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Stark effect dependence on hydrogenic impurity position in a cubic quantum box
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We carry out a detailed variational calculation of the binding energies of hydrogenic impurities in a cubic
guantum box as a function of both the impurity position and an applied electric field. It is found that the
binding energy of the impurities is highly dependent on the impurity position, and the electric field splits the
energy of impurities on points of the box which are equivalent in the absence of the electric field. When the
impurity is located at the upper half of the cube and the field pushes the particle downwards, then the binding
energy decreases, whereas the Stark shift exhibits a minimum.
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I. INTRODUCTION tional procedure. In their results, the emphasis is placed on

Man-made low-dimensional solids yield challenges in mi-the dependence of the binding energy on the volume of the
crostructure materials science. Size quantization in manQD and on the impurity position. On the other hand, exci-
made semiconductor structures leads to exciting electronifonic wave function, the corresponding correlation energy,
properties which are important for fundamental physics an@xchange energy, and oscillator strength in a cubic QD were
for the deve|0pment of device Concepts_ Fundamental r@ﬁ'CU'&ted following a variational procedﬁ?esimilar to that
search as well as device applications based on these lowpf Ref. 25. In Ref. 26 they were able to reduce all the sixfold
dimensional semiconductor structures require methods tthtegrals to threefold integrals with a change of variables
fabricate the structures and to control their geometrical siz&vhich shortens tremendously the computer calculation.
on the nanometer scale in a reproducible manner. Typicdiozano-Cetina and Porras-Montenegrperformed a varia-
examples of low-dimensional systems are quasi-twotional calculation of a cubic quantum box with a hydrogenic
dimensional quantum layeréQL), quasi-one-dimensional impurity located along one symmetry direction. Here we em-
quantum wireSQW), and quasi-zero-dimensional structuresploy this model to explore the binding energy and the Stark
such as quantum dotD). In QD or quantum boxes, the effect when the impurity is located at many representative
carriers are confined in their motion along all three direc-Positions of the cube. A brief account of the present work is
tions. There has been much work, both theoretical and exgiven in Ref. 28.
perimental on the Stark effect in Q(Refs. 1-7 and QW
(Refs. 8-13. Energy levels and oscillator strengths for tran-
sitions between the lowest states of an acceptor in a QD of

finite potential barrier have been computéd. The Hamiltonian of an electron in a quantum box in the

There has also been much work on the binding energy ofyresence of an impurity and an electric field applied along an
hydrogenic impurities in spherical QB%:*! Within the per-  Lyis of symmetry of the box is

turbation method, the comparison of the field-induced shift

in ground levels of spherical and a cubic QD has proved a ) 2
spherical QD to be more sensitive to an applied field than a H= P

quantum cubé? Both electric and magnetic field effects of 2m (x=x)2+ (y - y)2 + (z-2)?
shallow donor impurities have been theoretically investi- +ldEz+V 1
gated in Refs. 23 and 24. In Ref. 23 cylindrical QDs were lelFz+ Ve(xy.2), (1)
modeled by superposing a lateral parabolic potential and a

square-well potential in the direction. In Ref. 24 the con- whereF >0 is the electric fieldm" and|e| are the electron’s
finement in the spherical QD is parabolic, and the impurityeffective mass and charge, respectivetyjs the dielectric
interaction was treated as a perturbation, which is a googdonstant, andV.(x,y,z) is the confining potential which
approach as long as the QD radius is much less than thakes the value zero in the interior of the quantum box and it
effective Bohr radius. Ribeiro and Lafjecalculated the do- is infinity otherwise.

nor binding energies of impurities states of a hydrogenic im- We will use the variational ground state wave function
purity in a QD without an electric field following a varia- proposed in Ref. 27,

II. CALCULATION
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In these equations;, y;, andz are the coordinates of the
impurity in the quantum box, Bz) and AiZ) are the Airy
functions, andN is the normalization constant. The exponen-
tial term in Eq.(2) accounts for the presence of the hydro- 00 02 04 068 08 1.0
genic impurity, witha as a variational parameter. We would x/(L/2)
like to point out that this one-parameter variational wave '
function is accurate for hydrogenic impuriti€sand it is FIG. 1. Binding energy of hydrogenic impurities in a cubic
very simple to provide physical insight into the problem. In Gaas QD of side 10 nm as a function of the impurity position. We
this way, this calculation can serve as a guide for both exconsider different symmetry lines and no electric field is applied. In

e (R")

perimentalists and theoreticians. the inset we show the cubic QD with symmetry lines—along the
We calculateE=(W|H|¥) by minimizing it with respect cube diagonalcurve A), along the diagonal of the square cross
to @ and define the binding energy of the impurity as section atz;=0 (curve B), along the diagonal of the cube face with
z,=L/2 with x;=y; (curveC), along the cube face witg=L/2,y;
ep=Eo— (V[H|W), (4) =0 andx; varying from 0 toL/2 (curve D), along the vertical axis

whereE, is the ground energy of the QD in the absence ofVith Xi=¥i=0 andz varying from 0 toL /2 (curveE), and along the
the impurity, calculated by means of the equationCUbe edge witlz;=x;=L/2 andy; varying from 0 toL/2 (curveF).

