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The subband structures and exciton and impurity states in V-shaped GaAgAGAs 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 excitatiofPLE) spectra[Phys. Rev. Lett78, 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.

. INTRODUCTION binding method? effective bond-orbital modefS, plane-
wave expansioh®!’ adiabatic approachég,and envelope
In the past few years, there has been an increasing interefsinction schemes with the finite eleménf®etc. Rossi
in one-dimensional quantum wirésjue to the rapid devel- et al®!’studied the exciton confinement in V-QWRs by the
opment in material-growth techniques. As the quantum conplane-wave expansion, and found that electron-hole Cou-
finement leads to the enhancement of the density of states lmmb correlation removes the one-dimensional band-edge
specific energies and increases the importance of excitongingularities from the absorption spectra. They also found
effects by the modification of electron-hole Coulomb that in the strong confinement limit the same potential-to-
interaction?™* one-dimensional quantum wire structures kinetic energy ratio holds for quite different wire cross sec-
have wide potential applications in future optical devices. tions and compositions. Vouillozt al® used the finite-
V-QWR is a type of typical quantum wire structure, element method and considered the valence-band mixing
which has attracted considerable attention for over ten yeargffects to calculate the subband transitions in V-QWRs, and
since the pioneer work of Kapoet al>® The experimental their numerical results explained the polarization anisotropy
researches on V-QWRs are wide and intensive, including thef PLE spectra in V-QWRs. Chang and Xaalculated the
growth dynamics;® photoluminescence(PL), and PLE quantum stark effects in V-QWRs by the finite-element
spectra;® exciton recombination dynamié¢$!?and electric  method, the theoretical Stark shifts are qualitatively in agree-
transport® etc. Vouilloz etal® fabricated high-quality ment with the experimental measurement. Among these
V-QWR structures and observed exciton transitions and pomethods, it is not easy to get a simple and intuitive electronic
larization anisotropy related to multisubbands and valencewave function, due to the V-shaped boundaries.
band mixing by PLE spectra. Wemahal°investigated the Recently, a coordinate transformation metHoé® was
PLE spectra in asymmetrical double V-QWRs and demonused to study the electronic structures around corrugated in-
strated the electron tunneling and coupling effects betweeterfaces and in V-QWRs. By this method, the nonplanar
the quantum wires. Arakawat al!! studied the quantum boundaries become a confining potential and the boundary
confinement Stark effect in V-QWR and found a blueshift of conditions of electronic wave functions can be satisfied ex-
PL peak with the increase of electric fields. In order to ex-actly on the interfaces after the coordinate transformation. In
plain and explore the physical phenomena in V-QWRs, ahis way, the wave functions are more intuitive and easy to
number of theoretical methods are adopted, such as the tighte chosen, compared to other theoretical methods. Inoshita
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d
y = 2d+[f1(X)_f2(X)] {Zy_[fl(X)+f2(X)]}, (2)

z' =z

After the coordinate transformation, the confining potential

becomes
0 |y'|<d
r')y= 3
Vy elsewhere,
. . and
FIG. 1. A schematic representation of V-QWRs, whate
+ax? and —d+bx? are the upper and bottom boundaries, respec-
tively. The dotted line represents the middle line (a+b)x?/2 of .
V-QWRSs, and the dashed lines represent the new boundaries after f J*(NH(r) (r)dVv
the coordinate transformation. E=
, _ , f P (N g(r)dVv
and Sakal? have used the coordinate transformation and
finite element calculation to study the subband structures in
V-QWRs, and their theoretical exciton peak is in good agree- f G )IH)HT ) g(rHdV’
ment with the experimental PL spectra. However, their coor- = , (4)
dinate transformation can 'be used _iny for some special f G (r) ()| (A V'
cases and the lowest exciton transition peak is compared

with the experimental spectra. Sdradopted a more gener- N . . .

