
a

pan

PHYSICAL REVIEW B 15 JUNE 2000-IVOLUME 61, NUMBER 23
Subband structures and exciton and impurity states
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The subband structures and exciton and impurity states in V-shaped GaAs-Ga12xAl xAs quantum wires
~V-QWRs! are investigated by a coordinate transformation method with a variational procedure. The results
show that the subband gaps are proportional to the curvature of V-shaped boundaries. Some ‘‘forbidden’’
transitions between electrons and heavy holes are found, due to lack of the inversion symmetry for V-QWRs.
The exciton binding energies are different for different exciton transitions depending on the localization of
exciton states. The theoretical exciton peaks are in good agreement with the recent experimental photolumi-
nescence excitation~PLE! spectra@Phys. Rev. Lett.78, 1580 ~1997!#. The results also show that there is an
asymmetrical distribution of impurity binding energy along the direction normal to the V-shaped boundaries.
The impurity position corresponding to maximum binding energy deviates from the center, depending on the
dimension and curvature of V-QWRs. The variation in impurity binding energy with impurity position is
discussed.
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I. INTRODUCTION

In the past few years, there has been an increasing inte
in one-dimensional quantum wires,1 due to the rapid devel
opment in material-growth techniques. As the quantum c
finement leads to the enhancement of the density of state
specific energies and increases the importance of excit
effects by the modification of electron-hole Coulom
interaction,2–4 one-dimensional quantum wire structur
have wide potential applications in future optical devices

V-QWR is a type of typical quantum wire structur
which has attracted considerable attention for over ten ye
since the pioneer work of Kaponet al.5,6 The experimental
researches on V-QWRs are wide and intensive, including
growth dynamics,7,8 photoluminescence~PL!, and PLE
spectra,9,10 exciton recombination dynamics,11,12 and electric
transport,13 etc. Vouilloz et al.9 fabricated high-quality
V-QWR structures and observed exciton transitions and
larization anisotropy related to multisubbands and valen
band mixing by PLE spectra. Wemanet al.10 investigated the
PLE spectra in asymmetrical double V-QWRs and dem
strated the electron tunneling and coupling effects betw
the quantum wires. Arakawaet al.11 studied the quantum
confinement Stark effect in V-QWR and found a blueshift
PL peak with the increase of electric fields. In order to e
plain and explore the physical phenomena in V-QWRs
number of theoretical methods are adopted, such as the t
PRB 610163-1829/2000/61~23!/15905~9!/$15.00
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binding method,14 effective bond-orbital models,15 plane-
wave expansion,16,17 adiabatic approaches,18 and envelope
function schemes with the finite element,9,19,20 etc. Rossi
et al.16,17studied the exciton confinement in V-QWRs by th
plane-wave expansion, and found that electron-hole C
lomb correlation removes the one-dimensional band-e
singularities from the absorption spectra. They also fou
that in the strong confinement limit the same potential-
kinetic energy ratio holds for quite different wire cross se
tions and compositions. Vouillozet al.9 used the finite-
element method and considered the valence-band mi
effects to calculate the subband transitions in V-QWRs, a
their numerical results explained the polarization anisotro
of PLE spectra in V-QWRs. Chang and Xia20 calculated the
quantum stark effects in V-QWRs by the finite-eleme
method, the theoretical Stark shifts are qualitatively in agr
ment with the experimental measurement. Among th
methods, it is not easy to get a simple and intuitive electro
wave function, due to the V-shaped boundaries.

