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Valence-band structures and hole effective masses for strained-layer quantum-well laser structures
were calculated, using In,_, Ga,As/InGaAsP material system as an example. A 4X4 strain Hamiltoni-
an with heavy-hole and light-hole band mixing was used in the calculation. Systematic numerical results
have been presented for a large range of material parameters and quantum-well widths.

I. INTRODUCTION

In recent years considerable theoretical efforts have
been devoted to the analysis of band structures of two-
dimensional systems with inclusion of the effect of
strain.!™* Strain structure consists of thin-layer film
which is lattice mismatched to the substrate. This fact
produces a uniform elastic strain in the film layer which
changes its symmetry with respect to substrate and
modifies its electronic and optical properties. Under a
compressive strain the heavy-hole band is raised above
the light hole, whereas a tensile strain pushes a light hole
above the heavy hole.

The efforts were mostly motivated by enormous poten-
tial applications of strained-layer structures in optoelect-
ronic industry. In particular, it has been demonstrated
that in the case of quantum-well lasers, optical gain,
differential gain, and threshold current can be
significantly improved by strain. Hole effective masses
are among the important parameters needed to properly
characterize any particular device. Despite several re-
cent efforts’® the complete picture on hole effective
masses is far from clear. The limited experimental results
presented in Ref. 6 indicate a strong dependence of the
in-plane effective masses of the heavy-hole and light-hole
valence bands in quantum wells on their coupling. In
general, the band mixing effect posts a much larger chal-
lenge in determining hole effective masses than electron
effective masses in the conduction band. Negative
effective masses at zone center can be predicted in some
cases involving band mixing.

The systematic understanding of hole effective masses
would also provide a clear picture for the rather compli-
cated strained quantum-well laser designs. This paper is
an effort to characterize hole effective masses and
quantum-well subbands systematically using
In;_,Ga, As/InGaAsP material system.

II. THEORY

Based on the Luttinger-Kohn Hamiltonian, the total
Hamiltonian describing hole energies in the valence band
in a quantum well under small uniaxial strain can be ex-

pressed as™ 14
H=H g +H,, @.1)

where H; g is the Luttinger-Kohn Hamiltonian and H,
represents the strain Hamiltonian,'*
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where m,, is the free-electron mass, Dy, D,, and D, are
deformation energies for valance bands, €;; are com-
ponents of the strain tensor, J; are the angular momen-
tum matrices, c.p. indicates cyclic permutation of in-
dices, and {a,b}=(ab+ba). In spin J=3 basis and
considering only heavy-hole and light-hole bands, a 4 X4
Hamiltonian can be derived as
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In the above, € is the strain factor and is defined as
€=[ap—a(x)/ay]=¢€,,=€,. For [100] orientation,
€,,=—(2Cy,/Cy; )€, and also €,, =€, =€,, =0.

The discussed approach has its own limitations as has
been explained in a series of papers by Burt.'°~!* He has
reviewed assumptions of conventional effective-mass
theory and had developed a method of handling abrupt
interfaces.

The above 4 X4 Hamiltonian can be block diagonalized
into two equivalent 2 X2 Hamiltonians, which made the
calculation fast and easy to use,!4~16

# | Pro  IRI-ils|
amy |IRI+ilS|  P—@

The above Hamiltonian can be solved together with
the following boundary conditions:

H=— (2.5)
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and v,(z) and 9, (z) are wave functions.

Figure 1 shows the typical valence-band structures cal-
culated using the method mentioned above for
In,_,Ga, As/InGaAsP material system lattice matched
to InP at x=0.37 which is compressively strained.
When calculating effective masses, axial approximation
was assumed, i.e., we assume effective masses are isotro-
pic along direction parallel to the surface. In-plane
effective masses were calculated from the second-order
derivative of subband diagram (E-k relations) at zone
center.

ITII. RESULTS AND DISCUSSION

The lowest band usually dominates device perfor-
mance. For example, in semiconductor quantum-well
lasers, the lowest subband usually has the biggest contri-
bution to optical gain and polarization.”” TE mode usu-
ally dominates when the heavy-hole band is the lowest
subband. TM mode usually dominates when the light-
hole band is the lowest band. Therefore we would like to
focus on the effective masses of the lowest subband. The
lowest subband can be determined from Fig. 2 which
shows the splitting between the first heavy-hole band and
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FIG. 1. Valence-band structure for Ing¢3Gag37As/
InGaAsP quantum well with 1.25Q barrier lattice matched to
InP. L,=80 A.
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the first light-hole band. Positive splitting means the
heavy-hole band is the lowest band; on the other hand,
negative splitting means the light-hole band is the lowest
band. The well width is 500 A for the lowest curve which
can be considered a bulk limit. We can see from Fig. 2
that in the case of compressive strain (x <0.47), the
heavy-hole band is always the lowest subband. In the
case of tensile strain, the light hole is the lowest subband
when well width is sufficiently large. At an x value above
0.47 (tensile strain), there is a possibility of degeneracy
between heavy-hole and light-hole bands as in unstrained
bulk material. This is also a transition point where the
heavy-hole band and light-hole band exchange relative
positions. Band mixing is very strong at this point.
Singularities in effective masses usually occur at these
transition points which often leads to negative effective
masses at zone center.