alized coorginate transfgrmation to stu%y the subba?"nd strucV—Vhere.‘J(r ) is the Jacobian determinant. In fact, in the new
tures and Stark effects in V-QWRs, and large Stark shifts incoordlna_\te space,_the_ V'QWR be_comes a quantum we_II with
intersubband transitions are predicted. But in Sun’s Work,a confining _pot_entlal in the direction. The electron motion
only the lowest subbands are calculated and no experimentglong the wire is a plaqe wave, and. the subband.levels in the
results are compared. In this paper, the coordinate transfofs Y pl_ang can be obtained by solving the following secular
mation method with a variational procedure is proposed gavation:

investigate all the subband levels, exciton transitions, and

impurity binding energies in V-QWRs. Our calculated theo- Z [(mn|J(r YH(r")|m'n")

retical exciton peaks are in good agreement with the recent m’n’

PLE spectra with multisubband exciton transitions, which
implies that the method used in this paper probably can be
effectively applied to study other physical problems inwhere
V-QWRs and other low-dimensional structures with nonpla-

nar interfaces. In Sec. Il, the theoretical framework is out-

_Exy<mn|‘](r,)|m/nl>]cm’n':0: 5

lined. The results and discussion are presented in Sec. lIl. lﬂ(X’,Y’)=% Cinn®m(X") én(y’), (6)
Il. THEORY andg,(x'), ¢,(y") are two sets of complete basis functions

. . . o in the x,y directions.
A schematic representation of V-QWR is shown in Fig. 1. |n this paper, two parabolas are used to fit the upper and
In the effective-mass approximation within envelope func-pottom boundaries of V-QWR. It was found that after the

tion formalism, the single-particielectron and holeHamil-  coordinate transformation, the confining potential due to
tonian can be written V-shaped boundaries is an harmoniclike potential in xhe
direction. Therefore, the eigenfunctions of the harmonic os-
P2/(2m;)  —d+fo(x)<y<d+fy(x) cillator are selected as the basis wave functions inxtde

H(r) rection, that is,

“ | P1(2my)+V,  elsewhere,
2,1
Bm(X')=Npe ¥ *2H (anx'), m=012..., (7)
wherer and P are the electron coordinate and momentum; _ _ ) _
m, andm, are the carrier-band effective mass in the We"Wheren is the index of the eigenstates of the quantum well in
material and the barrier materidly is the carrier-confining the y dwecﬂsm_(y-QW), Nf_“_ is the norm_allzatlon co_nstant,
potential;d+ f1(x) and —d+ f,(x) describe the upper and andl-!m(a,]x ) is th_e Hermitian polyn_omlal. The ba5|_s wave
bottom boundaries of V-QWR, respectively functions in they direction are the eigen-wave functions of
The following coordinate transformation transforms thethe quantum W?"’ which include all the c_onflned Stgﬁ‘?"“d
V-shaped boundaries into planar ones the above-barrier states. In our practical calculation, the
states above the barrier are treated as the eigenstates of a
big quantum well above the barrier with infinite confining
X' =X, potential,
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(1+ B)cog ky—(ky—kp)d]+(1—pB)cogkyy+ (ki +ky)d]  —lp<y<—d
2 coskyy y|<d
(1+pB)cogkyy + (ki —kp)d]+(1—B)cog ky — (ki +ky)d]  d<y<ly

¢(y)=N

for even parity states, (8a

(1+B)sinkay — (ky—kp)d]— (1= B)sinkpy + (ki +kp)d]  —lo<y<-—d

#(y)=N 2sinkyy |y|<d
(1+ B)sinkyy+(ky—ky)d] = (1= B)sinkyy — (ki +kp)d]  d<y<ly
for odd parity states, (8h)
k1=\2m1E/ﬁ f k2: \/Zmz(E_Vo)/ﬁ y ,8=m2k1/(mlk2), (8C)

whereN is the normalization constari is the discrete level functions in thex direction are used, and we found that it is

of the big quantum well above the barrier, which can besufficient to get a good convergent result when the number
obtained by the quantum-mechanics boundary conditionsf the basis wave functions in thedirection increases up to
The width 2, of the big quantum well is selected to be six. Moreover, the eigenfunctions of the system are simple,
approximate to the electronic coherent lengttcrom the  they usually include a main term and few of the neighboring
Hamiltonian in the new space, it is found that the harmoni+terms, because the basis wave functions we used are close to
clike potential in thex direction depends on the kinetic en- the exact solutions to the system. The simple wave functions

ergy of the electrons in thedirection. This means the elec- 416 nelpful to solve some of the other complicated physical
trons feel different confinement effects due to V- Shapedproblems in V-QWRs.

