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Stark shifts, band-edge transitions, and intrinsic optical dipoles in spherical InP quantum dots
under electric fields
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The band-edge electronic structure of spherical InP dots under electric fields is investigated using an atom-
istic pseudopotential approach. Field-induced changes in orbital energies, single-particle wave functions, tran-
sition intensities, and excitonic gaps are calculated. We find that interstate couplings profoundly affect the Stark
shifts and optical transitions in InP quantum dots. As a result, band-edge transitions can be enhanced instead of
being quenched by the field. We also demonstrate that both dipole and polarizability contributions should exist
in the Stark shifts of zinc-blende dots.
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Semiconductor colloidal dots are special because of theicharges will cause an internal electric field, which could be
variety of size-tunable physical properties such as excitonienuch larger than the typical external fiele-800 kV/cm).
gap? electron-hole exchange interactiband solid-to-solid  As simulated by Wan§ for CdSe dots, a point charge near
phase transition pressuteRecently, much attentién’ has  the boundary of dot will dramatically quench the band-edge
been paid to semiconductor dots under electric fields, iRransitions. In consideration of the great deal of experimental
which the ultranarrow single-dot luminescence linewidth interest in colloidal dots under electric fields, it is desirable
and the fast carrier response could lead to better perfoky have a theoretical understanding of the electric-field effect
mances in devices such as optical switches. Electric field§, the electronic structure of semiconductor colloidal dots.
applied to quantum-confined semiconductor systems will o0 e theoretically study the band-edge states of InP
cause drastic changes in band—et_jge transitions by polarizir@Jantum dots under electric fields, using an atomistic
the electron and hole wave functiohas a result, the pho- pseudopotential approaéhThe high-quality wave functions

toluminescence peak position will be shiftéice., the Stark offered by our approach allow us to calculate accurately the
shift) and the intensity will be weakened. In CdSe dots of an

average diametdd =75 A, Stark shifts as large as 50 meV e_Iecfcr_on—ho_Ie C°”'°'_“*? energies whic_h W.i" be shown to be
were observedunder afiela 0f~300 kV/cm. Importantly, a S|gn|f|cant in determining the Stark shlfts in dot.s. Our calcu.—
single-dotStark shift of CdSe was found to have both dipolarl""Itlorls are performed for InP dots with sizes in the experi-
and polarizable componerfisUnder the assumption that Mental rangei.e., from 20 to 60 A in diameter For these
there are dipole as well as polarizability contributions, thedots in the strong-confinement regime, the energy spacings
Stark shift of the excitonic transition energg g,) can be between different states%50 meV) are much larger than

generally formulatedin the Sl unit systemas a function of ~ the typical Stark shifts{ 10 meV). We will thus focus our
the field strength(E) using attention on a few important states near the band edge, e.qg.,

the conduction-band minimuniCBM), the valence-band
ox 1 5 maximum (VBM), and the next valence state below the
Awgag=pnE+ 5 aeE”, (1) VBM (hereafter named the VBM-1 statd\Ve find that the
VBM of an InP dot is much more strongly polarized than the
whereu and a are the dipole and polarizability of a single CBM. Unlike the VBM, that is oppositely polarized in com-
dot, respectively.ey is the permittivity of the free space. parison with the CBM, the VBM-1 in a spherical InP dot is,
Here we usev to denote the energy gap, to be differentiatedrather unexpectedly, polarized along the same direction as
from the single-particle orbital energy notatien(see be- the CBM. As a consequence, if a polarized excitation along
low). It has been realiz&d that inensembleddSe dots only the field direction is conducted, the transition intensity be-
the polarizability contributior{i.e., the second term in Eq. tween the VBM-1 and CBM states will be enhandetstead
(1)] is likely to be observed, since the random dipole orien-of being weakenedby the electric field. Our calculations
tations in different dots may result in a zero net dipole. Whileshow that the Stark shift of thexcitonicgap in a quantum
the dipolar character of Stark shifts in CdSe dots is underdot is much smaller than the field-induced reduction of the
standable as a result of the wurzite structure of CdSe, it hasingle-particle band gap, and the latter should not be directly
been speculated that there will be a nominal dipole characterompared to the shift of luminescence peak observed in ex-
in zinc-blende dots. So far there is no single-dot experimenperiments. Interestingly, our calculations demonstrate that
tal data on the Stark effect in zinc-blende dots. the optical dipolex in Eq. (1) is nonzero even for the spheri-
It should also be pointed out that the implications of thecal InP dots; this conclusion should be valid for all zinc-
Stark effect in quantum dots are not limited to cases wheiblende dots.
external electric fields are applied to the dots. Recent The single-particle orbital energi€s;} and wave func-
experiment$ demonstrated that photoionizatidh§" will  tions {¥} of quantum dots under an electric field are ob-
generate additional positive charges in dots. These positiviained by solving the Schdinger equation
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[—1V24 V(1) + Vo 1) W (r) = £,W,(r), (2)  fully passivated using ligandlike atomic potentistsafter