Recently, a coordinate transformation method21–23 was
used to study the electronic structures around corrugated
terfaces and in V-QWRs. By this method, the nonplan
boundaries become a confining potential and the bound
conditions of electronic wave functions can be satisfied
actly on the interfaces after the coordinate transformation
this way, the wave functions are more intuitive and easy
be chosen, compared to other theoretical methods. Inos
15 905 ©2000 The American Physical Society
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and Sakaki22 have used the coordinate transformation a
finite element calculation to study the subband structure
V-QWRs, and their theoretical exciton peak is in good agr
ment with the experimental PL spectra. However, their co
dinate transformation can be used only for some spe
cases and the lowest exciton transition peak is compa
with the experimental spectra. Sun23 adopted a more gener
alized coordinate transformation to study the subband st
tures and Stark effects in V-QWRs, and large Stark shifts
intersubband transitions are predicted. But in Sun’s wo
only the lowest subbands are calculated and no experime
results are compared. In this paper, the coordinate trans
mation method with a variational procedure is proposed
investigate all the subband levels, exciton transitions,
impurity binding energies in V-QWRs. Our calculated the
retical exciton peaks are in good agreement with the rec
PLE spectra with multisubband exciton transitions, wh
implies that the method used in this paper probably can
effectively applied to study other physical problems
V-QWRs and other low-dimensional structures with nonp
nar interfaces. In Sec. II, the theoretical framework is o
lined. The results and discussion are presented in Sec. I

II. THEORY

A schematic representation of V-QWR is shown in Fig.
In the effective-mass approximation within envelope fun
tion formalism, the single-particle~electron and hole! Hamil-
tonian can be written

H~r !5H P2/~2m1! 2d1 f 2~x!,y,d1 f 1~x!

P2/~2m2!1V0 elsewhere,
~1!

where r and P are the electron coordinate and momentu
m1 and m2 are the carrier-band effective mass in the w
material and the barrier material;V0 is the carrier-confining
potential;d1 f 1(x) and 2d1 f 2(x) describe the upper an
bottom boundaries of V-QWR, respectively.

The following coordinate transformation transforms t
V-shaped boundaries into planar ones

x85x,

FIG. 1. A schematic representation of V-QWRs, whered
1ax2 and2d1bx2 are the upper and bottom boundaries, resp
tively. The dotted line represents the middle liney5(a1b)x2/2 of
V-QWRs, and the dashed lines represent the new boundaries
the coordinate transformation.
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2d1@ f 1~x!2 f 2~x!#
$2y2@ f 1~x!1 f 2~x!#%, ~2!

z85z.

After the coordinate transformation, the confining potent
becomes

V~r 8!5H 0 uy8u,d

V0 elsewhere,
~3!

and

E5

E c* ~r !H~r !c~r !dV

E c* ~r !c~r !dV

5

E c* ~r 8!uJ~r 8!uH~r 8!c~r 8!dV8

E c* ~r 8!uJ~r 8!uc~r 8!dV8

, ~4!

whereJ(r 8) is the Jacobian determinant. In fact, in the ne
coordinate space, the V-QWR becomes a quantum well w
a confining potential in thex direction. The electron motion
along the wire is a plane wave, and the subband levels in
x-y plane can be obtained by solving the following secu
equation:

(
m8n8

@^mnuJ~r 8!H~r 8!um8n8&

2Exy^mnuJ~r 8!um8n8&#Cm8n850, ~5!

where

c~x8,y8!5(
mn

Cmnfm~x8!fn~y8!, ~6!

andfm(x8), fn(y8) are two sets of complete basis functio
in the x,y directions.

In this paper, two parabolas are used to fit the upper
bottom boundaries of V-QWR. It was found that after t
coordinate transformation, the confining potential due
V-shaped boundaries is an harmoniclike potential in thx
direction. Therefore, the eigenfunctions of the harmonic
cillator are selected as the basis wave functions in thex di-
rection, that is,

fm~x8!5Nme2an
2x82 /2Hm~anx8!, m50,1,2, . . . , ~7!

wheren is the index of the eigenstates of the quantum wel
the y direction (y-QW), Nm is the normalization constant
andHm(anx8) is the Hermitian polynomial. The basis wav
functions in they direction are the eigen-wave functions
the quantum well, which include all the confined states24 and
the above-barrier states. In our practical calculation,
states above the barrier are treated as the eigenstates
big quantum well above the barrier with infinite confinin
potential,