boundaries for the electrons with different kinetic energy in
the y direction, and thereforex, in Eq. (7) is different for
different states iny-QW. «,, is determined by minimizing
the ground energy level in V-QWR, step by step, by increas;
ing the states in thg direction. In general, 15 basis wave

If two V-shaped boundaries with the same curvatures are
considered K=a=b) and the couplings between different
states in the direction are neglected, the subband levels can
be obtained analytically

mnzﬁwn(m+ +Eny, m=012..., n=12,..., 9

2

where

wn=2k(2d,f,/m;)*?, (108

1+
my Ko
dy= (10b)

my 1
i f ,
1+ m, 1) o siré ky,d } / ( 2k1n S Sin 2kgnd+ 1 — o sir? klnd> or even n

my 1 1 1
——1)—cos’- klnd}/ (d ——sin 2k;,d+ — cog klnd) for odd n
2k1n k2n

1
Eny [Vok2 cog kynd } ( 2k1 ——sin 2k;,d+ —cog klnd) for odd n
n

/ k
f= 12“ (100
Eny—| Vor— sm2 kyd ——sin 2k;,d+ ——sifky,d| for evenn
Kan Zkln Kan
ki, =2miEn /h%,  K3,=2my(Vo—Eny)/h2. (100

Here,E,, is the subband level ofQW.2* In Eq. (9), it is apparent that the subband levels and subband gaps are proportional
to the curvature of V-shaped boundaries. The above analytical equations can be used to evaluate the subband structures ir
practical V-QWRs approximately.

The Hamiltonians for excitdi¥?®*”and shallow donor impurify states in V-QWRs can be written
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He-n(r)=He(Xe,Ye) + Hn(Xp,Yn) +Ve_n(r)

( h29?
N —d+fa(Xe) <Ye<d+fi(Xe), —d+Tfa(Xy)<yp<d+fi(xy)
h29?
BT —d+fo(Xe) <Ye<d+Ti(Xe), Yn<—d+fy(x,) or >d+fi(xp)
M2
+4 5252 (1139
—m ye<—d+f2(xe) or >d+f1(Xe), _d+f2(Xh)<yh<d+f1(Xh)
21
h2g?
TR Vo< —d+Tfy(Xe) or >d+fi(Xe), Yp<—d+Tfy(X,) or >d+f(xy),
\ M220Z
P2/(2mye)  —d+f(x)<y<d+fi(x)
where
h? [ 9?5
Hg(X§,y§): hZ ( (92 52
——|—=%+—%|+V, elsewhere,
2mye\ oxZ  ayz) Tt
§=eh (129
|
e? The exciton binding energies for different exciton transi-
Ve_n(r)=— 2 7522 (12D tions and the ground impurity binding energy in V-QWRs
- +(Yo— +
el (Xe=Xp)"F (Yo yn) "+ 2'] are obtained as follows:
o MieMip Ee—n=Ee+ Ep—min(ye_n(r)[I(r")
Mlj_mie"'mjh’ hj=12, (129 y
XHe—h(r,)l‘ﬂe—h(r,»/(’ﬁe—h(r,)l
) —_—@2 _
Vion(T) e’/ (e|r—rol). (129 XI(r)| he_n(r")), (19
Here, e is the dielectric constant, and the difference in di- 5q
electric constant between the well material and barrier mate-
rial is neglectedr is the impurity position in V-QWRs. ) ) )
The exciton and impurity binding energies in V-QWRs Ep=Eq—min(y(r")[I(r")
are calculated by a traditional variational method, due to no A
exact solutions to the exciton and impurity states in quantum X Him(r (0 WHp(r )| ) w(r')),  (16)

wires. The following trial wave functions in the new coordi-

nate space are adopted for the exdtdfiand ground impu- whereE, andE,, are the electronic and hole subband levels,

rity state$°~°in V-QWRs: E, is the ground electronic level in V-QWRSt._(r) and
H;n(r’) are the exciton and impurity state Hamiltonians in

, ., ., , the new coordinate space, respectively. The above integrals
Yen(r) = 9(Xe Yo Uxh YR eXp—y2'%), (13 \ere calculated numerically.

