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there can be a considerable resonant
coupling in the 2p, state. A theoretical
model, which is based on the effective
mass theory and the variation method with
group-theoretical consideration for
acceptor levels in both strained and
unstrained semiconductors, has been
developed in this project as well.

The study of electronic states of a

mul t i s ub b Bydregenic impurity in a semiconductor
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The binding energy and the
density-of-states spectrum of resonant

impurity states in quantum well structure
have been theoretically studied with
variation of the impurity position taken
into account, using the multi-subband

model and the resolvent operator technique.

Calculations for the 2p, resonant state have
been performed. It has been found that

Gr e e n 9uantum-well structure has been a subject

of considerable interest for the last two
decades. There have been numerous
reports on calculations of the impurity
states in such a system. However, most of
the studies are restricted to calculation of
the binding energies of the ground state or
some low-lying excited states attached to
the first subband. The calculation relies on
the variational techniqgue accompanied
with a proper tria function. For the ground
state, a good trial function should keep the
calculation not too complicated and give
the expectation energy of the state as low
as possible. The tria function for the 2p,
state, which is cylindrically symmetric and
has a node along the growth direction, has
to be chosen with caution. State is
orthogonal to the other localized impurity
states and can be obtained simultaneously

with the ground state in a matrix
diagonalization.
(A) Theory of resonant states of

hydrogenic impurity in quantum wells



The effective-mass Hamiltonian for
an electron bound to a donor in an QW
structure can be written as

H=H,+V.()
where Hy isthe impurity-free Hamiltonian
and can be written as

where V. is the coulomb potential energy
of the impurity, having the following
expression

Ve(r)=

2
k(2 p? +(z-2)?
The Hamiltonian is written in the
dimensionless form in which the energy
and the length are in units of effective
Rydberg R'(R'=mge%2es> 7% ) and
effective Bohr radius a (a=7%% €, / mye?)
of the well material , respectively.
(myand €, are the effective mass and the

static dielectric constant , respectively, of
the material making up the well )

The wavefunction of the resonant
states as p — oo can be written in alinear
combination of solutions of the
Schrodinger equation, which can be
regarded to be impurity-free, that is,

W=V t¥x
where

Ik"np
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Thetotal Hamiltonian can be written as

H=H}+HY +@1-P)V.(1-P)
where

HY =P (H,+V,)P,+H,(1-P)
and

HY = (1-P)V,R, +RV,(1-PR)
where H!” is the Hamiltonian of the
uncoupled system in which there is no
inter-subspace coupling. The bound part is
obtained by use of the variational method

with the trial function in the following
form

_elmvﬁp\m\zzc G (2.

n>v

The resonant coupllng between B, and
X, can be treated with the technique of

resolvent operators. Let G and G be the
resolvent operators for the uncoupled
system
and the total system, have
G =(E-H{ +i0")*
and
G=(E-H+i0")™
related through the Dyson equation
G=GY+GPH{G.
Finding the DOS spectrum of the impurity
states as follows

6 (E) = Imi{yg Gl )]
where

(ws|Glwe)=[F(E)+il(E)]™
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here E, is the energy of the impurity state
in the absence of the resonant coupling.
The resonant energy Er of the impurity
state is obtained by finding the peak
position of the DOS spectrum.

In the presence of eectric field, the
bound impurity states are almost emptied
through impact ionization. The free
cariers are then accelerated toward the
vicinity of the 2py impurity state, as
illustrated in the inset of Fig. 1. The hot
carrier near the 2poy resonant state may
have a large possibility to be captured into
the impurity state due to the resonant
coupling. As a result, a population
inversion is achieved between the higher
2po state and the ground 1s state.

Fig. 1 shows the calculated binding
energies of the 1s state and the 2po state of
a shallow donor in Alo2GansAsGaAs
coupled wells separated by a 2-nm
Alo2GansAs arrier. It isfound in Fig. 1 (a)



that the 1s state has a peak binding energy
for the impurity in the left wider well. This
is because there is a larger likelihood of
finding the electron of the 1s state in the
wider well, enhancing the Coulomb
potential as the ionized donor stays in the
wider well. Similarly, the 2p, state has a
peak binding energy for the impurity in the
right narrower well. Fig. 2 shows the
lifetime broadening and the energy shift of
the resonant 2po state as results of the
resonant  scattering.  The  lifetime
broadening reflects the strength of the
resonant coupling or the capture rate of
carriers into the impurity. It is found from
Fig. 2 (a) that the capture lifetime can be as
small as 94 fs. However, an improper
design of the quantum wells and the
impurity position can cause a small
resonant coupling.
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Fig. | The binding energics of {a) the 1o impurity state and (b the 20

The resonance leads in general to a
dight blue shift in energy. Asthe two wells
have a small difference in their widths, the
resonant state nevertheless becomes close
to the first subband edge and a red shift of
~1 meV may result. Fig. 3(a) shows the
intrasimpurity transition energy from the
2poto the 1s states. It can serve as a useful
guide to design the structure with a specific
emission frequency. The design should be
with a caution to prevent the difference
between the 2po state and the first subband
edge from being larger than the LO phonon
energy. The high phonon emission rate will
make it difficult to accelerate the electrons
to the vicinity of the resonant state. Fig. 3
(b) gives aplot for such energy differences.
As the figure shows, a 3-nm right well
should be avoided in the device design.
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