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Hydrogenic impurity in multilayered quantum wires
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The binding energy of the ground state of a hydrogenic impurity located at the center of a
multilayered quantum wirdMLQW) is studied within the framework of the effective-mass
approximation. The MLQW consists of a core wi&aAs coated by a cylindrical shell
(Ga Al As) and then embedded in the bulk (GgAl,As). The calculation was performed by
using a trial wave function. To make a comparison, the ground and excited statezp(land 3

state$ binding energies of a hydrogenic impurity located at the center of a single-layered quantum
wire (QW) are also calculated. It is found for small wire radius, the ground-state binding energy of
the hydrogenic impurity located at the center of a MLQW behaves very differently from that of a
single-layered QW. ©2001 American Institute of Physic§DOI: 10.1063/1.13264§7

I. INTRODUCTION focused on systems with aluminum concentrationof
Ga, _,Al,As less than 0.45. In this concentration range the

The progress in epitaxial growth and microfabricationband gap is direct at thE point. The spreading of the im-
techniques in recent years has motivated studies of lowpurity envelope wave functions depends on the potential bar-
dimensional semiconductor structures such as tworier height as well as the barrier thickness. Thus, the previous
dimensional quantum wells (QWSs), one-dimensional calculations with single-layered approximation are not ad-
quantum-well wiresQQWWs), and zero-dimensional quan- equate for thin supperlattices, or even for moderately thick
tum dots(QDs).!~® Since Bastard%pioneering works in the  superlattices but with small aluminum concentration. The
study of the binding energy of a hydrogenic impurity within first attempt to use more than a single quantum well was
an infinite potential-well structure, many theoretical worksdone by Chaudhuf® who used three quantum wells in his
have been devoted to the study of the properties of impurityariational calculation of the ground-state energy of the do-
states in various confining systefis® The binding energy nor electron with respect to the lowest subband level. Lane
of the ground state of a hydrogenic impuriy, in D dimen-  and Green® calculated the binding energies and probability
sion is given by® Ey=[2/D — 1] Ry, where Ry is the effec- distributions of shallow donor states in multiple-well
tive Rydberg. The physical properties of electrons in quanGaAs-Ga_,Al,As heterostructure. Many authdfs*° used
tum wires are very different from those in the bulk. As acolloidal chemistry techniques and wet chemistry to prepare
consequence of the confinement, energy levels are discretéie CdS/HgS/CdS multiple well in which a shell of HgS is
The existence of these atomic-like states may be utilized i@mbedded in a CdS quantum dot, forming a “quantum-dot
future lasers where laser properties can be tailored by propejuantum well” (QDQW). The homogeneous absorption and
choices of well and barrier materials as well as size andluorescence spectra of the QDQW were investigated. Nu-
shape of the wiré’?® The change in impurity binding ener- merous studies on organic light-emitting diodeEDs) have
gies due to the confinement effect has been observed insed these structures as the emitting and charge-transport
photoluminescenc¢g®~3and Raman-scatteriffg® experi-  specied!™* In this work, we calculate the ground-state
ments on the impurities in the quantum wells. binding energy of the hydrogenic impurity located at the

Recently, GaAs-Ga ,AlAs structures have been the center of the multilayered quantum wire by using the
subject of research for the following technological reasns: effective-mass approximation. Our system is constructed as a
(1) GaAs and Ga_,Al,As both possess a direct-gap bandcore wire made of GaAs surrounded by a cylinder shell of
structure, (2) single-crystal heterostructures of GaAs andGa _,Al,As and then embedded in the bulk of GgAl As.
Ga,_,Al,As are possible because the lattice constants ofhe barrier heighV between GaAs and Ga,Al,As can be
GaAs and Ga ,Al,As are nearly identical, so that they are obtained* as 0.8729 eV from a fixed ratioQ=0.7 of the
closely lattice matched, and, therefor@®) abrupt spatial band-gap discontinuitAE,=1.24% eV. In this article, the
transitions in the energy gap are possible. However, in all okffective atomic units are used so that all energies are mea-
previous calculations it has been assumed that theured in the units of the effective Rydbe(y) and all dis-
Ga,_,Al,As layers are thick enough to confine the wavetances are measured in the units of effective Bohr raafus
functions so that they do not leak out the wells. But superThe Ry andai can be determined by.e*/2%2¢? and
lattices were made with layer thickness ranging from a fews#2/ue?, whereu ande are the electronic effective mass
monolayers to about 400 A. And most attention has beerand the dielectric constant of GaAs material which are equal
to 0.067, and 13.18, respectively. And Ry aag are equal

