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The capture time for an electron in a graded index separate confinement heterostructure
(GRINSCH) is calculated as a function of quantum-well width. The electron’s interactions with
the other electrons in the well along with the phonons are included in the random-phase approxima-
tion using full multiple-subband and frequency-dependent screening. It is shown that at sufficiently
high electron densities, there is a significant increase of the capture rate with electron density except

for quantum-well widths near a phonon resonance.

I. INTRODUCTION

The capture time of electrons and holes in semiconduc-
tor quantum-well heterostructures is currently of great
interest. This interest is being driven by efforts to op-
timize the device characteristics of quantum-well lasers,
particularly the modulation bandwidth. Investigations
attempting to predict the carrier capture time through
classical! or quantum mechanical methods? have met
with only limited success,® until recently. Recent investi-
gations of GaAs quantum-well structures have succeeded
in confirming some quantum mechanical aspects of elec-
tron capture and have identified LO-phonon emission as
the primary scattering mechanism.*™® In addition, one
of these investigations? predicts that electron capture
due to electron-electron scattering, at sufficiently high
electron densities, can be nearly as important as that
due to LO-phonon emission. A separate study of in-
tersubband scattering has confirmed the importance of
electron-electron scattering at high electron densities.®
In this paper we present an investigation of electron cap-
ture that includes the interactions of electrons in laser
type geometries with the coupled electron-phonon sys-
tem.

The highly inelastic nature of electron capture is am-
ple motivation to include electron-electron scattering be-
yond the Thomas-Fermi approximation. In this work,
scattering by inelastic electronic excitations is included
in the random-phase approximation in conjunction with
electron-phonon scattering through the use of full dy-
namic screening. Intersubband and intrasubband exci-
tations (collective and pair) among all subbands are im-
plicitly incorporated in our formulation. The screening of
the phonons by the electrons and plasmon-phonon cou-
pling are automatically included by considering electron-
electron and electron-phonon (LO phonon) scattering in
a consistent way such that they mutually interact and
affect each other. Another benefit from our approach
is the removal of the explicit dependence of the electron-
electron interaction on the inverse screening length (as in
the Thomas-Fermi approximation). Therefore, we avoid
having to estimate this quantity.

A number of simplifying assumptions are made to fa-
cilitate the modeling of the heterostructure. The states
of the electron are calculated in the effective mass ap-
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proximation and the electrons are assumed to have the
effective mass of the conduction band minimum for bulk
GaAs. The wave functions and energies are determined
from solving the Schrodinger equation, and band bend-
ing is neglected. The LO phonons are assumed to be
bulk type, which has been shown to be a good overall
approximation for carrier capture.?

In Sec. II, the details of the Al,Ga;_.As/GaAs P-
GRINSCH type structure are given. The energies and
wave functions of the subbands are numerically evalu-
ated and discussed. In Sec. III the equations describ-
ing the capture time of an electron interacting with an
equilibrium distribution of electrons and the lattice are
presented. The capture rates are then evaluated and the
results are discussed. Section IV contains a summary and
some concluding remarks. All equations are given in cgs
units.

II. QUANTUM-WELL STRUCTURE

We examine heterostructures corresponding to the P-
GRINSCH laser (P—for parabolic grading) for vari-
ous active layer widths. The active layer, the region
of narrow confinement, is referred to as the quantum
well. The much larger region surrounding the quantum-
well is, as usual, referred to as the separate confine-
ment region. The common characteristics of the het-
erostructures include a central GaAs quantum-well re-
gion, an Al,Ga;_.As (z = 0.3 to 0.6) separate con-
finement region, and an Alg ¢Gag 4As outermost region.
The quantum-well width is varied from 30 A to 150 A.
The separate confinement region has a constant width
of 4050 A regardless of the quantum-well width. The
discontinuities in the conduction band at the heterojunc-
tions and the gradual change in the conduction band in
the separate confinement region are calculated from the
electron affinity and band gap of Al,Ga;_,As.1® All en-
ergies are relative to the conduction band minimum in
the quantum-well region.

