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Off-centering of hydrogenic impurities in quantum dots

J. L. Movilla and J. Planellés
Departament de Ciéncies Experimentals, UJI, Box 224, E-12080 Castello, Spain
(Received 3 August 2004; revised manuscript received 13 December 2004; published 22 Februgry 2005

We report exact numerically calculated ground state and binding energies of a hydrogenic donor impurity
confined everywhere inside a spherical quantum (@) surrounded by air or a vacuum. Finite spatial
steplike potentials allowing the electronic density to partially leak outside the QD are considered. This model
faces a divergence produced by the self-polarization potential at the position of the dielectric mismatch. We
bypass it by replacing the edge steplike dielectric mismatch by a continuous variation within an extremely thin
layer at this edge. A comprehensive study of several confining factors influencing electronic and binding
energies is carried out and a highly nonadditive interplay is found. Our calculations show that within both the
strong and weak confinement regimes we may be faced with three difteebavior regimesWe call them
low, intermediateandhigh. In the low and intermediate behaviors, the mass, polarization, and self-polarization
effects exert a very strong influence on the electron density distribution, so that perturbational estimations of
the binding energy may not be appropriate even in the strong confinement regime. These low and intermediate
behavior regimes are responsible for binding energy profiles not being monotonously decreasing vs off-
centering. It is even theoretically possible to design systems with off-centering independent binding energies.
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[. INTRODUCTION confined inside the QD by an infinite barrier. This may be a

reasonable model for crystallites in vacuum, air, or a solvent

A deep understanding of the effects of impurities on elec{but definitely not for a QD embedded in a semiconductor
tronic states of semiconductor nanostructures is a fundamemRatrix with a materials band offset that is not very large

tal question in semiconductor physics because their presendé€e infinite confinement potential has the practical advan-

can dramatically alter the performance of quantum devicesage of yielding a wave function that is zero at the QD edge,

The binding energy(E,) of shallow donor impurities in thus elu_dl_ng Fhe divergence pr_oduc_ed by_self_-potentlal_ at the

nanoscopic systems depends upon materials and geomef ge(originating from the steplike dielectric mismajcfhis

(size and shapealthough it seems that shape has a minord'verge.nce is not i.ntegrable, si_nce it is pathological for_ the
influence2® The position of the impurity also has a strong Schrédinger equation. Regularized self-energy, i.e., a linear

) 6 . N .~ interpolation replacing the actual self-energy in a thin layer
mfIgt_ancg. By assuming homogeneous 'dlstnbuu?n of im at the interface of the order of a lattice constant, has been
purities in spherical quantum dot®Ds), Silva et al.” have

large QDs which is associated with transitions involving im-he apove-mentioned interpolation is a good averade
purities at the QD center. should be mentioned that this regularized self-energy does
Spatial confinement increasé&g with respect to the im- ot have a proper scaling with size. An alternative model for
purity in the bulk as it pushes up the allowed energies andelf-energy having a correct scaling and simultaneously elud-
also because it reduces the size-dependent static dielectiigy divergences has been suggested.In this model the
constant:® However, this last indirect effect is very small for dielectric mismatch is replaced by a continuous variation of
QDs larger than 1 or 2 nif:1!In addition, we can increase the dielectric constant within a thin layer located at the in-
E, by including the spatially dependent screening of an im-erface. This self-energy model has an analytical solution for
purity ion caused by the valence electrdAdqut again this  spherical QDs that can be written as an infinite, rather slowly
E, increment only amounts to a few meV, except for ex-convergent, series.
tremely small QDg314 Exact solutions for hydrogenic donors located at the cen-
A major contribution toE, comes from polarization ter of spherical QDs have been obtaiféd* while
charges caused by the dielectric mismatch at the QD edge. Variationaf~7+10.1314.20,25-30 and perturbational
the internale; static dielectric constant is larger than the ex- calculation&1617:31.32have been carried out for on- and off-
ternal €, one, then the induced charge has the same sign agntered impurities. In the present paper, we employ the self-
the impurity, yielding an attractive interaction with the elec- energy model of continuous change of dielectric constant at
tron and, therefore, an appreciable increasgynif €,>¢, the QD edge, assume a realistic, finite confining potential,
the opposite hold¥>15-17The dielectric mismatch at the QD and carry out exacthumerica) calculation on ground state
edge also produces an additional dielectric effect, the soand binding energies of spherical QDs with off-centered im-
called self-energy, i.e., the interaction between the electropurities, including polarization and self-energy terms. The
and its induced polarization. Almost all calculations account-aim of the paper is the study of the interplay of different
ing for these polarization effects assume that the carriers arfactors influencing binding energy. These factors include the

