gain. trans—
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parency carrier density and characteristic gain. In
Ini-« Ga:Asi-» Py system, some results'” given by
Ma prove helpful for the design of 1.55pym quan-
Ini- - yGarAlL:As

Minch presented the relations between composi—

tum-well lasers. For system,
tion, strain and bandgap, but without any further
application in the device design'” . In this paper, the
relations between well width, transparency carrier
density, characteristics gain, differential gain and
the material compositions are introduced. Some em-
pirical formulas are also presented for the purpose
of further applications.

Using Harrison’s model, the band offset is ob-
tained, which has less errors than that from the
model-solid theory'”. Considering the nonparabolic
band structure, we find that results from the
anisotropic parabolic band expression are in good

agreement with those from the experiment'”.
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2 Theory

2.1 Calculation of Band Offset

With Chuang’s approach, we calculate the
band offset of Ini-.«-,Ga,ALAs system'”. To ob-
tain some parameters of Ini-« ,GayAl-As material
system, a linear interpolation is applied between
the parameters of relevant binary semiconductors.
The interpolation formula is given as Eq. (1)'",
with all physical parameters P except for the

bandgap being used in the calculation of the band

edge.
Pon,_ canag = (1= x = y) Py
+ yPcars + xPanng (1)
The material parameters of binary semicon-
ductors can be found in Table 1. One exception to
the linear interpolation is the formulas for the un-
strained bandgap. In the Ini-+-yGayAl:As system,

. . . 5
the quality is given as'’

EJx,y) =0.36+ 2.093x + 0.629y
+ 0.577x7 + 0.436y° + 1.013xy
- 2.0xy(1 - x - y) eV (2)

Table 1  Parameters Used in the Calculation

Parameter Svmbol/unit GaAs InAs AlAs Ref.
Electron Effective M ass me/mo 0. 067 0.023 0.15 [ 8]
Valence Band Parameter i 6.8 20. 4 3.45 I 81

Y2 1.9 8.3 0.68 [ 8]

bE 2.73 9.1 1.29 [ 8]
Hydrostatic Deformation Potential
For Conduction Band ac/eV -7.17 - 5.08 - 5.64 [ 5]
For Valence Band av/eV 1.16 1. 00 2.47 [ 5]
Shear Deformation Potential b/eV - 1.7 - 1.8 - 1.5 [ 5]
Lattice Constant a/nm 0. 56533 0. 60584 0. 5660 [ 8]
Elastic Stiffness Constant Cu/( lU”(l)‘n *em?) 11.879 8. 329 12.5 [ 5]
Elastic Stiffness Constant Ci2/( lU”(l)‘n *em?) 5. 376 4. 526 5.34 [ 5]
Conduction Band Position Eev 1.53 0. 801 2. 525 [ 5]
Valence Band Position EV/eV 0.111 0.441 - 0.425 [5]

In Harrison’s model, the positions of the con-

duction and valence bands are determined by

Edx,y) = Ed + SE(x.y) (3)
Edx.y) = El(x,y)
+ max(0Ew(x,y),0Em(x,y))
(4)

where EV(x, y) and Ed(x, y) are obtained by a lin—
ear interpolation of binary parameters listed in
Table 1; and dEw, 6Ew and SE. are the unstrained

energy shift as follows:

SE. = 2a.(1- %ﬁ) € (001) (5)

SEw = 2a(1- E2er b(1+ 2%?)5,(001) (6)

Ch
_ Ce Ci2
oFEw = 2a.(1 - Cu)E_ b( 1+ ZC”)E,(OOI) (7

where a- and av are the conduction and valence band

hydrostatic deformation potential, and b is the va-
lence band shear deformation potential . €= (ao—
a)/a is the strain in the plane of the expitaxial
growth. a is the lattice constant of the quaternary
epitaxial layer, while ao is that of the substrate.
The band-offset then can be calculated by
AE. E!- E:
AE,~ (EY - EY) + (Ei- EY)

(compressive strain)

(8)
where the superscripts w and b indicate the well
and barrier materials, respectively.

Figure 1 shows the relations between the band
offset and Al composition with different Ga compo-
sition. In Harrison’s model, band offsets calculated

. 5 .
are close to the experimental ones'”, ranging from

0.47eV to 0. 7eV.
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FIG. 1
with Typical 1.25Q Barrier Lattice Matched to InP

Band Offset for Ini-.-, GayAl:As System

2.2 Calculation of Band Structure and Gain

A simplified analytical band structure of
strained quantum-well has recently been developed
using an efficient decoupling method, with which
the original 4 X4 valence band Hamiltonian can be
transformed into two blocks of 2 X2 upper and
lower Hamiltonians. As a result of decoupling, an

. . . 9
analytical expression can be derived'” .

rFrl 2 2 rf!’Z 2 2 2
- E= : = = 2ky -
F Zmn(k' + k) [(2mn{k 2ky) + @
I’Fm 2,2 rJ'EI"A 272727 142
& ank".] + 1 2mu) hik:] (9)
Cll
T=- b(1+ 2C“]E

The strain is notated as G and the compressive
strain is represented as negative G To convert the
non-parabolic bulk band structure above into a
suitable form, we fit the valence band to the fol-

', with a large

lowing anisotropic band expression'’

range covering all the optical transitions in k-
space.