The electron wave functions and energies are calcu-
lated in the effective mass approximation where the z
direction is chosen perpendicular to the heterojunction
boundaries. This choice maintains translational invari-
ance in the z-y directions and allows solutions of the form
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FIG. 1. The conduction band, subband
energies, and wave functions are plotted ver-
sus the z axis (direction perpendicular to the
active layer) for a quantum-well width of 30
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Uk (p,2) = 7f Yn(2) and Enx = Ey +h%k?/2m*. The
reduced Schrédinger equation is associated with the z di-
rection and has the following form:

—h? d2

T 257+ V(0] al2) = B, 1)
Band bending due to space charge accumulation is ig-
nored. The effective mass m* in the quantum well and
separate confinement region is approximated by that of
bulk GaAs and is given by m* = 0.067m,., where m. is
the free electron mass.

The subband wave functions and energies are then ob-
tained by numerically solving Eq. (1) using the Numerov
method.!! Only the lowest five subbands are considered.
The results are plotted for well widths of 30 A, 82 A, and
130 A in Figs. 1, 2, and 3, respectively. For a quantum-
well width of 30 A, the ground state forms the only
subband in the quantum well; the other subbands have
closely spaced energy levels just above the conduction

there are two subbands in the well and for a well width of
130 A, there are four. Notice that the energy of the fifth
subband changes very little with well width. In fact the
energy of the fifth subband changes by only 2% over the
entire range of well widths. Notice also that an electron
in the fifth subband has a greater probability of being
near the quantum well for a well width of 82 A than for
well widths of 30 A and 130 A. This point is important
with regards to the overlap of the wave functions and the
capture rate.

III. CAPTURE RATE

The relaxation rate of an electron in a multiple sub-
band quantum well due to its interaction with a thermal
distribution of electrons and phonons is given by!?

_ 271' 2 2 1 eff
Thimj = 7(“2;)‘2/‘1‘1 7 Im [=Vii(a,w)]

band discontinuity. For a quantum-well width of 82 A, x[1 = np(Egx — hw) + np(w)] , (2)
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where np is the Fermi-Dirac distribution, n; is the Bose-
Einstein distribution, Aiw = Ej — Ejix_q, and k is the
wave vector of the initial electron.

The matrix element fo]( w) is that of the screened
interaction potential, and is determmed from solving the
following linear system:

(@) = Z €ijnm (4, w)Vrfuffzkl(q’ w) ,

mn

Coul
z]kl

®3)
where €;j,m(q,w) is the frequency and wave-vector-
dependent dielectric function and VC°“‘(q) is the matrix
element of the bare Coulomb potentlal They are defined
as follows:

VCoul 27l'€

ijnm

q)=

//dz1 dzz ¥} (z1)¢(z1) ,

XeXP(—QIZl — 22|) Ym(22)¥5 (22). (7)
The low frequency dielectric function of GaAs €jat(w)
assumes dispersionless bulk LO phonons, and a single
oscillator model relating four parameters, the LO-phonon
frequency wp, the TO-phonon frequency wr, the high
frequency dielectric constant €, and the static dielectric
constant e,.
Equation (2) is rewritten by transforming the variables
of integration from (g, ¢4) to (g,w). The resulting equa-
tion is given by

Coul o 1 2r 2 2m
Eijnm(‘ly w) = Elzﬂ:t((‘*')‘s 6 ‘/1]nm( )Hmn(q,w) ’ (4) Tkz—)] = h ( )2 hk
2 2
€oo — €5 )W O[1 — (¢/2k + mw;; /hk
€latt (W) = €0 + (oo D) T w?— w%- s (5) [ (¢/ ii/ 4)2]
\/1 —(q/2k + mwj; /hkq)
1 eff
I, . (q,w)= 2 Z (Emk+q) — ¢ (Enk) (6) x ﬂlm [ Viii(a, “’)]
mnt Erxtq = Enk — hw —ie x[1 = ns(Ea — hw) + np(w)] , (8)
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where wj; = w+ (E; — E;)/h and ©[z] is the step function
(0 for z < 0 and 1 for  >'0). The region of integration is
given by the region in (g, w) space where the step function
is nonzero.