1098-0121/2005/4%)/0753197)/$23.00 075319-1 ©2005 The American Physical Society



J. L. MOVILLA AND J. PLANELLES PHYSICAL REVIEW B 71, 075319(2005

direct Coulomb term, the spatial confinement coming from b z0:p.2) = pat P+ b T <R, (3
the band offsets, the confinement produced by hydrostatic
strain, the differences in effective masses in different media, 1220:0.2) = o+ b, T >R, (4)

polarization induced by discontinuities in the static dielectric
constant, and electron self-energy coming from differencevith
in dynamic or optical dielectric constants in different media.

We exclude donor self-energy because this interaction con- a=- EE P|(COS'y)<r—<>Ii* (5)
tributes to the donor formation energy when the donor is €i1=0 r~/rs
introduced into the QD. We consider both weak> ag) and
strong(R<a,) confinement regimes, andR being the ef- €-€l
fective Bohr and QD radii, respectively. We prove that it is $8=- €€ R’ (6)
important to carry out exact calculations for a proper com-
parison of the results obtained. We will show that by tuning 12 (+D)(e-e)1fror.\
the different sources of interactioftsiloring) we can design be=—-—> P,(COSy)<—'°—<—>—<> ) (7)
a QD including a donor impurity whose off-centering may €i1=1 e+ +e RARR
stabilize, unstabilize, or almost have no effect on the binding
energy. Since there is nowadays widespread interest in the 11
research of new materials with very high or very low dielec- ¢o=- er’ (8)
tric constant$2-3%our results may stimulate specific research 0=
into these new materials in order to design new nanoscopic 12 1/ \ e e)
devices. ) — = _ 0 s

¢E_ 602_ P|(C057)r><r>) (1+€0(|+1)+6i|>, (9)

[l. THEORETICAL OUTLINE wherer_(r-) is the smallestgreatest absolute value be-

—_

We consider spherical semiconductor nanocrystals anyveenr:_vp2+zz and;o. I_ndoors,@} Is the direct Coulo_mb
study the effect of off-centering a shallow donor impurity on {€'™M: ¢e iS the polarization potential of an on-center impu-
the electronic ground state and binding energies. The hydrdiy: and ¢c is the polarization correcting term coming from
genic energy levels can be well described by the effectivé@f-Centering. Outdoorsey is the potential corresponding to
mass approackEMA) down to nanocrystallite sizes of the @n On-Center impurity andfe is the corresponding off-

order of 2 nm(Refs. 10 and 40 The corresponding Hamil- centering correctio_n. .
tonian (a.u) reads In order to achieve accuracy, the above-mentioned Leg-

endre polynomials have been calculated at each coordinated
1 value by a recurrence formuta.
H== 2 v m_(r) V |+ V() + e+ s @) ¢s is the electron self-polarization energy, which can be
obtained fromg, (Ref. 11). The implementation of this self-
The first term is the Hermitian kinetic energy operator for potential for a quantum dot in a matriswvo regions and then

a position-dependent ma$sV(r) is given by two different dielectric constantor a multishell quantum
. dot (several regions with different dielectric constantields
0 ifr<R, . . . . .
V(r) = ) (2) divergences at the interfaces. As is stated in the Introduction,
Vo ifr=R. divergences arise at the positions wheredfr¢ profile has a