2,2 22
k- Mk N mk: (10)
2mecmo  2memo

Once the band structure is simplified to an

anisotropic parabolic form, we can use the conven—

tional approaches to analyze the carrier density and

the optical transition probabilities. The effective

mass perpendicular to the plane (m.) determines

the quantum subband levels (or quantum confine-

ment effects) and the optical transition energies.

Both the (2-D) density and joint density of the
states of each subband depend on the effective
mass in the plane(m..).

The local gain due to the transition from level
j in the conduction band to level i in the valence

- |9
band is'”,

- 2Tlr 2 ' : € M
gi(ED) = COIH(f = £ ()P
nc
pi = Pih(Nw— EY)
q2o 4y 2w e
|HU B [m.n] (4€1Enw2]}1’6’U (]]}

wherefflandfj' are the Fermi functions for the ith
and the jth levels, respectively, M is the transition
momentum matrix element for each subband level
pairs. The total gain function is the sum of gy over
all allowed transitions and Lorentzian function is
used to broaden the gain spectrum'®. In our model,

a scattering life time of 0. 8X10™ " s is used.

3 Results and Discussion

Here all calculations are for a typical 1. 25Q
barrier lattice matched to InP.The emission wave-
length is defined as the peak material gain wave-
length when the surface density N.= 1. 5X 10"
m~ . Temperature of 300K is adopted in all of our
calculations.

Figure 2 shows the relations between well
width and strain with different Ga compositions.
Some experimental results have been compared
with calculated ones, which agree with each other.
For example, the well width of InoeGaosiAlo.oAs
well material is 5. 7Tnm in our calculation, which a-
grees very well with the experimental results L.=
5.4nm. For the unstrained InossGao s7As well mate-
rial, a well width of 8.6nm has been reported'®,
while what we obtained is 9.0nm in the calcula-
tion. Again there is a good agreement. The rela-
tions between well width and Al composition with
different Ga compositions are presented in Fig. 3.
From the calculated results, when 0=x =0, 17 (Al
composition) and 0=y < 0. 47(Ga composition) ,

there is a compressive strain for the Ini-.-,
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GayAl:As system.
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FIG. 2 Relations Between Well Width and Strain

for Lasers
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FIG.3 Relations Between Well Width and Al Com-

position for Ini- .- ,GayAl:As Lasers

When 0.47< y< 0.6, there is a tensile strain,
but x value is nearly zero, so the Ini-:-,Ga;Al:As
system changes into the Ini-,Ga,As ternary sys-—
tem. In this paper, we only study the case of com—
pressive strain.

For the sake of convenience in the device de-
sign, we present the following empirical formulas:

Let well width L.(in m) as a function of the
compositional parameters x and y (for the quater—

nary Ini- .- yGayAl: As compressive strain) :
Lx,y) = ) Lix'y,
i

where i=4,3,2,1,0,;=5,4,3,2,1,0.

(12)

The above formula does not err by more than

0. 5nm compared with the numerical calculations.

Coefficients Li are list in Appendix.
For the quantum wells, the linear gain may be

expressed as

gi= axIn(N/N.) (13)

where a~ is the characteristic gain ; N1 is the trans—
parency carrier density. Note that it has been point-
ed out by several authors'” that near threshold, the
relation between the optical gain and the carrier
density is a logarithmic one. Our calculations are
based on a fixed surface density of N.= 1.5X10"
m~ . Figure 4 shows that there is a decrease in the
characteristic gain with Al or Ga composition in-

creasing and a larger characteristic gain can be ob-

|~ 70.38.
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FIG.4 Relations Between Characteristic Gain and

Al Composition
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FIG.5 Relations Between Transparency Carrier

Density and Al Composition

tained due to the large compressive strain. For Al
or Ga composition, the transparency carrier density

has the same varying trend as the characteristic
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gain, as shown in Fig. 5. Large characteristic gain
and low transparency carrier density are known in
favor of design of low threshold current, so the
composition optimization must be done to obtain
the suitable characteristic gain and transparency
carrier density.

On the other hand, a high differential gain is

necessary to the design of high modulation speed
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FIG. 6

Relation Between Differential Gain and Al

Composition

lasers. T he differential gain is the function of carri-
er density. In our calculations, a fixed surface carri—
er density has been considered. In Fig. 6, it is ob-
served that the differential gain arrives at the maxi-
mal value when Al composition increasing; and
with the Ga composition increasing, the position of
differential gain peak moves to a smaller x value
( Al composition) . In practice, these results can be
used as a FYI in the device design.