We consider the capture of an electron from the fifth
subband to all subbands with energy less than the con-
duction band discontinuity. The total capture rate is
given by the sum of all possible transition rates. As an ex-
ample, the total capture rate for the well width of 30 A is
75.1,. However, the total capture rate for the well width
of 130 A is ot + 'rs—_l*2 + 7525 + 75 %,. The initial elec-
tron energy is just under one LO-phonon energy above
the subband edge for the entire range of well widths. This
choice is consistent with the electrons in the separate con-
finement region quickly relaxing in energy by LO-phonon
emission until near the active layer. For a quantum-well
width of 30 &, E5 = 0.37554 eV, E5 = 0.3414 eV, and
Es + hwy, = 0.37813 eV. For a quantum-well width
of 150 A, Esc = 0.36806 eV, Es = 0.3346 eV, and
Es + hwy, = 0.37133 eV. We evaluate the capture time
at zero temperature only to save cpu time.13

The total capture rate is plotted versus well width for
four different densities in Fig. 4. Certain features can
be explained by considering zero electron density (only
polar-optical phonon scattering). The abrupt increases in
the capture rate with increasing well width correspond to
when the energy of a given subband falls below the top
of the conduction band discontinuity, and therefore can
be considered “bound” in the well. This happens ap-
proximately at 45 A, 85 A, and 125 A, for the second,
third, and fourth subbands, respectively. In Fig. 5, we
choose to plot the zero density transition rates versus
well width individually (i.e., 7o 21,75 b0, T 23, To2a)- It
is apparent that the transition rates for the newly bound
subbands decrease from a local maximum with increas-
ing well width. This is due to the 1/q dependence of the
Frohlich Hamiltonian which favors transitions for which
the energy separation of the subbands is close to the

LO-phonon energy. This is commonly referred to as the
phonon resonance. A second trend that is seen in Fig. 5
is that the rates exhibit a common peak around 82 A as
well as troughs around 30 A and 130 A. This resonance
is due to the overlap of the wave functions of the initial
(fifth) and final subband. This is verified by Figs. 1-3
showing that an electron in the fifth subband has a much
greater probability of being in the quantum-well region
if the well width is 82 A as compared to well widths of
30 A and 130 A. This type of peak is commonly referred
to as an overlap resonance.

The four densities considered in Fig. 4 are zero,
101! cm~2, 10'2 cm ™2, and 5 x 10'2 cm™2. There is little
difference in the capture rate corresponding to the low-
est density, 10! cm™2, and that corresponding to zero
density. The capture rate for the two highest densities,
10'2 cm~2, and 5 x 10'2 cm™2, are shown to be signif-
icantly greater than the zero density rate for many well
widths.'® The inclusion of electron-electron scattering is
shown to have the least effect for well widths correspond-
ing to phonon resonances. This is especially obvious
from Fig. 6, where the transition rate from subband 5
to subband 2 is plotted. However, it is also very appar-
ent that away from the phonon resonance, the transition
rate can be up to 6 times the zero density rate. There-
fore, electron-electron scattering, at high electron densi-
ties, sets a limit to long electron-phonon capture times.

In the most recent experiments and in typical laser
operation, there is a distribution of electrons competing
to be captured. The averaging over the initial states is
important for the comparison between experiment and
theory. However, we have not performed such an aver-
age due to the large cpu times per data point. Certain
qualitative effects can be expected if such an average was
performed. The sharpness of the phonon resonances will
be broadened due to electrons occupying different ener-
gies within the initial subband (5). The states in other
subbands will also contribute. An electron in subband

FIG. 5. The separate transition rates
_J from one subband to another at zero density
are plotted. Asterisks correspond to the five
to one transition, circles correspond to the
five to two transition, crosses correspond to
the five to three transition, and pluses corre-
4 spond to the five to four transition.
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FIG. 6. The transition rate from sub-
band five to subband two is plotted versus
quantum-well width for four electron densi-
ties. Asterisks correspond to zero density,
crosses correspond to 10! cm™2, circles cor-
respond to 10*%2 cm™2, and pluses correspond
to 5 x 10*%2 cm™2.
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four has an optimal (minimal) probability of being in the
quantum-well region for a well width of 30 A (82 A). This
is exactly opposite of subband five, and an average over
these states would tend to increase the capture rates for
well widths where the rate is at its very lowest. There-
fore in addition to electron-electron scattering, averaging
over different initial subband states also will limit ex-
tremely long capture times and reduce the variation of
the capture time versus well width.

IV. CONCLUSION

The capture time of an electron in a P-GRINSCH type
heterostructure has been calculated versus well width,
assuming a finite electron density in the well. Electron-
electron and electron-phonon (bulk LO-phonon) scatter-
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ing mechanisms are included in the random-phase ap-
proximation using full multiple-subband and frequency-
dependent screening. At sufficiently high electron den-
sities, there is a significant increase of the capture rate
for well widths away from the phonon resonance. Since
typical laser operation involves relatively high electron
densities, the importance of electron-electron scattering
should not be overlooked in the study of the carrier cap-
ture process.
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