HereV, is the dot-matrix band offset. Since we deal with s_teplike discontinuity. We then assume a continuous cosine-
spherical nanocrystals, the strain comes into the Hamiltoniafi<® model for e(r) across a thin 3 A layer at the
Eq. (1) just by modifying the value/, and, indirectly, by a mterfacel.lvlg_Hoyvever, since we carry out numerical integra-
slight modification of the electron effective ma&¢3 t!on, the cqsmellke model will be d!scret!zeq to yield a mul-

. is the Coulomb term, including polarization effects. tistep profile. Then, we use a discretization scheme that
We employ a macroscopic treatment, the validity of whichavoids calculating at the dielectric dlsgopt|nU|tfésTh|$
has been well established for semiconductor @Dhe ana-  Scheme eludes every divergence and mimics the continuous
lytical expression ofp, for an exciton in a multishell spheri- Variation of the_dlel_ectrlc constant. A convenient rewriting of
cal nanocrystal is explicitly given in Ref. 11 as an infinite the ¢s expression in Ref. 11 is also carried out in order to
series in terms of the Legendre polynomials. We have pa,elude the low convergence and numerical inaccuracy coming
ticularized this expression for an electron interacting with arifom computational cutoff errors. _ ,
off-centered donor iora centered hydrogenic impurity is a ~ Summing up, we obtain a differential equation only de-
straightforward and well-known particular caséVithout —Pendent on two electron coordinatgsandz) and including
loss of generality, we assume that the donor ion is located off' following kinetic energy operator:
thez ;elx:js (atla distgnceo from de QD cefnte)fjand write ¢, z 19 ( p 9 ) 19 ( 1 O?) 10
in cylindrical coordinates. Sincg, is a fixed position, S R P B P r
onlyydepends on thg andz coo:;l)inates of thep electro(rf.C In 2pop\M (p,2)dp) 202\ (p,2) 2
the case of a quantum dot in a matri#, can be written in ~ wherem’(p,2) is the steplike variable effective mass. In or-
the following form: der to elude the source of inaccuracy arising from the
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S-function nature ofgm’/dp and gm'/ 9z, we discretize Eq. and binding energieE,) of donor impurities located every-
(10) (using central finite differencgdollowing the scheme where in QDs that have been modeled by parabolic and step-
proposed by Harrisoff, which ensures the robustness of thelike confining potentials (with both finite and infinite
method even for large changes in the effective mass acrogfarriers.5>7:20.25-2"To our knowledge all these calculations