and
I1l. RESULTS AND DISCUSSION

llf(r,): wo(r/)exq_)\“/_ré“, (14) A. Exciton transitions

In order to test the feasibility of our theoretical method,
where #(xg ,Ye) and ¢(xy,yy) are the related electron and the theoretical results are compared with the recent experi-
hole subband wave functions, is the impurity position af- mental PLE spectra by Vouillogt al® First of all, we mea-
ter the coordinate transformation agg(r’) is the ground sure the boundaries from the TEM micrograph of V-QWR
electronic wave function in V-QWRsy and\ are the varia- specimen, and then fit the upper and bottom boundaries by
tional parameters. The above trial wave functions satisfy théwo different parabolas. The inset in Figlb2 indicates that
boundary conditions exactly on the interfaces. parabola is a good function to fit the V-shaped boundaries.
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Luminescence Intensity (arbitrary units)
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(Fig. 1 of Ref. 9. The material parametéfsand the fitting
curvatures for two different V-QWRs in Ref. 9 are listed in
Table I.

Table Il gives the main exciton transitions and exciton
binding energies in two different V-QWRsyhere the mix-
ing between the heavy-hole and light-hole states is not con-
sidered. One reason is this paper focuses on the theoretical
method to deal with the subband structures in V-QWRs. An-
other reason is, the mixing of heavy-hole and light-hole
states only affects the weak structures in the optical absorp-
tion spectra in low-dimensional systef{s€and the effects
of valence-band mixing on exciton binding energies is very
small® Moreover, only the exciton transitions for the inci-
dent light with the polarized direction parallel to the quantum
wire are considered in this work. In the quantum wire direc-
tion the lattice translational symmetry holds as bulk materi-
als. Of course, valence-band mixing in V-QWRs is an inter-
esting problem, and is important for the transitions with the
light of the polarized direction normal to the quantum wire.
We will study this problem in a forthcoming paper. Table I
shows that, the transition conditiakhl =1.—1,=0 (I is the
index of the electron and hole eigenstatissnot always ob-
served, and some “forbidden” transitions are found, for ex-
ample, the eg-hh; and e,-hhg transitions for 8.8-nm
V-QWR. Actually, theAl #0 transitions in 8.8-nm V-QWR
is a result of the different coupling of the confined states in
they direction with those in the direction for the electron
and heavy hole. This is because there are two confined elec-

FIG. 2. Comparison between the calculated exciton transitiorfONIC States in thg-QW for 8.8-nm V-QWR, and the cou-
peaks(arrows and the experimental PLE spectra in Ref(s®lid
lineg for the GaAs/Gg/AlgAs V-QWRs with the width of(a)

2d=4.1nm and(b) 2d=8.8 nm, where the polarized direction of

the light is parallel to the quantum wire. The insef(lm represents

the measured upper and bottom boundafiegen squares and

dashed linesand the fitting boundarie&olid lineg of the 8.8-nm

V-QWR.

pling between the states of and y directions are strong
around the second level of theQW. This coupling is dif-
ferent for the electron and heavy-hole states, due to the lack
of the inversion symmetry for the V-QWR in thyedirection,

that is,eqg andhh; have the same symmetmr; andhhg have

the same symmetry. But for 4.1-nm V-QWR, the situation is
different, because it has only one confined electronic state in
the y-QW, and the coupling of the states in tikreand y

As the curvature is different for the upper and bottom fittingdirection is monotonous. Therefore, no “forbidden” transi-
parabolas, and two parabolas will cross somewhere. In théons appear. Table Il also shows that, the exciton binding
model calculation, the cross section of the quantum wire ignergy is different for different exciton transitions. The value
closed (the x integral region is between two cross pojnts of exciton binding energy depends on the localization of the
But this does not affect the calculated results much, becausaibband states. Usually, the localization of subband eigen-
there is some necking existed between the bottom quantustates in V-QWRs weakens when their index increases, and
wire and the side quantum well in the experimental specimethe exciton binding energy is smaller for the higher exciton

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

Parameter

Value

energy gap in Ga ,Al,As (Eg*")

band offsets AE./AE,)

electron effective mass in Ga,Al,As (mg,)
heavy-hole effective mass in GaAl,As (M)
light-hole effective mass in Ga,Al,As (My,2)
dielectric constante)

curvature of the upper boundarg)(

curvature of the bottom boundarp)

width of the big quantum well above barrier|g?