-

ter
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f~y!5NF ~11b!cos@k2y2~k12k2!d#1~12b!cos@k2y1~k11k2!d# 2 l 0,y,2d
2 cosk1y uyu,d

~11b!cos@k2y1~k12k2!d#1~12b!cos@k2y2~k11k2!d# d,y, l 0

for even parity states, ~8a!

f~y!5NF ~11b!sin@k2y2~k12k2!d#2~12b!sin@k2y1~k11k2!d# 2 l 0,y,2d
2 sink1y uyu,d

~11b!sin@k2y1~k12k2!d#2~12b!sin@k2y2~k11k2!d# d,y, l 0

for odd parity states, ~8b!

k15A2m1E/\2, k25A2m2~E2V0!/\2, b5m2k1 /~m1k2!, ~8c!
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whereN is the normalization constant;E is the discrete leve
of the big quantum well above the barrier, which can
obtained by the quantum-mechanics boundary conditio
The width 2l 0 of the big quantum well is selected to b
approximate to the electronic coherent length.25 From the
Hamiltonian in the new space, it is found that the harmo
clike potential in thex direction depends on the kinetic en
ergy of the electrons in they direction. This means the elec
trons feel different confinement effects due to V-shap
boundaries for the electrons with different kinetic energy
the y direction, and thereforean in Eq. ~7! is different for
different states iny-QW. an is determined by minimizing
the ground energy level in V-QWR, step by step, by incre
ing the states in they direction. In general, 15 basis wav
e
s.

i-

d

-

functions in thex direction are used, and we found that it
sufficient to get a good convergent result when the num
of the basis wave functions in they direction increases up to
six. Moreover, the eigenfunctions of the system are simp
they usually include a main term and few of the neighbor
terms, because the basis wave functions we used are clo
the exact solutions to the system. The simple wave functi
are helpful to solve some of the other complicated phys
problems in V-QWRs.

If two V-shaped boundaries with the same curvatures
considered (k5a5b) and the couplings between differen
states in they direction are neglected, the subband levels c
be obtained analytically
tional
ructures in
Emn5\vnS m1
1

2D1Eny , m50,1,2, . . . , n51,2, . . . , ~9!

where

vn52k~2dnf n /m1!1/2, ~10a!

dn5H 11F S m1

m2
21D 1

k2n
cos2 k1ndG Y S d1

1

2k1n
sin 2k1nd1

1

k2n
cos2 k1ndD for odd n

11F S m1

m2
21D 1

k2n
sin2 k1ndG Y S d2

1

2k1n
sin 2k1nd1

1

k2n
sin2 k1ndD for even n,

~10b!

f n5H Eny2FV0

1

k2n
cos2 k1ndG Y S d1

1

2k1n
sin 2k1nd1

1

k2n
cos2 k1ndD for odd n

Eny2FV0

1

k2n
sin2 k1ndG Y S d2

1

2k1n
sin 2k1nd1

1

k2n
sin2 k1ndD for even n

~10c!

k1n
2 52m1Eny /\2, k2n

2 52m2~V02Eny!/\
2. ~10d!

Here,Eny is the subband level ofy-QW.24 In Eq. ~9!, it is apparent that the subband levels and subband gaps are propor
to the curvature of V-shaped boundaries. The above analytical equations can be used to evaluate the subband st
practical V-QWRs approximately.

The Hamiltonians for exciton20,26,27and shallow donor impurity24 states in V-QWRs can be written
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He2h~r !5He~xe ,ye!1Hh~xh ,yh!1Ve2h~r !

15
2

\2]2

2m11]z2 2d1 f 2~xe!,ye,d1 f 1~xe!, 2d1 f 2~xh!,yh,d1 f 1~xh!

2
\2]2

2m12]z2 2d1 f 2~xe!,ye,d1 f 1~xe!, yh,2d1 f 2~xh! or .d1 f 1~xh!