. b o . . We also indicate equivalent directions with the same letters but one
Al(£R)BI(£)=Ai(£)BI(¢R)- For a cubic quantum box, we or two primes. These directions cease to be equivalent under an
havel,=L,=L,=L.

applied electric field along the direction.

box (curvesC andD) which in turn have higher energy than
that passing through the edges of the ctheveF).

All the results will be presented in reduced atomic units The binding energy of the hydrogenic impurities is shown
(a.u’) which correspond to a length unit of an effective Bohrin Fig. 2 as a function of the impurity position inside the box
radius, a'=A%,/me?, and an effective RydbergR"  considering different symmetry lines within the box and for
=m'e*/2/2«2. For donor impurities in a GaAs QD of side an electric fieldF=60(|e|/2xa"?). According to the Hamil-
L=a" these units correspond t@ =100A and R° tonian, the direction of the field was chosen to push the par-
=5.72 meV. In Fig. 1, we present the binding energy ofticle downwards. In this way if the impurity is located in the
hydrogenic impurities in a cubic GaAs quantum box of sideupper half of the cube, then an interesting competing effect is
10 nm as a function of the impurity position inside the boxoriginated between the applied electric Stark field and the
considering different symmetry lines within the box: alongimpurity field, as will be shown later on. Six additional sym-
the cube diagondkturveA), along the diagonal of the square metry lines in addition to the curves shown by cursesB,
cross section ag=0 (curve B), along the diagonal of the C, D, E, andF are shown here: along the diagonal of the
cube facgz=L/2) with x,=y; (curveC), along the cube face square cross sectionyt=0 (curveB’), along the diagonal of
(z=L/2) with y;=0 andx; varying from 0 toL/2 (curveD), the cube facéx,=L/2) with z=y; (curveC’), along the cube
along the vertical axis with, =y;=0 andz varying from 0to  face(x;=L/2) with y;=0 andz varying from O toL/2 (curve
L/2 (curveE), and along the cube edge witfex;=L/2 and  D’) and along the cube fadg=L/2) with z=0 andy; vary-

y; varying from 0 toL/2 (curveF). The figure shows that the ing from 0 toL/2 (curveD”), along the horizontal axis with
binding energy decreases as the impurity gets further fronz,=y;=0 andx; varying from 0 toL/2 (curveE’), and along

the center of the box and along those directions which pasthe cube edgéx,=y;=L/2 andz varying from 0 toL/2)
through the center of the bdxurvesA, B, andE). For these  (curveF’). In all cases, the binding energy decreases as the
curves, the binding energy is higher»t0 than for those location of the impurity moves further from the center of the
directions which pass through the center of the face of théox. The binding energy is higher at the center of the box

Ill. RESULTS
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FIG. 3. Differences of energiesey, (or Stark shiftg of Figs. 1

FIG. 2. Same as Fig. 1 but with electric fiefd=60 (|e|/2xa"?).

B, C, D, E, andF are shown here—along the diagonal of the square

and 2 where we subtraet, in Fig. 1 from ey, in Fig. 2 along the
Six additional symmetry lines in addition to the curves showm\by equivalent symmetry lines.

cross section at =0 (curveB’), along the diagonal of the cube face located at the center of the bdpoint a). Also, impurities

(x;=L/2) with z =y, (curveC’), along the cube face;=L/2) with
y;=0 andz varying from 0 toL/2 (curveD’), and along the cube
face (x;=L/2) with z=0 andy; varying from 0 toL/2 (curveD”),
along the horizontal axis with =y;=0 andx; varying from 0 toL/2
(curve E’), and along the cube edde=y,=L/2 andz varying
from 0 toL/2) (curveF’).

