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Electronic structure and optical properties of quantum rods with wurtzite structure
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The Hamiltonian of the wurtzite quantum rods with an ellipsoidal boundary is given after a coordinate
transformation. The energies, wave functions, and transition possibilities are obtained as functions of the aspect
ratio e with the same method we used on spherical dots. With an overall consideration of both the transition
matrix element and the Boltzmann distribution we explained why the polarization factor increases with in-
creasinge and approaches a saturation value, which tallies quite well with the experimental result.éNhen
increases more and mo& states are mixed into the ground, second, and third statés=af/2, resulting in
an increase of the emission ppolarization. It is just the linear terms of the momentum operator in the hole
Hamiltonian that cause the mixing &andP states in the hole ground state. The effects of the crystal field
splitting energy, temperature, and transverse radius to the polarization are also considered. We also calculated
the band gap variation with the size and shape of the quantum rods.
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[. INTRODUCTION on the polarization are considered. We also calculated the
energy gap of the quantum rods with different shapes and
Compared with the quantum dots produced by moleculasizes. These discussions and results are given in Sec. Ill.
beam epitaxy(MBE), colloidal dots can be made by more Finally, we draw a brief conclusion in Sec. IV.
simple procedures and with a highly monodisperse size
range!~° The band gap and oscillator strength can be tuned Il. MODEL AND CALCULATION

by changing the diameter of colloidal dots as can the optical The hole Hamiltonian for wurtzite semiconductors such
properties’ If we do not just make spherical colloidal dots gg CdS, CdSe, and ZnS was given in Ref. 9 by the following
and produce ellipsoidal rods, there would more freedom withyay. The total Hamiltonian is the summation of the Hamil-
the tuning of these properties. Linearly polarized emission ofonian with zero spin-orbital couplingSOQ and the spin-
slightly elongated quantum dotguantum rods has been orbital coupling Hamiltonian. If we take the basic functions
reported with an experiment and a theoretical explanation ods |1,1)=(1//2)(X+iY), |1,0>=2Z, and|1,—1)=(1/y2)
empirical pseudopotential calculations recenffyis discov- X(X—iY), the Hamiltonian of zero spin-orbital coupling
ery gives colloidal quantum dots a much more promisingcan be written as

future because linearly polarized emissions have a much

wider range of applications, such as biological labélihg 1 Pr S T
and optoelectronic devicésThe method of artificially ar- Ho==—|S* P3s S|, (1)
ranging materials this way has also been repottadhich T S P,

makes us more confident of their future.

In this paper, we take the elongated colloidal quantumvhere
dots of CdSe with wurtzite structure as ellipsoidal cases.
With a transformation of coordinates, we can get a Hamil- P,=y1p?— \ﬁwpg),
tonian much like that of the spherical case, which has been 3
studied systemically before!! This model is given in Sec. 5
[I. After obtaining the energies and wave functions, we found ) \/: 15(2)
that the higher hole states consist of two different angular Ps=7.p"+2 37’2P° T2MoAe,
momentum components along theaxis, the first with 1/2, @) @
while the second with 3/2. We can get the energies and wave T=nP+ P57, @)
functions of the electron states with the same method. Be- ‘. 5@ @)
cause the lowest electron state is always$tsate, we can T =Py "+ P23,
see from the envelope function of these two kinds of hole 1 (2
states that only thd,=1/2 states contribute to the emission S=ApOP£{+ ‘/573P(*)’
with polarization along the axis. We calculated the transi- 1 b2
tion r?1atrix elements fgrom the first electron state to the two St= —ApOP(l - \/§y3p(1 g
kinds of low-lying hole states and consider the Boltzmannwhere P> and PM) are the second-order and first-order
distribution of the hole on the hole states. Then we combinediensors of the momentum operator, respectively, pgd
these factors, and obtained the actual transition probability= y2myA.. The effective-mass parameter for the CdSe we
for polarization along each axis. The effects of the crystal-used is also given in Table I. The spin-orbital coupling
field splitting energy, temperature, and the radius of the rodslamiltonian is written as
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TABLE |. Parameters for CdSe in the actual calculation.