2
\2]2

2m21]z2 ye,2d1 f 2~xe! or .d1 f 1~xe!, 2d1 f 2~xh!,yh,d1 f 1~xh!

2
\2]2

2m22]z2 ye,2d1 f 2~xe! or .d1 f 1~xe!, yh,2d1 f 2~xh! or .d1 f 1~xh! ,

~11a!

Him~r !5Vion~r !1 HP2/~2m1e! 2d1 f 2~x!,y,d1 f 1~x!

P2/~2m2e!1Ve elsewhere, ~11b!

where

Hj~xj ,yj!5H 2
\2

2m1j
S ]2

]xj
2 1

]2

]yj
2D 2d1 f 2~xj!,yj,d1 f 1~xj!

2
\2

2m2j
S ]2

]xj
2 1

]2

]yj
2D 1Vj elsewhere,

j5e,h ~12a!
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Ve2h~r !52
e2

«@~xe2xh!21~ye2yh!21z2#1/2, ~12b!

m i j 5
miemjh

mie1mjh
, i , j 51,2, ~12c!

Vion~r !52e2/~«ur2r0u!. ~12d!

Here, « is the dielectric constant, and the difference in
electric constant between the well material and barrier m
rial is neglected.r0 is the impurity position in V-QWRs.

The exciton and impurity binding energies in V-QWR
are calculated by a traditional variational method, due to
exact solutions to the exciton and impurity states in quan
wires. The following trial wave functions in the new coord
nate space are adopted for the exciton20,28 and ground impu-
rity states29–35 in V-QWRs:

ce2h~r 8!5c~xe8 ,ye8!c~xh8 ,yh8!exp~2gz82!, ~13!

and

c~r 8!5c0~r 8!exp~2lur 82r08u!, ~14!

wherec(xe8 ,ye8) and c(xh8 ,yh8) are the related electron an
hole subband wave functions;r08 is the impurity position af-
ter the coordinate transformation andc0(r 8) is the ground
electronic wave function in V-QWRs;g andl are the varia-
tional parameters. The above trial wave functions satisfy
boundary conditions exactly on the interfaces.
-
e-

o
m

e

The exciton binding energies for different exciton tran
tions and the ground impurity binding energy in V-QWR
are obtained as follows:

Ee2h5Ee1Eh2min
g

^ce2h~r 8!uJ~r 8!

3He2h~r 8!uce2h~r 8!&/^ce2h~r 8!u

3J~r 8!uce2h~r 8!&, ~15!

and

Eb5E02min
l

^c~r 8!uJ~r 8!

3Him~r 8!uc~r 8!&/^c~r 8!uJ~r 8!uc~r 8!&, ~16!

whereEe andEh are the electronic and hole subband leve
E0 is the ground electronic level in V-QWRs;He2h(r ) and
Him(r 8) are the exciton and impurity state Hamiltonians
the new coordinate space, respectively. The above integ
were calculated numerically.

III. RESULTS AND DISCUSSION

A. Exciton transitions

In order to test the feasibility of our theoretical metho
the theoretical results are compared with the recent exp
mental PLE spectra by Vouillozet al.9 First of all, we mea-
sure the boundaries from the TEM micrograph of V-QW
specimen, and then fit the upper and bottom boundaries
two different parabolas. The inset in Fig. 2~b! indicates that
parabola is a good function to fit the V-shaped boundar



ng
th

u
tu
e

in

on

on-
tical
n-
le

orp-

ry
i-
m
c-
ri-

er-
he
e.
II

x-

in

lec-
-

lack

is
e in

i-
ing
ue
the
en-
and
on

tio

f

PRB 61 15 909SUBBAND STRUCTURES AND EXCITON AND IMPURITY . . .
As the curvature is different for the upper and bottom fitti
parabolas, and two parabolas will cross somewhere. In
model calculation, the cross section of the quantum wire
closed~the x integral region is between two cross points!.
But this does not affect the calculated results much, beca
there is some necking existed between the bottom quan
wire and the side quantum well in the experimental specim