located on the center of the cube fa¢psintsb, b’, andb”)

have the same binding energy in the absence of the electric
field but have different energies in the presence of the field.
Similarly, impurities located on the center of the cube edges
(pointsc and c¢’) have the same binding energy in the ab-
sence of the field but different energies in the presence of the

than it is at the center of the faces of the box. Also, although 9
the binding energy along curv@&andB’ are identical in the
absence of the electric field, they are split by the electric
field. The same applies for the curv€sand C’, the curves
D, D', andD”, the curve€ andE’, and the curve§ andF’.
Therefore, as expected, the degeneracy of the binding energ
of hydrogenic impurities located at points of the box which
are equivalent in the absence of the electric field are remove
by its presence. 6 -
The corresponding Stark shifte,, is shown in Fig. 3 and
is obtained by substracting, of Fig. 1 frome, of Fig. 2 &
along the equivalent symmetry lines. Only those symmetry ° 5 -
lines that have a vertical compone#t, B’, C’, D’, E, and
F’) exhibit a minimum inAg(F). To explain this behavior,
we recall that due to the electric field, most of the particle 4 4
probability density is located in the lower part of the box,
lowering the energy due to the interaction with the field.
Then, when the impurity is moved upwar@sgith an increas-
ing vertical componentthe Coulomb interaction energy be-

7 -

tween the impurity and the particle, which is always nega- ,

tive, increases. These two competing effects give rise to the (]
minimum in Agy,.

In Fig. 4, ¢, is shown as a function of the electric field for
the impurity located at various positions in the Hpwintsa,

F/(le)/2xa*?)

FIG. 4. ¢, is shown as a function of the electric field for the

b, b’, b”, ¢, ¢/, andd) which are shown in the inset of the impurity located at various positions in the @pointsa, b, b’, b”,
figure. The binding energy is largest when the impurity isc, ¢’, andd) which are shown in the inset.
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FIG. 5. & at positionsa, b, ¢, andd as a function of length FIG. 6. Same as Fig. 5 but wifh=60 (|e|/2«xa"?) and including
L. additional point®’, b”, andc’. Energy splittings are shown.

field. For impurities located at any of these points, the bind- On the other hand, due to confinement, the electron den-

ing energy increases with the electric field. The binding en_fs,ity probability must vanish at the walls. Therefore, when the

. . S mpurity is located at the wall, the wave function in regions
tehrgychsbg\ggitt \é\;hen the impurity is located at the corner O1Llcloser to the impurity(which more contributes to the in-

I - . . crease of the binding energguffers the wall constrictions
(\jNg show]ln F|g. 5 tr}e Elndmg energy in posnmmsctj), €, and has to vanish rapidly. For instance, For0 we observe
and d as a function of the cube size. AS, expected, t'he that gy, is larger when the impurity position is farther from
binding energy degreases with |ngreaslng:|nally,'F|g.'6 IS the corners. Thussp(@)>ey(b)>ey(C)>ey(d). Also, it
t_he same  as Fig. 5, but with an e”Iectrlc ,f|eIE| seems clear that, decreases as the electric field increases if
=60(e|/2«xa’®). Here, additional pointd’, b”, andc’ are  the impurity is located in the upper half of the QD. This is

considered. due to the fact that the applied electric field tends to push the
electron far from the impurity, because for 0 we have that
IV. DISCUSSION AND CONCLUSIONS |elFz>0. Conversely, if the impurity is located in the lower

part of the QD, the binding energy increases because the
Our results qualitatively agree with those of Ref. 23 forfield tends to push the electron closer to the impurity. It can
cylindrical QDs (in which the impurity position is only also be noticed that the binding energydecreases more for

changed along the cylinder axisn the sense thaty, in- impurity positions, withz>0 farther from the bottom of the
creases when the electron is pushed by the field towards treibe. For examples,(b) >g,(b’) for all F>0.
impurity as shown in Fig. 4 of Ref. 23Incidently, notice In summary, we have analyzed the dependence on an ap-

that the zero field case in their figure caption is incorrectlyplied electric field of the binding energy of impurities at
labeled by dotted curves, which contradicts the labels insiddifferent positions in a cubic QD. We showed that this en-
the figure) The main differences between that wdtland  ergy strongly depends on the position of the impuirity; it in-
ours, however, are the following. First, our QD is a cube withcreases its value for impurity positions in the lower half of
infinite hard walls and theirs is a cylindrical QD with a lat- the cube and conversely for the upper half positions. Finally,
eral parabolic confinement. Second, although inzltirec-  we calculated the binding energy splittings for points of the
tion their confinement is the same as ours, in the lateral dibox which are equivalent in the absence of the electric field.
rections their confinement is very weak, leading to smalleMe hope that the detailed analysis of the combined effects of
binding energies as compared to ours. Finally, the range afonfinement, electric field, and impurity position will stimu-
Stark-field intensities is wider in our work. It is important to late further research on analogous systems.

mention that in Ref. 27 the authors calculated the binding

energy for only one case: when the impurity is moved from ACKNOWLEDGMENTS
the center of the cube along tkalirection. Our calculation This work was supported in part by Grant No. DGAPA-
is the first one to show the splittings of the binding energyUNAM IN106201 and CONACyT (México) Grant No.

along the symmetry lines due to the electric field. 32293-E.
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