my m, 71 Y2 Y2 y Y1 Y3 A A (meV) X\ (meV)

0.1756 0.1728 1.7985 0.7135 0.7970 1.4492 2.166 0.3779 1.7985 25-139.3

-\ 0 0 0 functions of the quantum rods. For the state of a spetific
0 0 2 0 0 component of the total angular momentivin=m+ 1/2, the
2\ envelope function in the new coordinate can be expressed as
0 o0 A 0 —-V2n o0 follows:
Hso=
0 V2 0 . 0 anAin 1Ky Yy m-1
0 0 —y2n o0 0 AT
0 0 0 0 N DA (KDY m
3) L CinAini 1 (KN Y a1
I 37| i (KYY ®
Here we take |11)1=(12)(X+iY)T, [10>1=ZT, N InAInJ 1A Y 1 m
1-1>1 =1N2(X=iY)T, |11 | =(IN2)(X+iY) ], [10)] FinAinf 1 (KaH) Y1 e
=Z]|, and |1—1)1=(1/\/§)(X—iY)l as basic functions; i
- - IinAIRI(KaHD Y m2
X,Y, andZ are explained in Ref. 9 and the parameter we ’
used for CdSe is given in Table I. We expand the radial part of the envelope function with

_For our cases of quantum rods, the boundary condition igpherical Bessel functions of this form because these func-
different from that of spherical quantum dots. In order tOtjons can express the same symmetrical characteristic of the
simplify our boundary condition into that of the spherical houndary condition. Because we assume that the well is an
case, which has a better symmetrical characteriétiee in- infinitely deep one, the radial part is always zero on the edge.
troduce a coordinate transformation that can change th&'n:K'nR is the zero point of thd-order spherical Bessel
boundary into the spherical one in the new coordinaté sysgnction. The effective-mass Hamiltonian of the electron also
tem. The transformation is =x, y' =y, z’' =z/e, whereeis changes into the new form:
the aspect ratio of the ellipsoidx,fy,z) is the actual coordi-
nate and X',y’,z") is the transformed one. The hole Hamil- p2 1 5

tonian in the new coordinate changes as follows: - __— \]Zp®@
I e 2m, 2m, "0 ®

(y1+7y2)(1+2€?) 1
1= > =72 p2 where
3e e
1 1( 2 1
_\ﬁi _ A=ty | —=—(—+ 2 )
3 ez yZ 362 0 » ma 3 rnX e mZ
B (yi—Zyé)(1+2e2)+2 ,i 5 i:l i_i _ 7
o 3e? 72 2|P m, 3\my e2m,
A2 r_ !
+2\[§ yéiz+(1 e )éyzl 275) P@ 1 2moA,, Il. RESULTS AND DISCUSSIONS
e € A. Electronic states

1 ) The effective mass parameters for CdSe used in this paper
Y3e PZ1 (4) are given in Table {. For the other parameters we use the
transverse radiuR=2.1 nm and the temperatufie=300 K

S=Ap,PY+2

1 in order to compare our theoretical results with the experi-
St= —Apop(ll)— \/5( )’ég) P(lz), mental results.We calculated the electron energy levels as
functions of the aspect ratie using the Hamiltonian6).
Because for CdSen,~m, (see Table)l, the electronic states
are nearly isotropic aé=1. Whene>1, only the compo-
T* = 7IP(22)+ 5P(_2%. nent of the angular momentum along thelirection is the
good quantum number. The second-order tensor of the mo-
H,, does not change forms. After assuming that the electrongientum operator in Hamilronia(®) P(‘)Z) couples thd state
and holes are in infinite deep potential wells in the new cowith | +2]+4, ... states, so we expand the electron wave
ordinate system, we can calculate the energies and wavanction as

