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Prediction of charge separation in GaAs/AlAs cylindrical nanostructures
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It is known that in a sequence of flat, type-I (Gaj$jAlAs),/(GaAs),/(AlAs)4- - - multiple quantum
wells (MQWs), the wave functions of both the valence-band maximum and the conduction-band minimum are
localized on the widest well. Thus, electron-hole charge separation is not possible. On the other hand, for
short-period superlatticdtype Il), the electron and hole are localized on different matef&lksctron on AlAs
and hole on GaAsand different band-structure valleybole atI" and electron aX). Using a plane-wave
pseudopotential direct-diagonalization approach, we predict that electron-hole charge separation on different
layers of thesamematerial(GaAs andsamevalley (T') is possible incurved(but not in fla) geometriesThis
is predicted for a set of concentric, nested cylinders of GaAs and AAssian Doll. Since the flat multiple-
guantum-well structure and the Russian Doll structure with the same layer thicknesses have the same band
offset diagram, the difference in behavior is not due to the potential. Rather, it reflects different interband
coupling and kinetic energy confinement induced bydhevature present in the nested-cylinder geometry but
absent in the MQW. This identifies a geometric degree of free@mmvature that can be used to tailor
electronic properties of nanostructurgS0163-1827)51644-4

Recent advances in nanotechnology permit fabrication ofthe inner (nth) GaAs layer, while the VBM is localized in
complex nanostructures with special electronic and opticalhe outer pth) GaAs layer. In contrast, the band edge states
properties reflecting dimensional confinement on a nanoef linear multiple quantum wells with equivalent layer thick-
meter scalé;? e.g., multiple quantum weflsand core-shell ness do not exhibit any charge separation. Thus, a Russian
structured. The essential building blocks of such structuresDoll geometry provides a charge separation that is impos-
are alternating layers of different semiconducting materialssible with equivalent linear multiple quantum wells. This
acting as “wells” and “barriers,” and controlling the con-
finement energies and thus the localization of charge carriers.(a) Mulliple quantum well
The materials comprising the wells and barriers are usually
flat, two-dimensional semiconductor filMisstacked like a -
deck of cards to produce “multiple quantum wells ___[001]
(MQWSs)” or “superlattices.” In this case, wave functions of q p n 2m n P 4q
the conduction-band minimun(CBM) and valence-band  (b) Cylindrical Russian Doll
maximum(VBM) at the Brillouin zone center, are localized .
on thewidest wellshaving the lowest confinement enertyy.
Consequently, it is normally impossible to create a sequence I'lr"'m
of flat layers that would exhibit separation of charge carriers
on different layers of theame materialWhen electron-hole
charge separation does exist, it is found that the electron anc
the hole are localized odifferent materialsas in “type-Il”
superlattice’ (e.g., electrons in AlAs and holes in GaAs
Similarly, “charge transfer” transitions in inorganic solfds
involve localization of electrons and holes on different atoms
or chemical groups within the soligt.g., on the ligand and
on the core metal, respectivglySince nonplanar geometry
of multiple-quantum wells, envisioned by Watanfknd
discussed by Tatarinowet al®, are now realized via “core-
shell structures,* we were wondering if utilization of such
distinct geometric degrees of freedom could affect charge
separation of electrons and holes on different layers of the
samematerial(e.g., GaAs. ;‘.

We have thus contrasted the quantum confinemeiti) of + [010]
multiple quantum wells oflat GaAs and AlAs layers, i.e.,

(GQAS)m/(NAS)n/(GaAS)p/(NAS)q’ with (i) nes'_[ed FIG. 1. (Color). Schematics of structure ¢&) (001) multiple
cylinders—an equivalent sequence of wells and barriers aguantum wells, andb) a {100} cross-section of an equivalent
ranged agoncentric wires(Russian Doll (Fig. 1). Using @  nested cylinder. These structures are made of alternating Ged\s
pseudopotential plane-wave calculation, we identified a seind AlAs segments with thicknesses n, p, andg monolayers,
of periods (n,n,p, andq) such that charge separation canrespectively, in the order (starting from the centgr
exist in nested cylindrical structures: the CBM is localized inl g 11 5 — 11 gz— 1V 4 .