the interfaces. ) _ deal with systems where the dielectric mismatch is small, so
The discretization of Eq(1) yields eigenvalue problems hat polarization and self-polarization effects have been ne-
of asymmetric, huge, and sparse matrices. Energies and waygscted, A second common feature of these calculations is
functions are obtained by means of diagonalizations. To thig, ¢ they include situations in which the studied system is in
end we usse the Arnoldi solvErimplemented in th@RPACK the weak confinement regime, where perturbational methods
package are not suitable and, thus, the variational approach is a good
alternative. In the present paper, we carry out exagineri-
cal) calculations and will show that in some situations this is
In this section we study the influence of different confine-about the only reliable tool.
ment sources on the energy agglof an electron trapped by A general trend found in all the above-mentioned studies
an impurity located in a QD surrounded by air or vacuumis that the ground state, always diminishes ag increases.
(eozmgzl). This is the environment where the dielectric ef- A simple reasoning emerges: the closer the impurity is to the
fects are expected to be the largest. Exploratory calculation®D edge, the higher the amount of electronic density close to
on the isolated contribution of each confining source on thehe unstabilizing potential barrier will be. Nevertheless, our
ground state of the system show that an external effectivereliminary studies lead us to suspect that at least some spe-
mass(m,) higher than that of the QOm,) leads to an energy cific interplays may yield an opposite trend B, (an off-
stabilization vs the impurity off-centering=2z,/R. This can  centering stabilization due o, <m, ande; > €). It has been
be easily understood in terms of the kinetic contribution todetermined that, for a crystallite in air or vacuum, the highest
the energy: A higher effective mass in the external regionenergy variation vg, occurs for values of the dielectric con-
where. the wave fun(_:tior_1 is still different from zero, trans- stante; =~ 3. Then, the study of a Sithanocrystalwith static
lates into a minor kinetic energy and, then, a lower totalgiglectric constant,=4) may be of special interest. We con-
energy. As the impurity gets closer to the edge a largegiger next a spheric&k=3 nm SiQ nanocrystal in air. The
amount of electronic density spreads over the QD surrounds, ,ierial parameters employed are effective mags 0.5
ing medium and, thus, a higher energy stabilization occurs.(Ref_ 49, electroaffinityEA=0.9 eV (Ref. 50, static dielec-
A similar reasoning led us to the conclusion that the SPa%ric constante.= 4 (Ref. 17, and dynamic or optical dielec-
tial confining potential provided by the band offset inducestriC constantesoc:z (Ref. 51. The effective Bohr radius is,

an energy unstabilization asincreases. then,ay=ages/m =4.2 A<R, i.e., the confinement regime of
The contribution of thep. term in Hamiltonian Eq(1) to 44 nanocrystal is clearly weak

the ground state energy of the system is stabilizing, its action . carry out two series of calculations Bf vs z, which

increasing withz, when € > &,. However, the off-centering - 5r6 shown in Fig. @), namely, SO(dotted lin@ excluding
stablhéatlon capability 0f¢°.'s & dependent. It hgs been self-energy and S(full line) including self-energy calculated
found® that the largest contribution to the energy d|fferencesUSmg the(appropriat&?) optical e,, dielectric constarité The
between on-center and off-center impurities occurs whemaia| confinement step potential height is assumed to equal
employing dielectric constants of abogt=3 (assuminge, electroaffinity®® Binding energyE,, as commonly defined, is

the difference between the ground state energy of a QD with-
Self-polarizationgs enhances these energy differences: INout and with impurity. g 9y Q

the case of¢; > ¢, this potential looks like a small, almost As we suspected, Fig.@ shows thatE, increases with

consftdant,bbart:ier ir[1)sid§ thiQD’ and a d(;ep_ and ’Jaf][OW We!,. It is just the opposite to the generally accepted trenB,of
ohut5| e, by the Qd € r?]é S we”r_novg tde Impurity from = s > This is a new, relevant result of this work. In other
the center towards the crystallite border, an increasing,q s despite the unstabilizing spatial confining potential,

amount of electron ‘?'e”_s'ty comes into the deep, Stab'l'z'the interplay with mass, polarization, and self-polarization
well of the self-polarization potential. eyields stabilization ag, increases

quever, the previous off—center stabjli;ing effect; can b. One may think that the relatively small Si@lectroaffin-
drastically reduced by the spatial confining potential, as "ity (EA=0.9 e\) and, therefore, the relatively shallow spatial

may prevent the wave functiqn from leaking outside 'ghe QD onfining potential0.9 eV high may be the reason for the
In the next subsection we will show that these confinemenf . | teqd anomalol&, vs 7 behavior. Indeed, most semi-

effects are highly nonadditive so that specific interplays W'"conductors hav&A~4 eV. Thus, we repeat the above cal-

yield S'”g“'af behqwqrs, S.UCh as an Increasing or decreay%lation but artificially increase the spatial confining barrier
of By as the impurity is being off-centered. up to 10 eV(higher than those of most semiconducjoihe
results are shown in Fig.(l). We can see there that from
z,=0 up toz, = 0.7 E, increasesthe electron density does not
feel the barrier ygt Nevertheless, larger values nfinvolve

As pointed out in the Introduction, we may find in the a decrease irE,. We will discuss the interplay of factors
literature many variational calculations on the ground staténfluencingE, in greater detail later in the paper.