T=7»P®+ 5P,
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FIG. 1. Energies of electronic stateslof=0 composed of even

| states with respect to the bottom of the conduction band of quan

tum ellipsoids as functions of the aspect ragioin units of e
=(12m)[(R/R)?].
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FIG. 2. Energies ol ,=0 and 1 composed of oddstates with
respect to the bottom of the conduction band of quantum ellipsoids
as a function of, in units ofe.. Thel,=0 states are represented
by solid curves while thé ,=1 are represented by dot curves.

decrease with increasirgy The energies of the,=0 states
are always lower than those of the=1 states; it can also
be explained by the spherical harmonic functiofg,Y 4,
andYg, Y3, etc.

Figure 1 shows the electron energy levels as functions of The wave function(8) consists of basic functions of dif-

e for the I=even states withL,=0 in units of g4
=(1/2m,)(A/R)2. The signalsS,D,G represent the main
component in the wave functid8). From Fig. 1 we see that
the energies ob andG states decrease with increasgdput

those of theS states change a little. It is because the wave

function of theS state is independent of ttrecoordinate, so
it is not affected wher increases. But the wave functions of
theD andG states)Y,pandY ,q, are dependent & and their
energies decrease wherincreases.

Figure 2 shows the energies of theodd states as func-
tions ofe for L,=0 and 1. Ate=1, the energies of ,=0

ferent angular momentuml + 2, +4, . ... The larger the,
the stronger the mixing of differemtbasic functions.

B. Hole states

For CdSe the spin-orbital splitting energy of the valence
band is larger compared to the confined energies of the hole
states A;,=0.4 eV), so we have to consider the effect of
the spin-orbital coupling, and use the Hamilton{@n In the
case of ellipsoids, only the component of the total angular
momentum =L+ S,S=3/2) is the good quantum number.

andL,=1 states are degenarate due to the spherical symmé&he wave functions of the holi,=1/2 and 3/2 are written as
try. Whene>1, the degeneracy is shifted, and the energiegsee Eq(5)]

a2n|2_ 1>n+a4n|4_ 1>n
b0n|oo>n+ b2n|20>n+ b4n|40>n
Conl2D)p+ Canl4D),

30n|00)n+ 20| 20)n +@44[40)n
bén|21>n+ b4’1n|41>n
Cén|22>n+ C4’1n|42>n

= + ! ! ! 9
lr//1/2 ; dln|1_1>n+d3n|3_1>n+d5n|5_1>n T ; d1n|1O>n+d3n|30>n+d5n|50>n l ()
f1n|10>n+f3n|30>n+f5n|50>n f1n|1l>n+fén|31>n+fén|5l>n
910|120+ 30310+ gsn|51)n 951320+ 94,52),
and
agn| 00) y + 8| 20) + 84|40}, a%n|21>n+az:1n|4l>n
Don|22)n+bgn|4D), b5,22)n+b40|42),
CZn| 22>n + C4n| 42>n Ct/ln|43>n
= + ! ! ! y
V=20 | g, 110y + o |30).+ den[50), | 1T 2 Al |10+ 33D, +di |50, |+ (10

f1nl1D 0+ f5nl3D 0+ f5n|5D),
93n|32>n+95n|52>n

fén|32>n+ fén|52>n
93n|33)n+ 950/ 53)n
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FIG. 3. Energies of the three highest hole stateg,ef1/2 and °

3/2 with respect to the top of the valence band of quantum ellip- FIG. 4. The polarization factorB, optical transition strengths
soids as functions of the aspect raéipin units of eo=(y1/2mg) for two polarizationl, andl, as a function of for T=300 K, A,
X[ (#/R)?]; the states fod,=3/2 are represented by dot curves. =25 meV, andR=2.1 nm.