[001]
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FIG. 2. (Color). Confinement energidsriangles and wave-function amplitudemsets of the (a) CBM and(b) VBM of linear multiple
quantum wells, as a function of the thickngg$l1 ;.) of the outer GaAs layer. Other thicknesses are fixed(&t,) =5 ML, n(l1 ,)=4 ML
andq(IV,)=8 ML. Red (yellow) denotes a GaAAIAs) layer.

study thus identifies a new geometric degree of freedomandom alloy' and wave function localization in disordered
(curvature that can be used to manipulate electronic propersuperlattices? We use the “folded spectrum methotf’to
ties of nanostructure. find the band edge eigenstates of Etj. Its linear scaling
The electronic structure of the nanostructures is describegith the number of atoms allows us to handle easily systems
here using a direct-diagonalizatigmultiband approach to  of 13— 10" atoms.
the single-particle Schedinger equation, Figure 2 shows the calculated confinement energies of the
conduction-band minimum and the valence-band maximum
—1v24+ > v (lr=d,~RaD (=€ i(r), (1)  of linear multiple quantum wellss a function of the thick-
na nessp(lll g of the outer GaAs segmeiisee Fig. 1 for a
wherev, is the screened pseudopotential of atom of type definition of the structune Confinement energies are defined
located at sitel,, within cell R,,. The pseudopotential is fit to With respect to CBM and VBM of bulk GaAs. The thickness
the measured bulk band structures and toahenitio bulk ~ of the innermost GaAs segment is fixednal gj) =5 mono-
wave functions! The potential used here accurately de-layers(ML). Figure 2 also shows the wave function ampli-
scribes type-l/type-1l transitions in ordered AlAs/GaAs tudes of the nanostructures, so that the localization can be
superlattice% as well as the bowing in bulk AGa;_,As assessed. The red bars denote AlAs layers, while the yellow
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Cylindrical Russian Doll

(a) CBM I”Ga‘
Iaa K
(b) VBM ' I,
i IGa l
a, ;
# |
- ki 'y A
4 6 8 10 12 14

p (ML): radius 111,

FIG. 3. (Color). Confinement energies of tlie) CBM and(b) two highest valence bands for nested cylinders vs the thickm@slsg,).
The other parameters are held fixedvat 10 ML, n=4 ML and q=8 ML. Wave-function amplitudes, averaged along the wire direction,
are shown as insets for a few structures.

bars denote GaAs layers. We see that, as expected, both theFigure 3 shows the confinement energies of the CBM and
CBM and VBM are localized on the widest wells. Wave VBM in the Russian Dolls as a function gf(Il1 ,); the

functions are localized on the innermost GaAs segmief)) (

thicknesses of other layers are fixed as before. Similar to the

when layerl 1l g5 is below 10 ML. They are localized on the MQW case of Fig. 2, both the CBM and VBM are localized
11 go segment when layer Il is thicker than the innermostin g, when p(lllg)<zm(lgy) and in Ill g, when

layer, i.e.,p>2m. When the two GaAs welld,andlll g,
have the same thicknegs=2m, the CBM and VBM have
equal amplitudes in the two wells. Since the wellg and

p(I1l ga >zm(lg,). However, in contradiction to the MQW
case, we observe a charge separation for
p(I1l gl =zm(lgx) =10 ML: the CBM is localized inl gy,

Il g4 have the same potential depths determined by bulkvhile the VBM is localized inlll ;. We find the same

band offsets, the transition from localizationlig, to local-

charge separation wham(Ill 5))=m(lgz) =12 ML. Thus a

ization in I11 g4 is purely due to the confinement: it occurs curved geometry of nested wells affords electron-hole sepa-

when the kinetic confinement energy in wHll , becomes

smaller to that in well g,.

ration on different layers of the same material.
Charge separation occurs when the confinement energies
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of the two valence statdsriangles and circles in Fig.(4)] TABLE I. The confinement energie\E in meV) of the CBM
cross. The two valence states of the nested cylinders in Figgnd VBM for various layer thicknesses, n, andP (in ML) of the
3(b) have different nodal structures and angular momenta: I§ylindrical nested cylinders and multiple quantum wells. Band edge
cylindrical coordinatesp, ,z=[001], we can express the States ard'-like, unless stated.

