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Abstract. We calculate the optical absorption spectra associated with transitions from the
n = 1 valence subband to the donor level in a dielectric quantum well. It is found that the
impurity binding energies evaluated from photoluminescence experiments are lower than the
practical binding energies, because of the effect of the image potential on the exciton binding
energy in the dielectric quantum well. The broadening of absorption spectra due to the impurity
distribution and the fluctuation in well width is also discussed.

1. Introduction

Semiconductor superlattices and heterostructures have been extensively investigated in the
last two decades. Progress in this area has been made possible due to the development of
sophisticated material growth techniques. The impurity states in these structures have been
studied widely in both theoretical and experimental respects [1–10]. A quantum well can
be called a dielectric quantum well when the dielectric constant of the barrier material is
significantly smaller than that of the well material [11, 12], e.g. the GaAs/Al xGa1−xAs and
GaAs/ZnSe quantum well structures. Image charges arise due to the mismatch of dielectric
constants at the interfaces. Recently, this topic has received considerable attention [11–22]
in studying the electronic, exciton and impurity states in low-dimensional structures. The
results showed that the image forces can lead to self-binding of single charges and modify
the properties of excitons in quantum wells [12, 13].

In our previous paper [20], we have studied the effect of the image potential on
the impurity states in GaAs/Al xGa1−xAs quantum wells. The results indicated that the
image potential enhances the impurity binding energy considerably, especially when the
width of the quantum well is small. On the other hand, the impurity binding energies in
GaAs/Al xGa1−xAs quantum wells obtained from the photoluminescence study [6, 8–10] of
impurity states are in good agreement with the binding energies of theoretical prediction
which ignore the image potential in quantum wells. Why does this happen? In this paper,
we study the problem from a theoretical point of view. In the next section, we outline the
theoretical framework. The numerical results and discussion are given in section 3.
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2. Theory

When the dielectric mismatch between well material and barrier material is considered, in
the effective-mass approximation, the Hamiltonians describing the motion of an electron in
the dielectric quantum well excluding and including a shallow donor can be written

H(0)(r) = Ve(r)+


P 2

2m1
|z| < dz

P 2

2m2
+ V0 elsewhere

(1)

and

H(r) = H(0)(r)+ Vion(r) (2)

where 2dz is the width of the quantum well,P andr = (ρ, θ, z) are the electron momentum
and coordinate, respectively,m1 andm2 are the electron-band effective mass in the well
material and barrier material, respectively,V0 is the electron-confining potential in the
quantum well, which is equal to the conduction- or valence-band discontinuity between the
barrier material and well material,Ve(r) is the electron image potential andVion(r) is the
sum of the impurity ion potential and its image potentials in the dielectric quantum well
[20].

The trial wavefunctions for ground electronic and impurity states in the dielectric
quantum well can be written [20]

φ1(r) = N0


exp[k2z(dz − z)] cos(k1zdz) z > dz

cos(k1zz) |z| 6 dz

exp[k2z(dz + z)] cos(k1zdz) z 6 −dz
(3)

and

ψ(r) = Nφ1(r) exp{−[ρ2 + (z − z0)
2]1/2/λ} (4)

whereN0 andN are the normalization constants,λ is the variational parameter and (0, 0, z0)
is the position of the donor in the quantum well. The parameters

k1z = [2m1E
(0)
1 /h̄2]1/2 (5a)

k2z = [2m2(V0 − E
(0)
1 )/h̄2]1/2 (5b)

where the ground levelE(0)1 without the image potential is determined using the appropriate
current-conserving boundary conditions for the wavefunctions at the interfaces and must
satisfy the following relation:

m1k2z = m2k1z tan(k1zdz). (6)

The ground electronic energy level and impurity binding energy in the dielectric quantum
well are obtained as follows:

E1 = 〈φ1(r)|H(0)(r)|φ1(r)〉 (7)

and

Eb = E1 − min
λ

〈ψ(r)|H(r)|ψ(r)〉. (8)

For an optical transition from the first valence subband to a donor level, we have for
the initial state

|i〉 = φ1(r)S
−1/2 exp(ik⊥ρ cosθ)ui(r) (9)



Optical absorption spectra of shallow donors 1513

whereS is the area of the interface of quantum well andk⊥ = (k2
x+k2

y)
1/2 is the wavevector

inside the plane of the quantum well. For the final state, the wavefunction is

|f 〉 = ψ(r)uf (r). (10)

In equations (9) and (10),ui(r) anduf (r) are the periodic parts of the Bloch state for the
initial and final states, respectively.

