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Shallow impurities in V-groove quantum wires
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We calculate the binding energies for shallow impurities in V-groove GaA8#l ,As quantum wires
using a variational technique. The carrier ground states are calculated by an effective potential method together
with a suitable coordinate transformation that allows the decoupling of the two-dimensional wave function.
This method enables a detailed calculation of binding energies, providing an efficient tool for the study of
impurity-related properties in V-groove wires. We show that the lateral confinement of the V-groove potential
localizes the impurity wave function very effectively in the central region of the quantum wire.
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The electronic and optical properties of quantumlevel structure calculation. For calculations of impurity-
wires have attracted increasing attention recently. Severaiklated optical properties, such as impurity absorption coef-
growth techniques have been successful in obtaining a typkcients and photoluminescence spectra, a detailed knowl-
of heterostructure known as V-groove or ridge quantumedge of the impurity binding energy is needed over all spatial
wires. These V-groove quantum wires have been obtaineffgions of the quantum wire. A partial knowledge, e.g., of a
for a variety of materials such as yai,yAs/GaAs,l few symmetry p0|'nts, is not sufficient for this purpose. This
InyGal—yAS/Aleaﬂ_—xASyz InyGal_yAs/InPF’ cal_ls_ for a theoretical model that should be numerically very
InyAl,_,As/InP/ GaAs/ALGa _,As,> and Si/SiQ.® Cer-  efficient. _ _
tainly, to fully understand the optical and electronic proper- [N this work we use an effective potential method, pro-

ties of V-groove quantum wires, a description of the impu-Posed in Ref. 22, that allows the decoupling of the two-
rity properties would be important. dimensional wave function of the V-groove quantum

The calculation of shallow impurities in square and circu-Wire:">~** The purpose of this paper is to obtain the shallow
lar quantum wires is currently well establishi&d?However, ~ impurity binding energies and to establish how effectively
the variational technique employed for the calculation is nufhe shallow impurity responds to the lateral confinement of a
merically intensive if the wire is not of circular shape. Due to V-groove quantum wire. This method provides energy levels
the complicated form of the potential profile in V-groove and wave functions that are in agreement with more compli-
guantum wires the calculation of shallow impurity statescateq calcula_ltlons. Also, it is numerically efﬁmenf[ and thus
may become impractical if the method of calculation of theProvides an important tool for the study of impurity-related
carrier ground states is also numerically intensive. Severdthénomena in V-groove quantum wires. Furthermore, it is a
theoretical approaches have been put forth for the calculatiofirect application of the effective potential metfidallow-

of the energy levels and wave functions: Sasaml!® pro-  INg us to further assess the validity of this method of calcu-
posed a local-envelope states expansion, Pescetedli'* lation.

used a tight-binding approach for T- and V-shaped quantum We first write the Hamiltonian for a Coulombic shallow
wires, and Ammannetal!® used a quasifactorization 'MPUrty,

scheme. However, in general the two-dimensional effective

mass Schidinger equation has been calculated numerically e?
using either plane-wave expanstérf®or by adapting finite H=H,— , )
element method%: e (x—x))%+(y—y;)?+ 2%

A detailed calculation of shallow impurity states in
V-groove quantum wires, to the best of our knowledge, iswhere
still not available. For experimental studies of V-groove
guantum wires it is important to have a theoretical descrip- 2
tion of the impurity levels in addition to other physical prop- Ho=—
erties. For instance, for the study of photoluminescence spec-
tra it is important to be able to identify the observed peaks as
impurity related or rule them out as such. The presence af the Hamiltonian without the impurity potential.
additional structures, such as vertical quantum wells and To calculate the carrier ground state we assume the fol-
pinch-off regions, adds new energy states to an already contewing potential profile to describe the interface potentials of
plicated spectrum, emphasizing the necessity of a completine V-groove quantum wirg:%

V2+V(X,y) 2

m*
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10 ————————— The impurity binding energy is calculated using a stan-
dard variational technique; for details see Refs. 9, 23, and 24.
The trial wave function is chosen as

st WX, Y,Z)=Np(X,Y)exp[—[(X—X)2+(Y—Y))?

+Z221Y2\}, 9

whereX;,Y; is the impurity position in transformed coordi-
nates, and\ is the variational parameterp(X,Y) is the
ground state wave function without the impurity, i.e., the

¥, (nm)

16 ] eigenfunction oH obtained in transformed coordinates. All
calculations are carried out in transformed coordinates. The
St 14 S r— : binding energyEg=E,— E is obtained by numerically mini-
12 mizing the energye with respect to the variational parameter
N\, whereE, is the ground energy level without the impurity.
A0 /—\ We present results for GaAs/fGa, ;As V-groove quan-
-1910 e '5 = (') e ; E— tum wires and we (_jlscus_s the _blndmg_ energies fpr donor
impurities as a function of impurity position in the wire. We
x, (nm) used an effective mass for GaAs of 0.0§7and a dielectric