FIG. 2. Comparison between the calculated exciton transi
peaks~arrows! and the experimental PLE spectra in Ref. 9~solid
lines! for the GaAs/Ga0.7Al0.3As V-QWRs with the width of~a!
2d54.1 nm and~b! 2d58.8 nm, where the polarized direction o
the light is parallel to the quantum wire. The inset in~b! represents
the measured upper and bottom boundaries~open squares and
dashed lines! and the fitting boundaries~solid lines! of the 8.8-nm
V-QWR.
e
is

se
m
n

~Fig. 1 of Ref. 9!. The material parameters36 and the fitting
curvatures for two different V-QWRs in Ref. 9 are listed
Table I.

Table II gives the main exciton transitions and excit
binding energies in two different V-QWRs,9 where the mix-
ing between the heavy-hole and light-hole states is not c
sidered. One reason is this paper focuses on the theore
method to deal with the subband structures in V-QWRs. A
other reason is, the mixing of heavy-hole and light-ho
states only affects the weak structures in the optical abs
tion spectra in low-dimensional systems,37,38 and the effects
of valence-band mixing on exciton binding energies is ve
small.39 Moreover, only the exciton transitions for the inc
dent light with the polarized direction parallel to the quantu
wire are considered in this work. In the quantum wire dire
tion the lattice translational symmetry holds as bulk mate
als. Of course, valence-band mixing in V-QWRs is an int
esting problem, and is important for the transitions with t
light of the polarized direction normal to the quantum wir
We will study this problem in a forthcoming paper. Table
shows that, the transition conditionD l 5 l e2 l h50 ~l is the
index of the electron and hole eigenstates! is not always ob-
served, and some ‘‘forbidden’’ transitions are found, for e
ample, the e6-hh7 and e7-hh6 transitions for 8.8-nm
V-QWR. Actually, theD lÞ0 transitions in 8.8-nm V-QWR
is a result of the different coupling of the confined states
the y direction with those in thex direction for the electron
and heavy hole. This is because there are two confined e
tronic states in they-QW for 8.8-nm V-QWR, and the cou
pling between the states ofx and y directions are strong
around the second level of they-QW. This coupling is dif-
ferent for the electron and heavy-hole states, due to the
of the inversion symmetry for the V-QWR in they direction,
that is,e6 andhh7 have the same symmetry,e7 andhh6 have
the same symmetry. But for 4.1-nm V-QWR, the situation
different, because it has only one confined electronic stat
the y-QW, and the coupling of the states in thex and y
direction is monotonous. Therefore, no ‘‘forbidden’’ trans
tions appear. Table II also shows that, the exciton bind
energy is different for different exciton transitions. The val
of exciton binding energy depends on the localization of
subband states. Usually, the localization of subband eig
states in V-QWRs weakens when their index increases,
the exciton binding energy is smaller for the higher excit

n

TABLE I. The parameters of V-QWRs used in the calculations.

Parameter Value

energy gap in Ga12xAl xAs (Eg
GaAlAs) Eg

GaAs11.247x eV
band offsets (DEc /DEv) 65/35
electron effective mass in Ga12xAl xAs (me2) (0.06710.083x)m0

heavy-hole effective mass in Ga12xAl xAs (mhh2) (0.5110.25x)m0

light-hole effective mass in Ga12xAl xAs (mlh2) (0.08210.068x)m0

dielectric constant~«! 12.6
curvature of the upper boundary (a) 0.0269 nm21 for 4.1-nm V-QWR

0.0184 nm21 for 8.8-nm V-QWR
curvature of the bottom boundary (b) 0.0283 nm21 for 4.1-nm V-QWR

0.0283 nm21 for 8.8-nm V-QWR
width of the big quantum well above barrier (2l 0) 120 nm
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transitions. However, thee6 and hh7 states in 8.8-nm
V-QWR consist mainly of the secondy confined state and
the first x harmonic state, and the localization ofe6-hh7
exciton is not weaker than that ofe1-hh1 exciton. This
causes thee6-hh7 exciton to have higher exciton bindin
energy.