Taking the energy origin at the bottom of the first conduction subband, we have for the
energy of the initial state

Ei = −εg − h̄2

2mh
k2
⊥ (11)

wheremh is the effective mass of the valence band in GaAs and

εg = Eg + EC1 + EV1 (12)

with Eg being the bulk GaAs band gap andEC1 (EV1 ) the ground energy level of the first
conduction (valence) subband in the quantum well. The energy of the final state is

Ef = −Eb(2dz, z0) (13)

whereEb(2dz, z0) is the binding energy of the donor impurity.
The transition probability per unit time for transition from the first valence subband

to donor level associated with the impurity located at the position (0, 0, z0) is proportional
to the square of the matrix element of the electron–photon interactionHint between the
wavefunctions of the initial state (valence) and final (impurity) state [4, 5]

W(ω, 2dz, z0) = 2π

h̄

∑
i

|〈f |Hint |i〉|2δ(Ef − Ei − h̄ω) (14)

with Hint = Ce · p, wheree is the polarization vector in the direction of the electric field
of the radiation,p is the momentum operator andC is a pre-factor that describes the effects
of the photon vector potential [4, 5]. The above matrix element may be written [4, 5]

〈f |Hint |i〉 ' Ce · Pf iSf i (15)

with

Pf i = 1

�

∫
�

u∗
f (r)pui(r) dr (16)

and

Sf i =
∫
F ∗
f (r)Fi(r) dr (17)

where� is the volume of the unit cell andFf (r) (Fi(r)) is the envelope function for the
final (initial) state. Then equation (14) can be simplified further:

W(ω, 2dz, z0) = mhS

h̄3 |C|2|e · Pf i |2|Sf i(z0, k⊥(1))|2Y (1) (18)

whereY (1) is the step function and

1 = h̄ω + Eb(2dz, z0)− εg (19a)

k⊥(1) = (2mh1/h̄
2)1/2. (19b)

In the practical doped samples, usually there is a small fluctuation in the well width [9]
and the doping of the impurity in the quantum well is not strictδ doping [8]. In this paper,
we consider the impurity distribution and the fluctuation in the well width as the Gaussian
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functions. The total transition probability per unit time for transition from the first valence
subband to the donor level can be obtained:

W(ω) =
∫ ∞

0
d(2dz)

∫ dz

−dz
dz0P1(z0)P2(2dz)W(ω, 2dz, z0) (20)

where

P1(z0) = P10 exp[−(z0 − z
(0)
0 )2/2α] (21a)

P2(2dz) = P20 exp[−(2dz − 2d(0)z )
2/2β] (21b)

and the impurity positionz0 and the well width 2dz are in ångstr̈oms. The constantsP10

andP20 are determined by the following equations:∫ dz

−dz
dz0P1(z0) = 1 (22b)∫ ∞

0
d(2dz) P2(2dz) = 1. (22a)

The above integrals were calculated numerically.

3. Results and discussion

In our practical calculation, the following parameters are adopted: the electron and hole
effective mass and the static dielectric constant areme = 0.067m0, mh = 0.35m0 and
ε1 = 12.5 for GaAs,me = 0.15m0,mh = 0.40m0 andε2 = 10.1 for AlAs, andme = 0.17m0,
mh = 0.76m0 and ε2 = 7.6 for ZnSe withm0 the free-electron mass and the mixing of
the light- and heavy-hole bands neglected. The electron-confining potentials for conduction
and valence bands areVe = 1060 meV andVh = 550 meV in a GaAs/AlAs quantum well,
andVe = 340 meV andVh = 960 meV in a GaAs/ZnSe quantum well [12].

Figure 1 shows the possible optical transitions from the first valence subband to the
donor and exciton levels, where ¯hω1 andh̄ω2 represent the transition energies from the top
edge of the first valence subband to the donor and exciton levels, respectively.

Figures 2 and 3 show the optical transition spectra associated with donors in GaAs/AlAs
and GaAs/ZnSe quantum wells with different structure parameters, whereEj = h̄ωj − Eg
(j = 1, 2). In figures 2 and 3, the energyE2 represents the peak position of the transition
from the first valence subband to the exciton level andEvc is the onset of valence-
to-conduction-band absorption, and the ground exciton binding energies including and
excluding image potential are taken from [12]. In fact, in figure 2 the fluctuation in well
width is neglected and only an impurity distribution (half-width of Gaussian distribution,
about 5.3Å) in a quantum well is considered; in figure 3 the impurity distribution is a strict
δ distribution and a fluctuation in the well width (half-width of Gaussian distribution, about
4.7 Å) is included. Comparing figure 2 with figure 3, we find that the impurity distribution
causes a broadening of the absorption peak on the high-energy side, and the fluctuation
in well width leads to broadening of the absorption peak on the low- and high-energy
sides simultaneously. Although the impurity distribution and the fluctuation in well width
cause broadening of the absorption peak, the peak position of absorption spectra does not
apparently change, as shown in figures 2 and 3. From figures 2 and 3, we can also see
that the image potential changes the peak positions of absorption spectra considerably, and
the effect of the image potential in the GaAs/ZnSe quantum well is larger than that in the
GaAs/AlAs quantum well due to the larger dielectric mismatch between GaAs and ZnSe.
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Figure 1. Schematic representation of the possible optical transitions from the first valence
subband to the donor and exciton levels in quantum well, where the parabolae represent the
energy dispersions of the first conduction and valence subbands inside the plane of quantum
well.