valence wave functions in terms of bulk wave functions at

Brillouin zone center ; wherei=x, y, andz) and enve- Layer thickness Russian Dofls  Quantum welP
lope functionseiimzd’fmz(p). Under spherical approximation ZMn-p State AE Localization AE Localization
of the bulk Hamiltonian, the wave functions marked in Fig. 10-4-4 CBM 181.9 l Ga 84.8 lca
3(b) by triangles can be written as,fy(p), wherem,=0. VBM —49.4 | 6a —-20.7 lca
Thus, fo(p) has itsmaximumat the centerp=0. On the  10-4-10 CBM 170.2 lca 83.6 loa
other hand, the wave functions marked in Figh)3y circles VBM —37.0 Mga  —20.7 l a
can be expressed dguy+iuy)e ' ?+ (ux—iuy)e'?1f,(p).

The angular momentum of this state constrains the amplitudg_4_4 CBM 216.1 IV, (X) 167.1 lea
of f1(p) to be zeroat p=0 and introduces a centrifugal VBM -116.7 l 6 487 l o
potential proportional tanZ/p? with m,=1. Therefore, the ¢ 4.6 CBM 2158 IV, (X) 165.0 I
valence states witlm,=1 favors localization far from the VBM -845  Illg, —487 ,GZ

center, while the state witm,=0 lacks any centrifugal po-
tential, so it localizes at the center. Note that, both the state¥j(1V,)=10 ML.
marked in Fig. 8) by triangle and circle have a zem °q(IV,)=14 ML.
component of the total angular momentum. Thus, they are

both singlet states. Charge separation occurs when the thic
nessp(lll g, is large enough so that the kinetic confinement
of the valence states afh,=1 is more favorable in layer

[l g5 than that of states oh,=0 in layerlg,. In contrast to 5y L
this behavior, in MQWs, the potential depths are the same iﬁ'?ead of th‘.f.lc state. This transition is found to oceur at a
different critical size depending upon the confinement di-

two GaAs wells, regardless of the spatial symmetry of the ension. Table | also shows a differelit- X crossing in

wave functions. The relative confinement energies in IayeR;I : - )
. : W and nested cylinders. However, the critical size of the
| ca and layeril g, are determined only by the well widths. F(—DX crossing is tk?le same for the single-well and nested-

Localization on the wider well is always favorable, and thus ell structures: the crossover diameter is about 20 ML for

ﬁﬁ:;greMsgvp\)/aratlon in different wells cannot be realized i oth the quantum wires and Russian Dolls, while the cross-
To compare quantitatively the different energy levels ofov?:] t;'%(nmeasrs Isvve;bﬁ;t/;osrl\]/lol;/vfr?rtr?;? inntuarga\lllvoells 3\/’&?} lee(?s\t/gd
the two structures, Table | gives the confinement energies O(fc linde cargc;n nanotube¥ where new bh sgi)c/al roper-

the CBM and VBM for a few structures of nested cylinders ;. y : U pny prop
ties, absent in the corresponding figraphite sheets are

and linear multiple quantum wells at the same layer thick- ttainable, ordinary semiconductor Russian Doll cylinder
nesses. We see that given the same layer thicknesses, tﬁé ' y semiconat ; yi
strfuctures can also exhibit distinct properties, absent in flat

confinement energiesA€) of Russian Doll cylinders are multiple quantum wells. In particular, nested cylinder GaAs/
considerably larger than those of linear multiple quantumAIAspstruqctures afford éharpe se ar:':ltion on dxilfferent sheets
wells. This is due to the two-dimensional confinement nature . 9 P .
: of the same material. Experimental testing of these new de-
of nested cylinders. rees of freedom are called for
In all cases discussed so far, all band edge state$ are 9 '
derived. However, the bottom half of Table | shows that the This work was supported by United States Department of
CBM of Russian Dolls can be derived from the bk, Energy—Basic Energy Sciences, Division of Materials Sci-

state and is localized at regidk ;. This is analogous to a ence under Contract No. DE-AC36-83CH10093.

E7pe-lltype—ll transition in superlatticéslt is well known
that, when the thickness of a well is smaller than a critical
thickness, the CBM is derived from the buMg. state in-
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