passivation, the band-edge states are all bulklike, with their
wave functions distributed in the interiors of dots. Calcula-
. ) tions are done with large enough supercells, for instance, a
ated by all atoms in the dot, i.e¥in(r)=Zmwalr ~Rn).  cypic supercell ol.=41 A is used for the 28-A dot, and
where R, is .the atomic Iocat_lon. The screeneq ?tom'cincreasing the cell size from 41 to 47 A changes the Stark
pseu_dopoten_tlaISUat were. derived “from first-principles shifts by less than 0.5%. The considered field strength ranges
density-functional calculations, and were successfully APt om O to 400 kV/iem. chosen to be comparable with the
plied to semiconductor dots on a variety of physical proper- ) '

perimental value$.

ties such as the size dependence of the photoexcitatio?‘f(

where the internal potentidl;(r) under zero field is a su-
perposition of the screened atomic pseudopotentigsner-

spectrum>@ the electron-hole exchange interactigh! The shifts of single-particle qrbital energies of the CBM,
and the pressure-induced band-gap transittshThe poten- VBM, and VBM-1 states, defined ass;=ei(E)—#i(E
tial generated by the external electric field along zhiirec- = 0). are shown in Fig. 1 for the 35- and 24-A dots. Under
tion is modeled as a sawlike potentiaf®i.e., zero field, the VBM of the spherical zinc-blende dot is dou-
bly degeneratéwith spin-orbit coupling included in the cal-
L L culationg. Upon the imposition of electric field, the VBM
Vex(1)=|€|Ez| — §<Z$§), (3 splits, as shown in Fig. 1. The band-edge valence states are

expected to shift up in energy with increasing field, while the

whereE is the magnitude of thecreenecklectric field, and. CBM is expected to shift downward, according to the single-
is the size of the supercell, chosen to be large enough so thaand effective-mass thedfyin which the signs of orbital-
the results will not be altered significantly. A screened elecenergy shifts are determined by effective masses. This is in-
tric field is used in Eq(3), since the first-principles density- deed true for the VBM and the CBM in Fig. 1. However,
functional calculation® demonstrated that the charge unlike the VBM, the VBM-1 state in Fig. 1 move®wnward
screening of the external electric field can be well describedh energy, and the shift gradually saturates at high fields. The
simply by changing the slope of the external field potential.energy curvature of the VBM-1 state in Fig. 1 manifests an
A Gaussian cutoff scherfigis used to smooth the disconti- extensive coupling among the orbital states in strongly con-
nuity of Vg,(r) at the supercell boundary. The Scimger  fined dots, caused by the perturbation of the electric field.
equation in Eq.(2) is solved using the folded spectrum The downward shift of the VBM-1 state is due to its inter-
method*’ action with the VBM state, and the saturation could come

Three spherical InP dots are considered with diameters dfom its strong repulsion with the valence states below. Our
24, 28, and 35 A, respectively. The electric field is appliedcalculations thus reveal that interstate couplings are impor-
along the cubid001] direction of bulk InP. The atomic ar- tant in affecting the quantum-confined Stark effect in colloi-
rangements in the dots are assumed to be the same as in balil dots. Although the calculations are done for spherical
InP, except that the atoms outside a certain distance from thaots, the conclusion here should be applicable for many situ-
center are truncated. The surface dangling bonds of dots aeions in which the energies of the two highest valence states
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FIG. 2. Relative transition matrix elemeni®,(E)|%/|P,(E =