respectively, where{lm)nzA,mj|(K'nr)Y|ym(0,<p) and the _
expansion is terminated bt5. Ve ; (€0n|00)n+ €24 200+ €4n[40)) T OF |. (11)
Figure 3 shows the energies of three highest hole states of
J,=1/2 and 3/2 as functions of, where the energies are The optical transition probability is proportional to
calculated from the top of the valence band downwards. The
signal of each curve represents the main components of its
wave function(9) or (10). For example, for the state df,
=1/2,S, means that the main component is thg| 00),, with
the basic functiorZ,S; means that the main component is (el thry)|2=
the aj,|00),, with the basic function (2)(X+iY) |, etc.
From Fig. 3 we see that the energies K 1/2 states
decrease witte faster than those af,=3/2 states. Ae=1 | x polarization
the ground state of,=1/2 is theP, state, and the ground
state ofJ,=3/2 is theS, state, which is higher than that of and
J,=1/2, so there will be a dark exciton in this case Rf
=2.1 nm, as shown in Ref. 9. For stateshf1/2, ase 1
increases, the second state consists of more and ®ore (e $3,2>|2=5[2 (egn@ont €2n82n+ €4nd4n)
component. Where equals nearly 6, the second and third "
states cross over, andext 10 the third state is mainly thg,
state. Mainwhile, the ground state consists also of s&ne X polarization. (13
state added to th®, state due to the linear terms of the . o
momentum operator in the hole Hamiltonifsee Eqs(1)  Multiply the Boltzmann distribution factor of each state, and
and(2)], which cause the mixing of th®andP states in the Sum up all contributions to the transitions o&ndx polar-
hole ground state. On the other hand, the ground stafe of izations. We then obtain the strengths of optical transition for
=3/2 is alwaysS, state fore=1-10. It is just the increase WO polarizationsi, andl. Then the polarization factor is
of the S, component in the ground, second, and third states
of J,=1/2 that causes the polarization along thdirection oo l2— 1y (14)
of luminescence in quantum ellipsoids of large aspect ratio. N :

( 2

; (€onbont €2nb2n+ €400 4n)

Z polarization
2 (12

1
E [ ; (eOna(l)n+ e2naén + e4na£,1n)

2

Figure 4 shows>, |,, andl, as functions of, assuming
that the temperatur&@=300 K. From Fig. 4 we see th&t

Because the effective mass of the electron is much smalléncreases rapidly asincreases from 1 to 3; whemincreases
than that of the hole, the spacing of energy levels of thecontinuouslyP approaches a saturation value about 0.5. This
electron is larger than that of the hole, so we only consideresult is in good agreement with the experimental result,
the optical transition from the electron ground st&t to  except that the saturation value is smaller slightly than the
hole states. The wave function of the electron ground state isxperimental value 0.6. In the following we consider some
written as factors affecting the polarization.

C. Polarization of optical transition
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FIG. 5. P as a function ok in the case oA =40 meV, 35 meV, FIG. 6. P as a function ok in the case oT =150 K, 200 K, 250
30 meV, and 25 meV; all other parameters are the same as in Fig. &, and 300 K; all other parameters are the same as in Fig. 4.

1. Effect of the crystal field splitting energi. Fig. 4. From Fig. 6 we see that the polarization factors in-

We have used\.=25 meV (Ref. 13 (Table ) in the crease compared to Fig. 4, and the saturation valueT for
above calculation. Fig. 5 showa as a function ofe for A, =150 K is about 0.6 compared to 0.5. Because of the Bolt-
=40 meV,35 meV,30 meV, and 25 meV, we keep all otherzmann distribution the contribution from the ground state of
parameters unchanged. From Fig. 5 we see that the polariza;=3/2 (S,) to thex polarization decreases largely, as shown
tion factors forA.=40 meV are smaller than those fdr,  in the third column of Table II. Though the contribution to
=25 meV, and the saturation value is about 0.4. For largethe z polarization also decreases, the total effect is thaPthe
A., the S, state, which is connected to tiZebasic state of increases.
the valence band top, becomes higher relative to the ground
state P,) connected to theX and Y basic states. Thé&, 3. Effect of transverse radiufR
component mixeq in;o the ground,_ second, and t.hird states Figure 7 shows as a function ofe for R=2.1 nm, 1.9
decreases, resulting in a decrease in the contribution of theg . 1.7 nm, and 1.5 nm; all other parameters are kept un-
states to the polarization. In Table Il the contributions of changed. From Fig. 7 we see that the polarization factors
the ground, 2-3, and 4'6. states ‘a?lf.: 1/2, and the g“?“”d increase compared to those in Fig. 4, and the saturation value
state ofJ,=3/2 to the optical transitions afandx polariza- 5 5 68 forR=1.5 nm compared to 0.5 fd&®=2.1 nm. Be-
tions are listed in the first, second, third, and fourth rows

