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ABSTRACT

The binding energy of a hydrogenic donor impurity and the optical-absorption spec-

tra associated with transitions between the n=l valence level and the donor-impurity

band were calculated for infinite barrier-well spherical GaAs-(Ga,Ai)As quantum-dots

of different radii, using the effective mass approximation within a variational scheme. An

absorption peak associated with transitions involving impurities at the center of the well

and a peak related with impurities at the edge of the dot were the main features observed

for the different radii of the dots considered in the calculations- Also, as a result of the

higher electronic confinement in a quantum- dot, we found a much wider energy range of

the absorption spectra when compared to infinite GaAs-(Ga,Al)As quantum-wells and

quantum-well wires of width and diameter comparable to the diameter of the quantum

dot.
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I. INTRODUCTION

The study of impurity states in low-dimensional heterostructures is an important

aspect to which many theoretical and experimental works have been devoted.

Bastard1 reported the first calculation for binding energies of hydrogenic impurities in

quantum wells (QW's). In this calculation it was found that the binding energy of a

hydrogenic impurity varied with the position of the impurity in the well and with the

thickness of the well. Brown and Spector2 and Porras-Montenegro et al.3 reported

calculations of binding energy and density of impurity states in GaAs-(Ga,Al)As

quantum-well wires (QWW's) as a function of the radius of the dot and as a function

of the position-dependent binding energy of the impurity, respectively, finding two

structures associated to impurities located at the center and at the edge of the

QWW's. Also, Weber et at. have calculated the impurity binding energies as

functions of the impurity position as well as the density of impurity states in

rectangular cross-sectional area GaAs-(Ga,Al)As QWW's, finding interesting features

in the density of impurity slates when the symmetry of the cross-sectional area

deviates from the square one.

Porras-Montenegro et al.5'6 have calculated the impurity binding energies as

functions of the radius and of the impurity position, as well as the density of impurity

states in spherical GaAs-(Ga,Al)As QD's, finding two structures associated to

impurities located at the center and at the edge of the QD's, which are expected to

show up in absorption and photoluminescence spectra associated with shallow

hydrogenic impurities in GaAs-(Ga,Al)As QD's, as it was the case in detailed

calculations of the impurity-related optical absorption and photoluminiscence spectra

in GaAs-(Ga,Al)As QW's 7 and QWW's s'9. Ribeiro and Latg<*'° have calculated the

binding energies and density of impurity states of a hydrogenic donor impurity in

square-cross-section quantum dots finding a similar situation to that found for

spherical GaAs-(Ga,Al)As QD's. 5'6 Lately, Zhu and chen11 have reported theoretical

results on the energy levels and binding energy of an off-center donor in a spherical

GaAs-(Ga,Al)As spherical QD, showing how the alteration of the position of a single

Coulomb center can change the single electron spectrum in such a device.

To our knowledge there are neither theoretical nor conclusive experimental

reports on the impurity-related optical-absorption spectra in GaAs-(Ga,Al)As QD's.

Nonetheless, it is certainly of interest to study the optical absorption associated with

transitions between the n=l valence level and the donor impurity band in spherical



GaAs-(Ga,Al)As QD's. In Sec. II we present some of the theoretical aspects

concerning the binding energy as a function of the donor position, and the transition

probabilities per unit time associated with the impurity-related absorption spectra for

infinite barrier GaAs-(Ga,Al)As QD's. Results and discussion are presented in Sec.

Ill and conclusions in Sec. IV.

II. THEORY

The Hamiltonian of a shallow hydrogenic impurity in spherical QD of GaAs-

(Ga,Al)As can be written in the effective mass approximation as

H =
2m'

r+V(r) (1)

where m* is the electron effective mass (m*=mc=0.0665m0 for the donor and we

have assumed an spherical mass m*=mv=0.30m0 for the valence level; mo is the free

electron mass), Eo is the static dielectric constant of the dot material, and V(r) is the

confining potential which is zero for r<R and infinite for r>R, R being the radius of

the dot. The impurity position is denoted by r0. The eigenfunction of the hamiltonian

in the absence of the impurity for the ground state (n=l and 1=0) and for the infinite

potential well i s '

y(r)=Sin(k10rJ/(2jiR)"2r, (2)

where r is (r,9,<|>). In order to satisfy :he boundary conditions \ji(r= R) = 0, the

cigenenergies corresponding to Eqs. (1) and (2) are E l o t = -—j-kj,, with k10 = —

2 m K

With inclusion of the impurity potential, one should use a variational approach to

determine the ground state binding energy. The trial wave function considered is

(3)
0 , r > R

with X being a variational parameter and N(ro,X) the normalization factor. The

binding energy of the impurity is given by

(4).

For transitions from the first valence level and to a donor impurity level, we

have for the initial and final states,

,Sin(k,or)
exp(-A|r-ro |)u f(r) ,

(5)

(6)

where Ui(r) y U((r) are ihe periodic parts of the Bloch states for the initial and final

states.

Taking the energy origin at the first conduction level as shown in Fig. 1, we have

for the energy of the initial (first valence level) state

E , = - 6 , ,

where e t is given by

2m. '

(7)

(8)

with Eg being the bulk GaAs band gap and m,, (mj the effective mass of the

conduction (valence) band.