The comparison of the theoretical exciton peaks to
experimental PLE spectra for two different V-QWRs
shown in Fig. 2, where the theoretical exciton peaksEpeak

5Eg
GaAs1Ee1Eh2Ee2h , and Eg

GaAs is the energy gap o
bulk GaAs. The GaAs energy gapEg

GaAs is determined by
fitting the first theoreticale1-hh1 peak to the first experimen
tal PLE peak, and we getEg

GaAs51505.8 meV for 4.1-nm
V-QWR and 1518.3 meV for 8.8-nm V-QWR. The energ
gap of bulk GaAs that we obtained for 8.8-nm V-QWR
almost the same as that of Vouillozet al.9 From Fig. 2, it can
be seen that the theoretical exciton peaks are in good ag
ment with those of the experimental PLE spectra, especi
for 8.8-nm V-QWR. The small difference for 4.1-nm
V-QWR may be due to the small structure difference used
the theoretical calculation and that in the experiment, as
TEM micrograph can be available for the 4.1-nm V-QW
Vouilloz et al.9 calculated the transition peaks excluding e
citon effects~let the exciton binding energies be a consta
for different exciton transitions! by finite element method
and found that their theoretical peaks are overall in go
agreement with those of the experimental PLE spectra. If
exciton effects are considered, their theoretical peaks wil
shifted towards the high-energy side, especially for 4.1-
V-QWR. Because the exciton binding energy usually d
creases with the increase in the index of exciton transitio
as listed in Table II, and the difference in exciton bindi
energy for different transitions is not small. For example, t
difference is over 10 meV betweene1-hh1 and e5-hh5 ex-
citons in 4.1-nm V-QWR. It is apparent that our theoretic
exciton peaks are more close to the experimental PLE pe
compared to those by the finite element method, if differ
exciton binding energy for different transition is consider
in finite element method. Figure 3 shows the square of
optical matrix elements9 for different exciton transitions in
two different V-QWRs, where

uM u25u^cc~r !ucV~r !&u2u^uc~r !ue•PuuV~r !&u2

TABLE II. The exciton binding energy for different electron
hole transitions in two different V-QWRs.

2d54.1 nm 2d58.8 nm
Ee-hh (meV) Ee- lh (meV) Ee-hh (meV) Ee- lh (meV)

16.55 (e1-hh1) 12.76 (e1- lh1) 12.24 (e1-hh1) 11.07 (e1- lh1)
12.96 (e2-hh2) 9.52 (e2- lh2) 10.43 (e2-hh2) 8.74 (e2- lh2)
10.99 (e3-hh3) 8.44 (e3- lh3) 9.14 (e3-hh3) 7.83 (e3- lh3)
10.46 (e4-hh4) 7.77 (e4- lh4) 8.58 (e4-hh4) 7.19 (e4- lh4)
5.70 (e5-hh5) 8.30 (e5-hh5) 6.90 (e5- lh5)

13.16 (e6-hh7) 9.91 (e6- lh6)
7.79 (e7-hh6) 6.57 (e7- lh7)
7.60 (e8-hh8)
8.89 (e9-hh9)
8.81 (e9-hh10)
e

ee-
ly

n
o

.
-
t

d
e
e

-
s,

s

l
ks,
t

e

and we deal with the difference for the heavy-hole and lig
hole transitions by a conclusion of Changet al.,37 that is,

u^uc~r !uPzuuhh~r !&u253u^uc~r !uPzuulh~r !&u2.

Therefore, the PLE spectra shown in figure 2 reflect mai
the information of heavy-hole exciton transitions.