aAuthor to whom correspondence should be addressed: electronic maif® 5-? meV and_ 104 A, respectively. In this work, the
dschuu@cc.nctu.edu.tw effective-mass difference between GaAs and; GAl,As
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material has been ignored. The polarization and imagevhere

charge effects may be significant in the multilayered system

if there is a large dielectric discontinuity between the core _[2pEnk

wire and the surrounding medium. However, this is not the ~ *"™ 22

case for the GaAs—Ga,Al,As system(the dielectric con-

stant c_)f Ga_,AlLAs is 13.18-3.1X). Thus, they are safely \/ZM(Vz— En)

to be ignored. n=\ 7
Brown and Spectdf have calculated the single-layered h

guantum wire with their trial function and many authors have

employed their trial function in the calculations. But the trial - \/2'“(\/3_ Enik) —K2= m (6)

function of Brown is only suitabley%fjg‘:h the single-layered h? s

guantum wire and ground state. Br as calculated 4, . . .

2p-state binding energies by the variational method in the?ndJ; is an ordinary Bessel function of orderandl; andK,

single-layered quantum wire. However, the result of Bryange the modified Bessel functions of the first and second

k2, (4)

k2= V,— a2, (5)

does not agree with the limiting value in some cases. In thi ind, respectively, of ordel Since the wave functions must

article, we calculate the ground-state binding energy of aNe co’\rlltlnuou(?Nap=a akl)nd pb:tb’ tzen, the relations oy,
impurity located at the center of a multilayered quantum wire'\21» 'V22; @8NdNz can be oblained as

(MLQW), and the ground- and excited-state binding energies _ N, |(ma) n szKl(m)

of an impurity located at the center of a single-layered quan- N, 3 (7)
tum wire. We proposed a trial function which is modified ((enid)
from the result of Brown and Spector. Our calculation shows 2 2
Nl (VVo— a5 b) + NooK (Vo= b
that the state energies we obtained are in better agreement N,= 2h (W2~ anb) 2KV~ apy )_ 8
with the correct limiting values in some special cases than Ki(anb)
the previous results. If we setN,,=N and N,;=NN,, then the wave function
becomes
Il. THEORY
N, _ 2. N _ 2
The Hamiltonian of a hydrogenic impurity located at the () =N N2l (V2 ama) + Ki(VVa— apid)
center of the MLQW is written as Ji(an@)
W, e " X p" Ny (anp),
H=——V°~ ———F—+V(p), 1
2 2\1/2 _
2 e(p*+2) W)= N[Nl (VW= adip) + Ki(VVo—adip) 1p" % (9)
where
_ Nol (V2= afib) + K (Vo — afib)
0, if p<a(GaAs, Wa(p)=N
- Ki(VV3—afb)
_ ) V,, ifasp<b (Ga _,Al,As),
V(p)= _ 2 -
Vs, if p=b (Ga_ Al As), XK (V3= apgp)p" .

assuming the trial function of the eigenstates of the Hamil.Furthermore, the derivative of the wave function is continu-

tonian in the absence of impurity is in the following form: °US atp=2a, thus,

W,(p,0,2)=NyJi(anp)p" tek%e!? if p>a, _K.’(Wz—azma)m(ama)—K.(vvz—a§|a)J|’(ama)
. . 2= 2 ’ ’ 2 :
W5(p,0,2)=[Nogl |(Brip) + NooK(Bip) 1" Te'*%e!?, Lh(WVa—aqa)d| (ama) =1{ (V2 “nla)‘]l(“nla)(lo)
if a<p<b, 3 . . . . .
na=e o ® And the trial function of the eigenstates of the impurity sys-
Wa(p,0,2)=N3K (ynp)p" te'k%e!'? if p=b, tem can then be assumed as