Eg¥*+1.24% eV
65/35
(0.067+0.083)m,
(0.51+0.25¢0)m,
(0.082+0.068)m,
12.6
0.0269 nm* for 4.1-nm V-QWR
0.0184 nm* for 8.8-nm V-QWR
0.0283 nm* for 4.1-nm V-QWR
0.0283 nm for 8.8-nm V-QWR
120 nm
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TABLE II. The exciton binding energy for different electron- % L L
hole transitions in two different V-QWRs. ' @) 2d=4.1nm
121 .
2d=4.1nm A4=8.8nm
1.0F e -hh e -hh I
Eenn(meV)  Egjp(meV)  Eepp(meV) Ee.in (MeV) TR 2 eghhy
0.8 e -hh e_-hh 7
16.55 @,-hh;) 12.76 €;-1h;) 12.24@,-hh;) 11.07 @;-1hy) = R
12.96 €,-hhy)  9.52 (e,-1h,) 10.43 €,-hhy)  8.74(e,-1h,) = 061 ]
10.99 (e3'hh3) 9.14 (e3'hh3) 7.83 (eg'|h3) 35 04p 91'”\1 32'[h2 ea'lha e4-|h4 -1
10.46 ,-hhy) 8.58 (e,-hh,)  7.19(e4-1hy) 2 ool \ / i
5.70 (es-hhs) 8.30 s-hhs)  6.90 (es-1hs) g | . . . . |
13.16 s-hh;)  9.91 (es-lhg) @ 9600 7640 ieso 1720 1760 1800 1840 ]
7.79 (e;,-hh 6.57 (e;-1h 8
7.60 §e7-hh6; e LRI 2d=g.8nm
. 8 8 ol e e -hh e _-hh
8.89 (ey-hhy) 5 1.0F %% a0 hhye i, e hh, eghh, -
8.81 (eg-hhyo) — o8k e, hhg®
‘ /
06}
transitions. However, thees and hh; states in 8.8-nm e,h [e,4n,|o e-h,
V-QWR consist mainly of the seconyl confined state and 041 AN I N /\
the first x harmonic state, and the localization ef-hh;, 0.2k
exciton is not weaker than that @ -hh; exciton. This PP Y O | P A Y L .
causes theeg-hh; exciton to have higher exciton binding "~ 1560 1600 1640 1680 1720 1760 1800

energy.
The comparison of the theoretical exciton peaks to the

e;:pe”ment{il PZLE hspeCtLa fcr)]r tWO. d:ffere.nt V-QWRs s FIG. 3. Square of the optical matrix elements for the heavy- and

S O\évarlsln Fig. 2, where the t %ggt_lca exciton peEf’%ak light-hole exciton transitions in(@) 4.1-nm and (b) 8.8-nm

= Eg +EetEy—Eep, and Eg is the energy gap of V-QWRs, where the polarized direction of the light is parallel to the

bulk GaAs. The GaAs energy gdiS™"*is determined by  quantum wire.

fitting the first theoreticag;-hh; peak to the first experimen-

tal PLE peak, and we geEC*°=1505.8meV for 4.1-nm  and we deal with the difference for the heavy-hole and light-

V-QWR and 1518.3 meV for 8.8-nm V-QWR. The energy hole transitions by a conclusion of Chaagal.’ that is,

gap of bulk GaAs that we obtained for 8.8-nm V-QWR is

almost the same as that of Vouillez al® From Fig. 2, it can

be seen that the theoretical exciton peaks are in good agree- [(ug(r)] Pz|uhh(r)>|2:3|<uc(r)|Pz|ulh(r)>|2-

ment with those of the experimental PLE spectra, especially

for 8.8-nm V-QWR. The small difference for 4.1-nm Therefore, the PLE spectra shown in figure 2 reflect mainly

V-QWR may be due to the small structure difference used irthe information of heavy-hole exciton transitions.

the theoretical calculation and that in the experiment, as no

TEM micrograph can be available for the 4.1-nm V-QWR.