Some comparisons have been done between
Ini- .-y GayAlAs and Ini-«Ga:Asi-, P, systems in
characteristic gain and transparency carrier densi-
ty. For the same strain and well width with InP
barrier, higher characteristic gain can be found in
Ini- .-y GayAlxAs system but higher transparency
carrier densities in InP barrier, as shown in
T able 2. But the difference in transparency carrier
density can hardly affect the gain, so at the same
injection, Ini-.-, GayAl:As system has a higher

gain.

Table 2 Characteristic Gain and Transparency Carrier Density in Ini- «- yGayAl:As and Ini- «Ga:Asi- vPy Systems
Well Width  Characteristic Transparency
M aterial x v Strain
: /nm Gain/em™ Carrier Density/10"7em ™ *

Ini- «- vGayAl:As 0.05 0.3 - 0.008 9. 375 1539 8.79
Ini- «GasAsi- v Py 0.3 0.1 - 0.008 9. 375 1292 8.75
Ini- «- vGayAl:As 0.05 0.35 - 0.0047 13. 50 865 7.2
Ini- «GasAsi- v Py 0.374 0.05 - 0.0047 13. 50 736 6. 96
Ini- «- vGayAl:As 0.05 0.25 - 0.0115 7.00 1969 10.0
Ini- «GasAsi- v Py 0.275 0.05 - 0.0115 7.00 1336 10,0
Ini- «- vGayAl:As 0.1 0.1 - 0.0183 7.125 1982 9,27
Ini- «GasAsi- v Py 0.175 0.05 - 0.0183 7. 125 568 8. 42

The empirical formulas for the characteristic
gain ax(in 1/cm) and transparency carrier density
N(in em”’) as functions of compositional parame—
ters x and y are as follows:

ax(x,y) = Eagx"y“', (14)
i

Ne= Y Nix'y, (15)
Ly

where 1= 4,3,2,1,0,;=5,4,3,2,1,0. The error
between numerical calculations and above formulas
are both less than 10% . Coefficients ai and N are
listed in Appendix.

When we change the composition in the barri—

er (which is kept lattice mached to InP), we find
that as the barrier potential is away from 1.25Q,
the well width and optical gain(13) vary by the
same factor approximately. A factor can be ex-
pressed as the function of well composition and

barrier band gap:

F= (- 12.8+ 754x — 143y — 3100x° + 4783y’

— 9158xy) (o= by 4

1.25 (16)

where @ is the wavelength(um) of the barrier ma-

terial.
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Appendix A
Coelficients for Empirical Well Width Formulas( L)
5 ¥ )2 ¥ v ¥
af 0. 182410 % 0.3089x10"* - 0.3034x10°7 0.1084X 1077 - 0.6117x10°° 0.1043x 104
x! - 0.6873x10°7 - 0.1039x10° 3 0.9952X 10" # - 0.1495x 10" 2 0.7427x 10" 2 - 0.1165% 10!
©? 0.2712x 10" * 0.1011x 10" ? - 0.5710x 10" 2 0.7971x10" - 0.3858 0.5973
X - 0.2620x 10 ¢ - 0.2092x 10 2 0.9377X 107! - 0.1242x 10! 0. 5888 10! - 0.9022x 10"
xt 0. 7130104 0.1178x 10" - 0. 4568 0. 582210 - 0.2719%10° 0. 4140X 107

Coeflicients for Empirical Characteristic Gain Formulas( a;)

_r" ¥ 1 y 2 ¥ 3 y 4 }_5
x° 0. 4980 10* 0. 4852 10° - 0.8273X 106 0. 5652 10 - 0.1779% 10% 0. 2069 X 10°
x! 0. 9707 % 10° — 0.5988 107 0. 9430 10° - 0.6255X%10° 0. 1842 10" - 0.1982x 10"
i’ - 0.3367x 107 0.2154x10° - 0.3503x 10" 0.2353x 10" - 0.7019x 10" 0. 7656 10"
'S 0. 4137 % 10° - 0.2841x 10" 0. 4714 10" - 0.3227x 10" 0.9786x 102 - 0.1083x 10"
o - 0.1805x 10° 0.1243x 10" - 0.2102x 10" 0. 1461x 10" - 0.4477x10" 0. 4986 % 10"
Coefficients for Empirical Transparency Carrier Density Formulas( N i)
_1'“ ¥ 1 ¥ 2 ¥ 3 ¥ 4 _‘_5
x° 0.2238x 10" 0. 1304 % 10% - 0.2099 % 10* 0.1391x 10% - 0.4364 107 0. 5057 % 10*
x! 0.9735% 10" - 0.5581x10" 0. 5831 X 107 - 0.2454%10% 0.3316X%10% 0. 502510
2 - 0.2156% 10 0. 4633 % 10% 0. 3432 % 10% - 0.8520x 10 0.4225% 10* - 0.6279 % 10%
'S 0. 5768 10% 0. 2062 % 10% - 0.1710x 10% 0.1916% 10 - 0.7817x10% 0. 1055 10*7

xt 0. 8553 x 10" - 0.2814X10*

0. 1021 x10%

- 0. 1009 % 10% 0.3951 % 10”7 - 0.5183 %107
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