B. Impurity states

The impurity states are an important factor to affect t
electric-transportation and optical properties in lo
dimensional semiconductor structures. As no experime
results for impurity states in V-QWRs can be available,
ideal situation will be considered here. Figures 4~a!–5~a!
show the variations in impurity binding energy with the d
mension and curvature of V-QWRs for three different imp
rity positions, respectively, where O is the center
V-QWRs, A and B are the cross points of the upper a
bottom V-shaped boundaries withy axis ~see Fig. 1!. Here,
the upper and bottom boundaries with the same curvat
(a5b) are considered, as in most cases, two boundarie
V-QWRs do not cross each other in the experiments.6–11The
variation ranges of the dimension and curvature of V-QW
we adopted in Figs. 4 and 5 have been realized in
experiments.6–11 From Fig. 4~a!, it can be seen that when th
dimension of V-QWRs decreases, the impurity binding e
ergy at three different points increases at first, to a p
value, and then decreases, which are similar to the impu
state behavior in traditional quantum wires with finite co
fining potential.30,33 This phenomenon is related to th

FIG. 3. Square of the optical matrix elements for the heavy- a
light-hole exciton transitions in~a! 4.1-nm and ~b! 8.8-nm
V-QWRs, where the polarized direction of the light is parallel to t
quantum wire.
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change of the electron confinement in V-QWRs. When
dimension of V-QWRs decreases, the confinement of e
trons is strengthened, and therefore the impurity binding
ergy increases. Because the practical V-QWRs with fin
confining potential are considered here, and when the dim
sion of V-QWRs is reduced to a small limited value, most
the electronic wave functions begin to leak out of the Ga
well material, which results in a peak impurity binding e
ergy at a small 2d value. In Fig. 4~a!, it can be also seen tha
the impurity binding energy at the center is larger than tha
two boundary points. The impurity binding energy at t
upper boundary point is larger than that at bottom bound
point, which indicates an asymmetrical distribution of imp
rity binding energy along the direction normal to the boun
aries. This difference is different from the impurity state b
havior in traditional quantum wire structures.29,30,33As stated
in Sec. II, the effect of two V-shaped boundaries on
electron motion in thex direction can be viewed as a confin
ing potential, but this confining potential is asymmetrical
the y direction. From the geometry of V-QWRs, it is appa
ent that most of the electronic wave functions are pus
towards the convex side in the well, due to the shape of
barrier boundaries. This implies that the electronic wa
functions are asymmetrical in they direction, and the
weighted center of electronic wave functions moves towa
the convex side in the well. Therefore, the impurity bindi

FIG. 4. Variations in~a! impurity binding energy and~b! the
variational parameter of ground impurity trial wave function wi
the dimension of V-QWRs for three different impurity position
shown in Fig. 1. The Al composition in barrier material isx50.4
and the curvatures of V-shaped boundaries area5b50.04 nm21.
e
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energy at two boundary cross points is different. When
curvature of the V-shaped boundary increases, the confin
potential in thex direction increases, which causes the imp
rity binding energy to increase, as shown in Fig. 5~a!. At the
same time, the increase in the curvature of V-shaped bou
ary increases the asymmetry of the confining potential in
y direction, and the difference in binding energy between
upper and bottom boundary points increases. The decrea
binding energy at bottom boundary point B for the high
curvature of V-shaped boundary in Fig. 5~a! is related to the
serious leakage of the electronic wave function in the w
material.

The variations in impurity binding energy with the dime
sion and curvature of V-QWRs can be also explained by
localization of impurity states, as shown in Figs. 4~b!–5~b!,
where the length is in units of the effective Bohr radiu
a0* 5\2«/(mee

2), with me being the electron effective mas
in GaAs. In a sense, the value~1/l! of the variational param-
eter in Eq.~14! is a representation of the impurity Bohr ra
dius and the localization of impurity states in V-QWRs. It
apparent that the variations in impurity Bohr radius and i
purity state localization in Figs. 4~b!–5~b! are consistent with
the variations in impurity binding energy in Figs. 4~a!–5~a!.
That is, the stronger the localization of impurity states,
larger the impurity binding energy is.