Vouilloz et al? calculated the transition peaks excluding ex- . . .

citon effects(let the exciton binding energies be a constant Thg Impurity stqtes are an |mportant factor to "’?ffeC‘ the

for different exciton transitionsby finite element method, e!ectrlcTtransporta_ltlon and optical properties n low-

and found that their theoretical peaks are overall in goodlimensional semiconductor structures. As no experimental

agreement with those of the experimental PLE spectra. If théesults -for Impurity states in V-QWRs can .be available, an

exciton effects are considered, their theoretical peaks will bifi€@! situation will be considered here. Figure@45(a)

shifted towards the high-energy side, especially for 4_1_nmshow the variations in impurity binding energy with the di-

V-QWR. Because the exciton binding energy usually de_mension and curvature of V-QWRs for three different impu-
ity positions, respectively, where O is the center of

creases with the increase in the index of exciton transitions, .
as listed in Table Il, and the difference in exciton binding{/'QWRs’ A and B are the cross points of the upper and

-Sbottom V-shaped boundaries withaxis (see Fig. 1 Here,

difference is over 10 meV betwean-hh, andec-hhg ex- the upper and bottom boundaries with the same curvatures
! > (a=b) are considered, as in most cases, two boundaries of

citons in 4.1-nm V-QWR. It is apparent that our theoretical : e
exciton peaks are more close to the experimental PLE peaky'QWRS do not cross each other in the experiméntsThe

compared to those by the finite element method, if different/ ariat(ijon ragges of the dimegsionhand (;)urvature Ic_>f \G'Q.WF‘;]S
exciton binding energy for different transition is consideredV€ adopted in Figs. 4 ‘and 5 have been realized in the

in finite element method. Figure 3 shows the square of thgxpe“”_‘e”ti From F'%‘ 4a), it can Ee seen t_hatb\{vr(lje_n the
optical matrix elemengsfor different exciton transitions in dimension of V-QWRs decreases, the impurity binding en-
two different V-QWRs, where ergy at three different points increases at first, to a peak

value, and then decreases, which are similar to the impurity
state behavior in traditional quantum wires with finite con-
fining potentia®3® This phenomenon is related to the

Transition Energy (meV)

B. Impurity states

[M[2= e[y (1) [ {uc(r)]e- Pluy(r))|?
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FIG. 5. Variations in(a) impurity binding energy andb) the
variational parameter of ground impurity trial wave function with
the curvature of V-shaped boundaries for three different impurity
positions shown in Fig. 1. The Al composition in barrier material is
x=0.4 and the dimension of V-QWRs i=2 10 nm.

FIG. 4. Variations in(a) impurity binding energy andb) the
variational parameter of ground impurity trial wave function with
the dimension of V-QWRs for three different impurity positions
shown in Fig. 1. The Al composition in barrier materialXs 0.4
and the curvatures of V-shaped boundariesaard=0.04 nn L.