K/ (VVo—afia)di(ana) — K (VVo—afa)df (ana)

V. (p)=N L(VVo—a?a)+ K (VVo—a?
(W @203 (a1 (W )y 2 T m
lanp) oy E2
><J|(an|<’=l)p e (v

K/ (V2= a?2)d)(ana) — K (VV,— a?@)d| (ana) |
L(VVo—aZ@)d] (apa)— 1] (VV,— a?a)d)(ana)

Wio(p)=N

f NN
i V2—a§|p)+K|(\/V2—aﬁ|p)]p” temMvpttz

(12
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. K/ (Vo= aZia)di(ana) — Ki(VVo— af@)d] (ana)
i3\p)=
’ L(VVa—ad@)d] (aga)—1| (VVo— ada)di(ana)

_ 2
Ki(NV3—app) n-1g-ApZ+ 22

X——p ,
K (V35— a?b)

Li(VVao—adb)+ K (VV,—adb)

(13

whereN is the normalization constant, aagl, is thenth root  radius, the impurity behaves just like a three-dimensional

satisfying the boundary condition free-hydrogen atom, thus its level energies of a hydrogenic
oW ,(p) &\If3(r)| impurity WI||. apprqach the three-dlmen5|qnal value n/
> = K (14  Ry. If the wire radius decreases, the confinement effect en-
P lp=b P lp=p hances the binding energy more prominently. Thus, the bind-
and ing energy of the impurity increases monotonically with the
wire radius. However, as the wire radius is further decreased,
N 2= — Trd(G+ H+M) (15) the state energy of the impurity may become higher than the
dA ’ confining barrier. Meanwhile, the kinetic energy of the con-
with fined ele(;tron becomes Iarger-by the uncertainty principle,
and thus increases the probability of the electron leaking out-
a . . . .
G:f pW2(p)Ko(21p)dp, (16) side the well. The electror) behaves I|I.<e'a three-dlrnen5|or!al
0 (3D) electron after a certain characteristic wire radius and is

b only weakly perturbed by the potential well. Therefore, the
H:f pW2(p)Ko(2Np)dp, (17)  level energies resume () Ry again. Our results show
a some discrepancies from that of Bryahtiowever, our re-
w sults are more consistent with the correct limiting value as
M =f p\Ifg(p)Ko(Z)\p)dp. (18  the radius approaches zero or infinity. Thus, our results are
b better than that of Bryant and agree better with the corre-
The binding energ¥, of the hydrogenic impurity is defined sponding value of a free atom in 3D. The binding energy of
conventionally, as the energy difference between the energdp state obtained by Bryant approaches 1 Ry as the radius
of the system without the impurity and the energy of theapproaches infinity, which disagrees with the corresponding
system with the impurity; i.e., value of a free atom in the case of 3D. In Fig. 1, we also
compare the confinement of the wire and tfoand our re-
4(G+H+M) ; . .
- (19 sult shows the confinement in the QD is stronger. We also
d(G+H+M) calculate the &, 2p-, 3d-state binding energies of the hy-
dA drogenic impurity in the quantum wire with infinite potential

In Eq. (19) the energy and length are expressed in Rydber&amers- The bi.nd_ir]g energies vxéere found to approagh the
and Bohr radius of the wire material, respectively. For thecorresponding limiting valuef(1/n®) Ry] of a free atom in

single-layered quantum-wire model, it is only to setb 3D @s the wire radius approaches infinity. As the radius de-
andV,=Vj. creases from infinity, the binding energies increase and ap-

proach infinity, which agrees with the previous restfts
Figure 2 shows the ground-state binding energy of a hy-

IIl. RESULTS AND DISCUSSIONS drogenic impurity located at the center of a multilayered