Because of the asymmetrical distribution of the confini
potential in they direction, it is found that the impurity po

FIG. 5. Variations in~a! impurity binding energy and~b! the
variational parameter of ground impurity trial wave function wi
the curvature of V-shaped boundaries for three different impu
positions shown in Fig. 1. The Al composition in barrier material
x50.4 and the dimension of V-QWRs is 2d510 nm.
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sition corresponding to maximum binding energy devia
from the center of V-QWRs. The dependence of maxim
impurity binding energy and its corresponding impurity p
sition on the dimension and curvature of V-QWRs are sho
in Figs. 6–7. Figures 6 and 7 show that the variations
maximum binding energy with the dimension and curvat
of V-QWRs are similar to the results in Figs. 4–5, and t
deviation of peak impurity position from the center becom
large as the dimension or curvature of V-QWRs increase

In order to understand clearly the asymmetrical distrib
tion of impurity binding energy in V-QWRs, Fig. 8 show
the dependence of impurity binding energy on the impu
position along they axis and the middle line between tw
V-shaped boundaries. The dashed line in Fig. 8 repres
the impurity binding energies in a real V-QWR structure9

The asymmetrical distribution of impurity binding energ
along they direction can be clearly seen in Fig. 8~a!, and the
weighted center of binding energy distribution in they direc-
tion moves to the convex side of V-QWRs. The distributi
of impurity binding energy along the middle line is sym
metrical, due to the symmetrical boundaries of V-QWRs a
its resultant confining potential in thex direction. It is appar-
ent that the impurity binding energy along the middle li

FIG. 7. Dependence of maximum impurity binding energy a
its corresponding impurity position (xi50) on the curvature of
V-shaped boundaries, where the Al composition in barrier mate
is x50.4.

FIG. 6. Dependence of maximum impurity binding energy a
its corresponding impurity position (xi50) on the dimension of
V-QWRs where the Al composition in barrier material isx50.4.
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decreases as the impurity position is away from the cente
V-QWRs, as shown in Fig. 8~b!, which is similar to the
variations in impurity binding energy with the impurity po
sition within the cross section of traditional quantu
wire structures.29–31,33 In addition, the results in Fig. 8
show that the impurity state behavior has no qualitative d
ference for the V-QWRs in which the upper and botto
boundaries have or have not the same curvature. If o
different kinds of functions, which are more exact to descr
the V-shaped boundaries, are used, it is believed that
above qualitative results have no change, though there
some small quantitative changes in impurity binding ene
in V-QWRs.

In summary, we have studied the subband structures,
citon transitions, and impurity states in V-QWRs by a coo
dinate transformation method with a variational procedure
was found that the subband gaps are proportional to the
vature of V-shaped boundaries, and there are some ‘‘forb
den’’ transitions that appeared between electrons and he
holes. The exciton binding energy is different for differe
exciton transitions depending on the localization of subba
states. The theoretical exciton peaks are in good agreem
with those of the recent experimental PLE spectra. It wal

FIG. 8. Variations in impurity binding energy with the impurit
position ~a! along they axis (xi50) and~b! along the middle line
~the dotted line shown in Fig. 1! of V-QWRs. The solid line corre-
sponds to a V-QWR with the Al composition in barrier materialx
50.4, dimension 2d510 nm and curvaturesa5b50.04 nm21. The
dashed line corresponds to a real V-QWR in Ref. 9 with the
composition in barrier materialx50.3, dimension 2d58.8 nm and
curvaturesa50.0184 nm21, b50.0283 nm21.
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also found that the impurity state behavior in V-QWRs in
sense is similar to that in traditional quantum wires. Ho
ever, the distribution of impurity binding energy along th
direction normal to the V-shaped boundaries is asymme
cal, and the impurity position corresponding to the maxim
binding energy deviates from the center, due to the as
metrical confining potential produced by the V-shap
boundaries in they direction.
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