constant of 13.1&,.2° The barrier height is 264 meV for the
FIG. 1. Calculated donor binding energies as a function of theconduction band? Also, we use a barrier factory of 42.4
impurity positionx; andy; . The contour plots show curves with the meV/ for the conduction barfd.The angle is9=54.75° such
same binding energy listed in methumber displayed at each 5t 180°-2¢ corresponds to the measured angle between
curve. The V-groove quantum wire dimensions d&re4 nm, L the two facets of the ridg@.'zz For comparison we also con-
=8 nm, and anglg=54.75". sider a smaller angl@arger angle between the facets ¢
=30°, since we notice that for multiple V-groove quantum
3) wires the angle between the facets (18@6) becomes in-
creasingly largefe.g., Ref. 7.
The donor binding energies as a function of the impurity
yo(X)=yq(x)—L, (4) position x; gnd y are preseqted in Fig. 1 for a V-groove
guantum wire with channel width of 8 nm and bend width of
whereL is the channel width along thg direction andb 4 nm. The binding energies are clearly consistent with a
represents the bend width at the top of the ridgee, for two-dimensional confinement in the central region of the
example, Fig. L Here we have defined the anglesuch that quantum wire. Note that the binding energy is maximum for
180°— 246 is the angle between the facets of the ridge, thea donor located at the center of the V-groove quantum wire
angle normally referred to in most articles. We then applyand decreases continuously as the donor position is moved

L
y1(x)=—btangIn[costix/b)]+ =,

the coordinate transformatiéi?? away from the center. A larger decrease is observed for do-
nors located in the barrier region. This behavior can be un-
X=X, (5)  derstood by analyzing the impurity wave function. Figure 2
shows the wave function for several impurity position in the
Y=—y—btanéIn[coshx/b)], (6)  quantum wire. For an impurity located at the center of the
wire [Fig. 2@)] the wave function is clearlg-like and as
7=7 (7) such has the largest possible binding energy. For impurities

located at the interfacFigs. 2b) and 2c)], but still within

to the HamiltonianH,. In the transformed coordinates the the central region, the wave function becomes strongly de-
potential barrier becomes linear and resembles that of #rmed, thus giving smaller binding energies. As we move
simple quantum well, i.e., it becomes a functionYobnly. ~ the impurity along one of the wings of the V-groove wire
The transformed HamiltoniartH, becomes considerably [Fig. 2d)] away from the central region the wave function
more complicated as it now contains all the informationbecomes even more deformed, thus accounting for smaller
about the lateral confinemefftOur approximation consists binding energies.

of replacing all mixed terms of the transformed Hamiltonian ~We discuss now the dependence of the donor binding en-

by an effective lateral potentfzl ergy on the V-groove quantum wire dimensions. We con-
sider two situations as compared to the quantum wire shown
Vei( X) = Vytand tant?(X/b), (8) in Fig. 1: a smaller angle to consider a smaller lateral con-

finement and a smaller channel width to consider a larger
whereVy is an angle-independent barrier factor. This poten-confinement. For a smaller ange=30° as shown in Fig.
tial allows the decoupling of the two-dimensional Hamil- 3(a) we observe smaller binding energies in agreement with
tonian into two readily solved one-dimensional Hamilto- a smaller lateral confinement. The limit situation &0,
nians. i.e., a simple quantum well of the same widénm), has a
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(@x=0,y,=0 (b)x,=0,y,=-4nm
E,=21.0 meV

st 11 Eg=139meV

y (nm)

(¢)x,=-5nm,y,=0 (d)x,;=-8 nm, y,=-8 nm
E, =114 meV 11  E;=102meV

y, (nm)
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FIG. 2. Contour plots of the impurity wave functiop(x,y,z
=0) in arbitrary units. The V-groove quantum wire has dimensions
b=4 nm,L=8 nm, and angl@=54.75°. Four different impurity
positions, each marked with a full circle, are shown in péajso

(d).

donor binding energy at its center of 12.8 m&\FEigure 3b)
shows a wire with smaller channel width, where we find
binding energies up to 23 meV. Note that this binding energy
is larger than for the wire in Fig. 1. This is explained as
follows. Both wires have the same structural parameters, the
only difference being a narrower channel width in Fig)3 FIG. 3. Contour plots of the donor binding energy in V-groove
Thus with a larger confinement of the wave function wequantum wires with dimensioria) b=4 nm,L=8 nm, and angle
obtain also a larger binding energy. These two situation®=30° and(b) b=4 nm,L=4 nm, and§d=54.75°.

shown in Fig. 3 demonstrate that the effective potential used

for calculating the binding energies provides consistent angla| method for the calculation of the electron and hole
reliable results. Also, the overall behavior of the impurity ground states. Our results show that the lateral confinement
binding energy calculated with the effective potential is injs yery effective and that the impurity wave functions be-
agreement with several results for quantum wires of differengome ‘strongly localized in the central region of the V-groove

-12
shapes. qguantum wire. The calculated binding energies are compa-

27 . .
A recent paper by Dengt al”" also presents calculated rapje to those obtained for circular or rectangular quantum
donor binding energies in V-groove quantum wires at SOMgyires.

specific impurity positions. These authors present binding
energies for three impurity positions, which are comparable We are grateful to G. Creci for helpful discussions, and
to our results for the same wire positions. acknowledge financial support from CNP@srant Nos.

In conclusion, we calculated shallow impurity binding en-522789/96-0 and 300917/9);0Fapesp (Grant No. 96/
ergies in V-groove quantum wires using an effective poten10871-1, and PEPCI/USF.
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