To make a comparison, we first 36f=V,=V, whichis ~ quantum wire (GaAs-Ga Al,As-Ga _ Al As) as a func-
equivalent to considering the case of a single-layer quanturfion of core wire radius for different shell thicknesses with
wire. If one plots the probability density (r,z)|? of lower-  the Al concentrationx=0.2, y=0.1. In Fig. 2, the curve of
lying states of a hydrogenic impurity located at the center o —a=< is the same as the case of the single-layered quan-
a single-layered GaAs quantum wire surrounded bytum wire with the Al concentratiox=0.1. Comparing the
Gay Al As with x=0.1, the results will show that only the case of the single-layered QW with the multilayered QW,
probability density of the & state is almost concentrated in one can find that their binding energies are very different for
the well with radiugal=1a} . The leakage probability den- small wire radius. This is due to the different leakage prob-
sity is increased asincreases, wheneis the principal quan-  ability of the electron in the single-layered and multilayered
tum number. This shows that the leaking effect is prominenQWS. For a small single-layered QW, the electron leaks to
for the large principal quantum number for a fixed wire ra-the barrier (Ga_,Al,As), and the impurity atom behaves
dius. Figure 1 shows the calculated binding energy sf 1 just like a free-hydrogen atom, thus, the binding energy ap-
2p, and 3 states withkx=0.1. For comparison, the previous proaches 1 Ry. For the MLQW, the electron tunnels to the
result of Bryant® is also presented together. One can notebulk region (Ga_yAlyAs) and still behaves like a confined
that for a single-layered quantum wire with very large wireelectron as the core radius approaches zero. Figure 3 shows

Ep=—\?
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FIG. 1. 1s-, 2p-, and 3-state binding energy of a hydrogenic impurity in FIG. 3. Ground-state binding energy of a hydrogenic impurity located at the
a single-layered quantum wire and-state binding energy of a hydrogenic center of a multilayered quantum wire as a function of total wire radius with
impurity in quantum dot with the Ga,Al,As of aluminum concentration ~ core wire radius.=0.1a3 and the Al concentratior=0.2, y=0.1.

x=0.1, and the previous result of Bry&Ref. 13.

from 0.625 to 2.404 Ry foa=0.2a§ . For smaller core wire

the binding energy decreases from 1 to O Ry as the total wireadius @=0.1aj), the electron tunnels completely to the
radius is increased. This is because the distance between thalk region. Fora=0.2a} , the electron tunnels to the bulk
ion and the electron is increased as the total wire radius igegion fory<0.16 and the electron tunnels to the shell re-
increased, thus decreasing the binding between the electrgjion asy>0.16.
and the impurity ion.

For small core wire radius, the electron tunnels to the
bulk region for Al concentratiorx=0.2 andy=0.1. But, |, coONCLUSION
when the electron begins to leak out of the well and tunnels
to the shell or bulk region, the leakage probability depends We successfully propose a trial function for calculating
on the core wire radius and the difference of the Al concenthe level energies of hydrogenic impurity located at the cen-
tration between the shell and bulk materials. As shown irter of a single-layered quantum wire and multilayered quan-
Fig. 4, asy increases from 0.01 to 0.2, the binding energytum wire. Our results are satisfactory and reasonable com-
increases from 0.671 to 1.007 Ry fa=0.1a} and increases pared with the previous result obtained by Bry&ht.

5 45
4}
2=0.1,b=0.6 o
B0 e 2=0.2,b=0.7 N
—_ a 3 | 1
& 3 :
@ % 25 B :
= o .
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%ﬂ %“ 2 F ".
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I'.
r .”/_
os b T
0 0 L L
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FIG. 2. Ground-state binding energy of a hydrogenic impurity located at the~1G. 4. Ground-state binding energy of a hydrogenic impurity located at the
center of a multilayered quantum wire as a function of core wire radius forcenter of a multilayered quantum wire as a function of Al concentration of
the different shell thicknessds-a=0.5,1,1.50a§ with the Al concentra-  bulk material y with x=0.2 and b—a=0.5a3 for a=0.1a; and a
tion x=0.2, y=0.1. =0.2a3 , respectively.
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