In the above discussion, we consider only the absorption spectra for the transition from
the first valence subband to the donor level. The photoluminescence lineshape associated
with donors in quantum wells is the same as that of absorption spectra [4, 5]. The peaks
of photoluminescence spectra that can be observed in the doped quantum wells are exciton
peaks and the peak associated with the transition from donor level to the first valence
subband [8]. Usually, the donor binding energy evaluated from photoluminescence study is
given by the equation [8]Eb = E2−E1+Ee–h whereE1 is the peak position associated with
transitions between electrons on donors and the first valence subband states andE2 is the
peak position of the ground heavy-hole exciton. The heavy-hole exciton binding energyEe–h
in the above equation is obtained theoretically. In figure 4, we show the differenceE2 −E1

between the peak positions including and excluding the image potential in the GaAs/AlAs
and GaAs/ZnSe quantum wells. If we assume that the peak distanceE2 −E1 including the
image potential from our theoretical calculation is the practical distance observed from the
photoluminescence study, the donor binding energy evaluated from the photoluminescence
study in the GaAs/AlAs quantum well is in good agreement with the theoretical binding
energy excluding the image potential within the experimental error (±0.5 meV), as many
researchers [6, 8–10] have reported. The differenceE2 − E1 between the peak positions
including and excluding the image potential in the GaAs/AlAs quantum well is small (within
±0.4 meV), as shown in figure 4(a). In fact, these underestimate the donor binding energy
Eb = E2 − E1 + Ee–h, because the effect of the image potential on the exciton binding
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Figure 2. Optical absorption probability per unit time for the transition from the first
valence subband to the donor impurity level as a function of ¯hω − Eg in (a) GaAs/AlAs

and (b) GaAs/ZnSe quantum wells, where the well width 2d
(0)
z = 100 Å and the impurity is

located at the centre of the quantum well,z(0)0 = 0, with the parametersα = 20 andβ → 0.
The solid and broken curves represent the results including and excluding the image potential,
respectively.

energyEe–h is neglected, which is large when the dimension of the quantum well becomes
small, as shown in figure 4(a). The situation in the GaAs/ZnSe quantum well is different
from that in the GaAs/AlAs quantum well, because the differenceE2−E1 between the peak
positions including and excluding the image potential in the GaAs/ZnSe quantum well is
large, as shown in figure 4(b), due to a larger dielectric mismatch between GaAs and ZnSe.
It is expected that the donor binding energy evaluated from the photoluminescence study in
the doped GaAs/ZnSe quantum well is larger than the theoretical binding energy excluding
the image potential. If the effect of the image potential on the exciton binding energy is
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Figure 3. Optical absorption probability per unit time for the transition from the first
valence subband to the donor impurity level as a function of ¯hω − Eg in (a) GaAs/AlAs

and (b) GaAs/ZnSe quantum wells, where the well width 2d
(0)
z = 100 Å and the impurity is

located at the centre of the quantum well,z(0)0 = 0, with the parametersα → 0 andβ = 16.
The solid and broken curves represent the results including and excluding the image potential,
respectively.

considered, the impurity binding energy evaluated from the photoluminescence experiment
should be in good agreement with the theoretical binding energy which includes the image
potential [20].

In conclusion, we have studied the optical absorption spectra associated with transition
from the n = 1 valence subband to the donor level in the dielectric quantum wells. Our
results indicate that the donor binding energy evaluated from the photoluminescence study
is lower than the practical binding energy, if the effect of the image potential on the exciton
binding energy is neglected. The results also indicate that the impurity distribution causes
a broadening of absorption peak on the high-energy side, and the fluctuation in well width
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Figure 4. Variations in the differenceE2 − E1 between the peak positions including and
excluding the image potential with the well width (solid curves) in (a) GaAs/AlAs and
(b) GaAs/ZnSe quantum wells for an impurity at the edge and the centre in the quantum well.
The broken curves represent the difference between the heavy-hole exciton binding energy
including and excluding the image potential, which are taken from [12].

leads to broadening of the absorption peak on the low- and high-energy sides simultaneously.
However, the impurity distribution and the fluctuation in well width do not change the peak
position of the absorption spectra. Hopefully the theoretical results will stimulate further
experiment investigation.
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