IIl. NUMERICAL RESULTS

A. Off-centering of a hydrogenic impurity in a SiO,
nanocrystal: A paradigmatic case of weak confinement regime
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FIG. 1. (@ Ground state binding energy vs impurity off- 0.46: Vo =10eV perturb.” i
centeringz; corresponding to &=3 nm spherical SiQnanocrystal
in air or vacuum(m;:eozl). Calculations have been performed 0 02 04 z 06 08 1
without (SO, dotted ling and with the inclusion of the self- !
polarization contributiongS1, full line). SiO, parameters are speci-  FIG. 2. (a) Exact and first-order perturbational estimations of
fied in the text.(b) Same aga) but with Vo=10 eV and the self- pinding energyE, vs off-centeringg, for aR=3 nm spherical QD in
polarization potential that is now calculated wigh=4 andey=1. air or vacuum(mi*:0.0S, mg:l, =4, €,=1 andV,=0.9 e\). S1
(full lines) include while SO(dotted lineg exclude self-polarization
B. Strong confinement regime: exact calculations vs contributions. The zeroth-order wave functions employed in the
perturbational approach perturbational calculations are those of the impurity-free QD in the

Small crystallites built of materials with large dielectric Presence and absen(_:e of the self-polarization potential, respectively.
constants and light effective masses are in the strong col) Same aga) but with V=10 eV ande=4. (c) Same ada) but
finement regiméR < ay). For calculating binding energies in With Vo=10 eV ande =8.
these nanocrystals, including full dielectric effects, Ferreyra
et al1732 have developed the so-called strong confinemenwell squeezes part of the electronic density into the well,
approacP® and have carried out calculations employing twoYielding a relevant increase ig,. The differences we find
models of spatial confining potential, namely parabolic andPut between SO and S1 and the fact that egcincreases
infinite hard wall, and for both on- and off-centered impuri- With z lead us to suspect that the first-order perturbation
ties. Their results show that the strong confinement approaciPproach would not be appropriate in this case. On the one
yields meaningful results in all the cases studied, from whicthand, the self-polarization potentigls has not first-order
a general trend seems to emer@g:is a monotonous de- contribution toE, and, on the other hand, the Coulon#p
creasing function o, (the same result as the one found in term always predicts a reduction B, vs z (Refs. 17 and
the variational calculations discussed in the previous subse@l). This steady prediction can be explained as follows: in
tion). the strong confinement approaEl is calculated as the op-

In order to check whether the strong confinement apPosite sign expectation value of thé. potential, Egs.
proach can be generalized to tireore realistig finite step-  (3)~(9), in the impurity free QD ground state. The angular
like spatial confining potential, we carry out the same calcufart of the corresponding wave function is just a constant
lation as in the previous subsecti¢8iO, in vacuum but,  Yo(6,¢)=1/V4m. Thus, when integrating over the angular
this time, we have artificially reduced the effective mass tocoordinates, only the terntg(cosvy) of ¢, contain the angu-

m =0.05, in order to move into the strong confinement re-lar (6, ¢) variables. Since

gime. The results are shown in Fig.ag where we can see
that if E, is calculated numerically excluding self-energy
(SO it is almost insensitive to the off-centering, while this is
not the case when self-energy is includ@l). This is so
because fogz,>0.7 the attractive self-polarization potential where(6y, ¢) are the(fixed) coordinates of the impurity and

m=I

> Y (6.0 Y0, ),  (11)

m=-|

47

P/(cosvy) = A+l
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1 C. Binding energy vs band offset