The energy of the final state is

E r = - E b ( R , r 0 ) - (9)

The transition probability per unit lime for valence-to-donor transitions

associated with a donor impurity located at r0 is proportional to the square of the

matrix element of the electron-photon interaction H,m between the wave functions of

the initial state (valence) and final (impurity) states, i.e.

= yI|{f|Hlnl|i)|2S(Ef-E1-H, (10)

with Hin,= Ce.p, where e is the polarization vector in the direction of the electric field

of the radiation, p is the momentum operator, and C is a prefactor which contains the

photon vector potential. Following the effective mass approximation, the above

matrix element may be written as '



j i ) = Ce.PfflSs. (11)

with

Pfi=i|dru;(r)pa,(r)
* * n

(12)

and

Sfl = jdrFr*(r)F,(r) (13)

where Q is the volume of the unit cell and F( (F,) is the envelope function for the final

(initial) slate. For the case of the donor impurity we have for Sfi=Sfi(rD ,X),

SB =[^[N(ro,?t)JdrSin2(k,0r)ldeSin(e)exp{-Xjr-r(1|}. (14)

For an infinite GaAs-(Ga,AJ)As QD of radius R, the transition probability per

unit lime for valence to donor transitions is given by

WR(co) = ^Y(A), (15)

where EIQ US the Bohr radius and Y(A) is the step function. In this expression we have

for A and WD,

Eb(R,ro), (16)

(17)

In our calculations we have used Eo = 12.58, Ef = 1.424 eV. '

III. RESULTS AND DISCUSSION

A schematic representation of an infinite barrier-well spherical GaAs-

(Ga.Al)As QD's doped with an homogeneous distribution of donor impurities is

shown in Fig. 1. Working with this distribution of impurities only has sense for QD's

with radius larger than the Bohr radius of the GaAs, and for diluted concentrations

of impurities for which the interaction between them can be neglected. The edges for

optical absorption from the First valence level to the donor-impurity band is

represented by ftw, and to the first conduction level by £g. The transition fitu,

corresponds to the absorption to an impurity level associated with donors located at

the edge of the QD's.

In Fig . 2 we display the donor binding energy as a function of the donor position

inside an infinite barrier-well spherical GaAs-(Ga,Al)As QD's and for different radii of

the structure. The donor binding energy decreases as the donor position increases

reaching a minimun as the donor position is equal to the radii of the QD.

The absorption probability for the QD's described above is displayed in

Figures 3. In Figures 3 (a) and 3(b) we show the absorption probability for QD's of

radius R=3(XX) A and R=2000 A, respectively. We observe that there is a noticeable

peak structure associated with impurities located at the center of the dot, which is

much larger than the structure associated with impurities located close to the edge of

the dot, meaning that we have essentially reached the bulk limit, while for QWW's

this situation is reached for well radii of about 1000 A [cf. Fig. 3(c) of Porras-

Montenegro and Oliveira, Ref 8]. Our results for a R= 1000 A and R=500 A QD's

are presented in Fig. 3(c) where it is observed that the structure associated with

impurities located at the center of the dot is smaller than the structure associated with

impurities at the edge of the dot. Also, we observe a much wider range of the

absorption energy in QD's as compared to infinite GaAs-(Ga,Al)As QW's and

QWW's of width and diameter comparable to the diameter of the QD's. These are

apparent consequences of the stronger quantum confinement present in QD's.

IV. CONCLUSIONS

We have calculated the optical-absorption spectra associated with transitions

between the n=l valence level and the donor-impurity band for a spherical GaAs

QD's. We have found two structures in the transition probability per unit time,

WR((B), i.e., two peaks associated with transitions involving impurities located at the

center and at the egde of the dot. Also, we found a much wider energy range of the

absorption spectra in QD's when compared to infinite GaAs-(Ga,Al)As quantum-

wells and quantum-well wires of width and diameter comparable to the diameter of



the quantum dot. Although experimental results for the optical-absorption spectra

associated with impurities in QD's are not yet available, we believe our results are of

importance in the quantitative understanding of the future experimental work in this

field.
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FIGURE CAPTIONS

Figure. 1 Schematic representation of some possible absorption transitions in an

infinite GaAs-(Ga,Al)As QD with a donor impurity band. The density of states, g(E)

from the positional-dependent donor binding energy is shown schematically on the

left. The dependence of the binding energy as a function of the donor impurity

position is shown on the right.

Figure. 2 Donor binding energy as a function of the impurity position for infinite

GaAs-(Ga,Al)As QD's with distinct dot radii: 50 A, 100 A, 200 A, and 1000 A.

Figure. 3. Optical absorption spectra [in units of Wo ; see Eq. (17)], as a function of

the fico-Eg, for valence-to-donor transitions in infinite GaAs-(Ga,Al)As QD's of

different radii R=3000 A (a), R=2000 A (b), R=1000 A (full curve) and R=500 A

(dashed curve), (c). E, and E ' | ( E2 and E ' 2 ) correspond, respectively, to the onset

of transitions from the first valence level to the lower (upper) edge of the impurity

band.
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