Figure 3 shows the results of heavy-hole effective
masses in strained quantum well as a function of well
width for different Ga mole fraction for compres-
sively strained and unstrained cases for In,_,Ga,As/
InGaAsP material system. Reduction in effective masses
due to compressive strain is very clear (compressive
strain becomes larger when x becomes smaller). Heavy-
hole effective masses are also reduced as the well width
becomes larger. With the well width increasing, effective
masses approach a constant value. Since there are no
transition points as defined above, there are no singular
points and negative effective masses. The curves are
stable and monotonic.

Figure 4 shows the results of light-hole effective masses
in strained quantum well as a function of well width for
different Ga mole fraction for tensile strain cases
in In,;_,Ga, As/InGaAsP material system. Reduction in
effective masses due to tensile strain is also very obvious,
especially with small well width (tensile strain becomes
larger as the x value becomes larger). For each curve in
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FIG. 2. The difference between the lowest heavy-hole and
light-hole subbands in a strained quantum well as a function of
well width and Ga mole fraction for In,_,Ga,As/
InGaAsP material system.
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FIG. 3. Heavy-hole effective masses in a strained quantum
well as a function of well width for different Ga mole fractions
for compressively strained cases in In;_,Ga,As/
InGaAsP material system.

Fig. 4, a singular point exists where the calculated
effective masses become infinity (it will be negative
infinity if approached from the right-hand side). This
singularity corresponds to the point where the light-hole
subband ceases to be the lowest subband as mentioned be-
fore, and the band curvature at zone center changes from
positive to negative.

Figure 5 shows the results of heavy-hole effective
masses in a strained quantum well as a function
of Ga mole fraction for different well width for
In,_,Ga, As/InGaAsP material system. Clearly,
effective masses are decreasing as strain increases. Again
for each curve in Fig. 5 a singular point exists. As Ga
mole fraction increases, each curve approaches its transi-
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FIG. 4. Light-hole effective masses in a strained quantum
well as a function of well widths for different Ga mole fractions
for tensile strain cases in In,_,Ga,As/InGaAsP material sys-
tem.
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FIG. 5. Heavy-hole effective masses in a strained quantum
well as a function of Ga mole fractions for different well widths
for In,_,Ga,As/InGaAsP material system.

tion point (see Fig. 3). Heavy-hole effective masses in-
crease to infinity. Figure 6 shows the results of light-hole
effective masses in strained quantum well as a function of
Ga mole fraction for different well width for
In,_,Ga,As/InGaAsP material system. There is a
minimum in light-hole effective masses as strain in-
creases, after which, light-hole effective masses increases
with tensile strain. In Fig. 6, selected well widths are rel-
atively small because large well width may not be feasible
due to the restriction of critical layer thickness.

Band offset is modified due to strain in strained
quantum-well structures. Heavy hole and light hole are
experiencing different potential barriers. As shown in
Fig. 7, the potential for heavy holes vanishes
with Ga mole fraction beyond about 0.67 for
In,_,Ga,As/InGaAsP quantum-well structures, which
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FIG. 6. Heavy-hole effective masses in strained quantum well
as a function of Ga mole fraction and well width for tensile
strain cases in In,;_, Ga, As/InGaAsP material system.
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FIG. 7. Valence-band offset for heavy (HH) and light (LH)
holes in strained quantum well as a function of Ga mole fraction
for In,_,Ga,As/InGaAsP material system.

means no more heavy-hole subbands beyond this point.
But light-hole subbands are still possible to about 0.93 in
Ga mole fraction, where the potential barrier for light
holes also vanishes. This tells us that when Ga mole frac-
tion in In,_,Ga,As/InGaAsP structure is less than
about 0.67, both heavy holes and light holes are present;
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when Ga mole fraction is between 0.67 and 0.93, only
light holes are possible; when Ga mole fraction is above
0.93, no holes are possible.

IV. CONCLUSIONS

Hole effective masses, subband levels, and heavy-
hole-light-hole splittings are calculated numerically in a
large range of material compositions and quantum-well
width. Strain Hamiltonian including heavy-hole-light-
hole band mixing was utilized in the calculation. A sys-
tematic overview of the effective masses, strained
quantum-well hole subbands has been provided. Results
showed that by adjusting strain and quantum-well width,
effective masses, as well as quantum-well subbands, can
be effectively modified. This will enable us to engineer
quantum-well structures for specific device requirements.

At the present time there is only a limited number of
experimental results concerning light- and heavy-hole
effective masses in quantum-well structures, with or
without strain effects. It is our hope that those theoreti-
cal investigations will stimulate experimental efforts in
this field.
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