——(Y"(6,¢)) =(Im|00) = & 4,0, (12

vam In the above subsections we have shown three diffégnt
vs z profiles. In this subsection we will show that the above-
we have(P(cosy))=4m4 odno. Therefore, only thel=0  mentioned profiles correspond to the three possieleavior
terms in Eqgs(3)—(9) contribute to the expectation value. It regimeswe may meet as we increase the spatial confining

works as if . would be reduced to potential. We will refer them to atw, medium and high
behavior regimes, although the border between consecutive
11 1 g-¢l regimes, i.e., the corresponding potential height, will be very
¢ (1=0)=~ e,T> - €& R r<R, (13 much dependent on the other factédéelectric constants;

and €, effective massesy andmy).

For the sake of clarity, we will fix the effective masses
12 (m =0.2 andm,=1) in order to diminish the number of vari-
(=0 =~ er r>R, (14) ables in our study. Then we carry out three series of calcu-

o lations including highe;=16 (like eg¢), medium =8 (like
€zn0), and low =4 (like eso,) internal dielectric constants
and an externaé,=1 (corresponding to vacuum or aile
scan spatial confining potential heightg from near zero up
be) always leads to a decreasefg vs . to V=4 eV (which covers most semiconductprgVe plotE,

The previous reasoning also helps to understand why ths Vo f_or dn‘fgrent off-centeringsz =0, 0.4, 0.6, 0.8, and
perturbational approach works quite well for on-cenggr ~ 0-9: Finally, in order to see the effect of self-energy, we
=0) impurities and deteriorates gsincreasegsee Fig. 23)]. again carry out two series of cz_ilculatlons: Sm)tte_:d lines
Indeed, ifz=0, Eqgs.(3)9) reduce to Eqs(13) and (14), without self-ene_rg?ﬁ and_Sl(fuII lines) full calcglatlon_. The
with r- replaced byr, so that by calculating the expectation nanocrystal radius, as in the above subsections, is fixed to
value we do not actually neglect any term coming fromR=3 nm.
higher order perturbation theory, which is not the casg if ~ Figure 3a) displays the results corresponding to the low
+0. €=4 dielectric constant and the above-mentioned behavior

We may describe the results in Fig(aR as a balance regimes can be seen. In the range\§,<1.6 eVE, is a
between polarization potentiétabilization and spatial con- monotonously increasing function df. In the rangeV,
fining potential(unstabilization yielding anE, that is almost  >2.5 eV E, is a monotonously decreasing function nf
insensitive to off-centerinfsee SO series in Fig(®]. When  Finally, in the intermediate region 1s6V,<2.5 eV, E, first
self-energy(stabilizatio) comes into play, then a net in- increases vg,, then reaches a maximum and finally de-
crease inE, vs z results. We may reverse the situation by creases.
increasing the spatial confining potential. This is the case All the same, Fig. 8) reveals that self-polarization is
plotted in Fig. 2b), where a huge 10 eV potential barrier crucial to determine the behavior regime regions. Thus, SO
(felt almost like infinity by the ground statés present. In  cajculations predict a € V,<2.2 eV low region, and a me-

this case the strong confinement approach works well even @ym one extending from 2.2 up t4,>4 eV, the highest
z close to one. It should be mentioned that in this case Se”potential included in our calculations.

energy has almost no influence &p. Finally, it is worthwhile pointing out that the effective

By looking at the_ numer_|c_a| wave fu_nct|on it can be Seenmassmi*:o.z and the dielectric constaat=4 employed in
that the huge spatial confining potential prevents the elec:

. ; S o all calculations included in Fig.(8) yield an effective Bohr

tronic density from leaking into the self-polarization poten- _ ~ "%~ A ) :
tial well. Thus, a double stabilizing effect is switched off; on radlqs =105 Ny which means that we are in the weak
the one hand, the stabilization coming from the self—potentiagonf'neme.nt regime. All the same, all three possibiebe-
itself and, on the other hand, the effect of the external mas8aV!0r regimes are encountered_ here.
(reducing the kinetic energyWe can say that both self- 1€ Next two sets of calculations, namely those ¢or8
energy and mass effects almost vanish, so that the small difnd€ =16, represent a transit towards the strong confinement
ferences between exact and perturbationally calculiigd 'egime (8,=2.1 nm anda;=4.2 nm vs R=3 nm, respec-
come from the off-center polarization correcting tegg,  tively). The results are shown in Figs(b3 and 3c). Again
Eq. (7), which first-order perturbational contribution g is  all threeEy vs z behavior regimes arise; the most remarkable
zero but, obviously, makes a nonzero contribution to the exfeature is that by increasing a shrinking of the intermediate
actEy if z#0. region occurs, so that for high values gfit almost disap-

Above we stated that the sensitivity Bf to a change irz, pears and becomes just a dot between low and high behavior
is maximum around;=3. It is connected to the fact thiat| regions. Turning this the other way round, we see that for
[Eq. (7)] also has a maximum around this valueepfRef.  high dielectric constants we may find a potentig for
45). In the above calculatiog =4. A largere; is expected to  which E, does not depend om. This is another relevant
mean a smallefg|, i.e., a better performance of the pertur- result of this work that may beuseful in technological appli-
bational approach. This is shown in FigcR cations: since impurities may appear almost randomly in

wherer-=r if r>zyandr.=z,if r <z, (p=0,z) being the
impurity location. In other words, onlypg'l depends orz,,
and this dependendéhe largerz, is, the shallowew®* will
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rial may be useful in the design of nanoelectronic devices.
Finally, we would underline another relevant result that
can be seen in Figs(8&-3(c): self-energy has a huge influ-
ence onkE, in the low behavior region, while its influence is
small for high potentials. From a practical point of view this
means that we should not use perturbational estimations of
self-energy in the low and intermediate behavior regimes,
with the additional difficulty that the borders of these regions
cannot be established in genetdley depend o, e, mi*,
m, and also the QD radilisThe reliability of E, first-order
perturbational estimations published to date is connected
with the negligible role played by self-energy &g when
infinite spatial potential models are employé§”.31.32

0.65

IV. CONCLUDING REMARKS

Using exact{numerica) integration, we have reported cal-
culated ground state and binding energies of a donor con-
fined everywhere inside a spherical QD surrounded by air or
vacuum. A comprehensive study of several confining factors
influencing electronic and binding energies is carried out. We
find a highly nonadditive interplay that to a large extent
makes it difficult to assess general behavior trends.

Our calculations show that within both, the strong and the
weak confinement regime, three differdsghavior regimes
may occur, and that in the low and intermediate behaviors,
the mass, polarization, and self-polarization effects influence
the electron density distribution so much that we cannot
safely carry out perturbational estimations of the binding en-
ergy. Then, we conclude that a strong regime of confinement
cannot always guarantee a safe estimation of binding ener-
gies by means of first-order perturbation the¢strong con-
finement approaoh

These low and intermediate behavior regimes have not
0447 n 75 > y ; v . been reported so far in th_e literature and, as we show in this

' ' ‘ ‘ paper, they are responsible for tig(z) profiles that are
Yo(eV) different from the always monotonously decreasing previ-

FIG. 3. (a) Ground state binding energy vs spatial confinemen’[ous_Iy reportedin both cases, _str.ong an,d weak confinement
V, corresponding to &=3 nm, =4, m =0.2 spherical QD in air reg|m§$. We also show that it is possible to tune an .off—
or vacuum(m, = e,=1). Results foz=0.0, 0.4, 0.6, 0.8, and 0.9 are CeNtering independeit,, which can be of technological in-
displayed following the order indicated by the auxiliary arrow. Full terést in designing new nanoelectronic devices.

(dotted lines correspond to calculations includifexcluding self-
polarization effects(b) Same aga) but with =8. (c) Same aga) ACKNOWLEDGMENTS
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