energy at two boundary cross points is different. When the
change of the electron confinement in V-QWRs. When thecurvature of the V-shaped boundary increases, the confining
dimension of V-QWRs decreases, the confinement of elegaotential in thex direction increases, which causes the impu-
trons is strengthened, and therefore the impurity binding enrity binding energy to increase, as shown in Fi¢g)5At the
ergy increases. Because the practical V-QWRs with finitessame time, the increase in the curvature of V-shaped bound-
confining potential are considered here, and when the dimerary increases the asymmetry of the confining potential in the
sion of V-QWRs is reduced to a small limited value, most ofy direction, and the difference in binding energy between the
the electronic wave functions begin to leak out of the GaAsupper and bottom boundary points increases. The decrease in
well material, which results in a peak impurity binding en- binding energy at bottom boundary point B for the higher
ergy at a small @ value. In Fig. 4a), it can be also seen that curvature of V-shaped boundary in Figabis related to the
the impurity binding energy at the center is larger than that aserious leakage of the electronic wave function in the well
two boundary points. The impurity binding energy at the material.
upper boundary point is larger than that at bottom boundary The variations in impurity binding energy with the dimen-
point, which indicates an asymmetrical distribution of impu-sion and curvature of V-QWRs can be also explained by the
rity binding energy along the direction normal to the bound-localization of impurity states, as shown in Figsby-5(b),
aries. This difference is different from the impurity state be-where the length is in units of the effective Bohr radius,
havior in traditional quantum wire structur€s’*3As stated  a} =7#2s/(m.e?), with m, being the electron effective mass
in Sec. Il, the effect of two V-shaped boundaries on thein GaAs. In a sense, the val(#\) of the variational param-
electron motion in the direction can be viewed as a confin- eter in Eq.(14) is a representation of the impurity Bohr ra-
ing potential, but this confining potential is asymmetrical indius and the localization of impurity states in V-QWRs. It is
they direction. From the geometry of V-QWRs, it is appar- apparent that the variations in impurity Bohr radius and im-
ent that most of the electronic wave functions are pushegurity state localization in Figs.(d)—5(b) are consistent with
towards the convex side in the well, due to the shape of théhe variations in impurity binding energy in Figsia$5(a).
barrier boundaries. This implies that the electronic waveThat is, the stronger the localization of impurity states, the
functions are asymmetrical in thg direction, and the larger the impurity binding energy is.
weighted center of electronic wave functions moves towards Because of the asymmetrical distribution of the confining
the convex side in the well. Therefore, the impurity binding potential in they direction, it is found that the impurity po-
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FIG. 6. Dependence of maximum impurity binding energy and 20
its corresponding impurity positionx(=0) on the dimension of
V-QWRs where the Al composition in barrier materialxis- 0.4. 150
sition corresponding to maximum binding energy deviates I
from the center of V-QWRs. The dependence of maximum 101
impurity binding energy and its corresponding impurity po- -
sition on the dimension and curvature of V-QWRs are shown sk |
in Figs. 6—7. Figures 6 and 7 show that the variations in
maximum binding energy with the dimension and curvature
of V-QWRs are similar to the results in Figs. 4-5, and the 055 Y RS AT
deviation of peak impurity position from the center becomes x_(nm)

large as the dimension or curvature of V-QWRs increase.
In order to understand clearly the asymmetrical distribu-
tion of impurity binding energy in V-QWRs, Fig. 8 shows

FIG. 8. Variations in impurity binding energy with the impurity

the dependence of impurity binding energy on the impurityposition (a) along they axis (x;=0) and(b) along the middle line
position along they axis and the middle line between two (the dotted line shown in Fig.)f V-QWRs. The solid line corre-
V-shaped boundaries. The dashed line in Fig. 8 representponds to a V-QWR with the Al composition in barrier material

the impurity binding energies in a real V-QWR structire. =0.4, dimension 8= 10 nm and curvatures=b=0.04 nni .. The

The asymmetrical distribution of impurity binding energy dashed line corresponds to a real V-QWR in Ref. 9 with the Al
composition in barrier materiad=0.3, dimension 8=8.8 nm and
curvaturesa=0.0184 nm?, b=0.0283 nm™

along they direction can be clearly seen in Figa8 and the
weighted center of binding energy distribution in thdirec-

tion moves to the convex side of V-QWRs. The distribution

of impurity binding energy along the middle line is sym-
metrical, due to the symmetrical boundaries of V-QWRs an
its resultant confining potential in thedirection. It is appar-

ent that the impurity binding energy along the middle line

ecreases as the impurity position is away from the center of
-QWRs, as shown in Fig. (8), which is similar to the
variations in impurity binding energy with the impurity po-
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FIG. 7. Dependence of maximum impurity binding energy and
its corresponding impurity positionx(=0) on the curvature of
V-shaped boundaries, where the Al composition in barrier materi

is x=0.4.
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sition within the cross section of traditional quantum
wire structure€®-3133 |n addition, the results in Fig. 8
show that the impurity state behavior has no qualitative dif-
ference for the V-QWRs in which the upper and bottom
boundaries have or have not the same curvature. If other
different kinds of functions, which are more exact to describe
the V-shaped boundaries, are used, it is believed that the
above qualitative results have no change, though there are
some small quantitative changes in impurity binding energy
in V-QWRs.

In summary, we have studied the subband structures, ex-
citon transitions, and impurity states in V-QWRs by a coor-
dinate transformation method with a variational procedure. It
was found that the subband gaps are proportional to the cur-
vature of V-shaped boundaries, and there are some “forbid-
den” transitions that appeared between electrons and heavy
holes. The exciton binding energy is different for different
exciton transitions depending on the localization of subband

tates. The theoretical exciton peaks are in good agreement
ith those of the recent experimental PLE spectra. It was
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