tively. The first col ‘s for th | d th’cause the spacing of energy levels~d/R?, for smallerR
respectively. The Tirst column IS for the normal case, and thg, spacing is larger, and the Boltzmann factor is smaller for
second column is for the case Af=40 meV. Comparing

the first and second columns we see that the contributiorTgh excited states, especially the ground state Jof

N =3/2 (S,). The effect is similar to that of lowering the tem-
frpm ground state of,= 1/2 qecreases by one-half. The CON" herature, as shown in the fourth column in Table II.
tribution of the 4-6 states is very small so that it can be

neglected.

D. Band gap

2. Effect of temperature The band gap is another very important character for the

Figure 6 show® as a function ok for T=150 K, 200 K, optical properties of semiconductors. In our model, the
250 K, and 300 K; all other parameters are the same as ihoundary is too sharp compared with the actual case since

TABLE II. Contributions of the first, 2-3, and 4-6 statesJyf=1/2 and the ground state d§= 3/2 to the
transition strength, and |, for four cases illustrated in the text.

e=4 |Z lx
Case Normal A,.=40 meV T=150 K R=1.5nm Normal A,=40 meV T=150 K R=1.5nm

1/2, first  0.1500 0.0862 0.1500 0.2010  0.0342 0.0219 0.0342 0.0353
1/2,2-3 0.2876 0.2741 0.1753 0.2815  0.0561 0.0589 0.0343 0.0405
1/2, 4-6 0.0010 0.0014 0.0001 0.0001  0.0001 0.0002 0.0000 0.0000

3/2, first 0.0759 0.0948 0.0273 0.0234
Sum 0.4385 0.3617 0.3254 0.4826  0.1663 0.1758 0.0958 0.0992
P 0.4501 0.3459 0.5451 0.6590
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FIG. 7. P as a function ok in the case oR=1.5 nm, 1.7 nm,
1.9 nm, and 2.1 nm; all other parameters are the same as in Fig. 4. .
FIG. 8. Band gap of CdSe quantum rods vs length and width.

we assume that the electron and hole are in an infinitely dee& these factors we explained why the polarization factor

well; we have not considered the exciton effect at the samg, creases with increasing and approaches a saturation
time, so we just give a draft of how the length and width 5,6 “which tallies quite well with the result reported by

affect the band gap. There are two parameters that determi’é@(periment. Ase increases, more and mof®, states are

the width and length of the rod: the diameter and the aspeghixed into the ground, second, and third states) of 1/2
ratio. We give the draft in Fig. 8 by tuning these two param-reqiting in an increase in the emissionzgolarizationl , .

eters. From this figure, we see that th_e confinement i? widthy s just the linear terms of the momentum operator in the
has a much stronger effect than that in length on the'§ap. 1g1e Hamiltonian that cause the mixing Bfand P states in

the hole ground state. The effects of the crystal field splitting

energy, the temperature, and the transverse radius to the po-
The Hamiltonian of the wurtzite structure quantum rodsl""riz""tio.n are aI§o consi.dered. We aliso calculated the band

with an ellipsoidal boundary is given after a coordinate trans9aP varlatlon_wnh the size and shape of the quantum rods

formation. The energies and wave functions are obtaine&nd gave a discussion of these results.
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IV. CONCLUSIONS
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