=0)|? for the VBM— CBM and VBM-1—CBM transitions in the
D=35 A dot. Symbols are the calculation results; lines are guides
for the eyes.

are nearly degeneratéor example, in nearly spherical dots
We also found that, for a fixed field strength, the energy shift
of the highestp-like valence statéthe next state below the
VBM-1, which is not shown in Fig. lis less than half of the
shift of the VBM (s-like) in theD=35 A dot. However, the
shifts of thes- andp-like valence states are very close in the
D=24 A dot. This finding can also be explained using the
interstate couplings in dots. In ti2=35 A dot, the energy
spacing between the-like valence state and the VBM-1 is -3-00 ' é ' 1'6 ' 2'4 ' 3‘2 ' 4'0 '
small, and the repulsion between these two valence states is e
therefore very strong, which will substantially suppress the Position Z (A)
field-induced upward shift of thp-like state. Figure 1 also o .
shows that the energy shift of the VBM in InP dot is signifi- FIG. 3. Field-induced variations of planar-averaged wave-
cantly larger than that of the CBM, indicating that the VBM fUnction squares fofa) the CBM f}r\'d VBM states an) the CBM
is much more strongly polarized. The large valence-stat nld VE:]M'l states Of. th®=35 ) dﬁt l:nder arE—|2f50 kV/Cm_
mixing (i.e., heavy dampingcauses the strong field effect on ield. The CBM state is repeated in the lower panel for comparison.
the VBM. The center of the dot is located z:23.3 A.

The field effect on the band-edge transitions is examined
by calculating the component of the transition matrix ele-tion results in Fig. 3 also reveal a non-negligible wave-
ment along the field direction, i-eF?z(E)I(‘I’iv||5z|‘I’jc>- fun_ctlpn distortion on the atomic _scale in addition to the
Figure 2 shows the ratigP,(E)|%|P,(E=0)|? for the variation of the envelope part. For_mstance, pem_b&db in
VBM—CBM and VBM-1-CBM transitions in theD ' 9: 3@ around the central atomic layer are highly asym-
~35 A dot. While the VBM-CBM transition is gradually metric, indicating that the atomic wave function inside a bulk

quenched by the field, the transition VBM-1CBM is, how- primary cell is substantially polarized. The wave-function
ever, intensified if a polarized excitation along the field gi. distortion on the atomic scale is neglected in the continuum

rection is conducted. The abnormal field dependence of thglectron_lc-st_ructure theory._ . .
VBM-1—CBM transition intensity can be understood mi- The f|eld-|ndu5(’:)ed reductions of the single-particle energy
croscopically from the wave functions of these states. Th&aPS: Awgag=[ecau(E) _,SVE{M(E)]_[‘BCGI?(M(E:S)
field-induced variations of the planar-averaged wave func=&vem(E=0)], and the excitonic gapsdwg,=Asg,
tion squares, —[Jen(E)—Jen(E=0)], where J., is the screened
electron-hole Coulomb interaction, are given in Fig. 4. As a
result of the distorted VBM and CBM wave functions, the
Axizf fdx dy[|¥(r;E)|?>—|¥(r;E=0)|?], (4  Coulomb interactionl,, will decrease relative to its zero-
field value, and therefore, the Stark shift of the excitonic gap

are plotted in Fig. 3 for the 35-A dot under a 250-kV/cm Awg’;pwill be smaller than the field-induced reduction of the
field. From the envelopes of the wave function variations inSingle-particle energy gafwgh,. This is indeed born out in
Fig. 3, it can be seen that the CBM and VBM are polarizedFig. 4, where for theD=24 A dot the Stark shifts of the
along oppositedirections, and the transition between theseexcitonic gaps are found to be only half of the reductions of
two states will thus be weakened by the field. However, théhe single-particle gaps.

VBM-1 state is largely polarizedlong the same directioas To examine the dipole and polarizability contributions to
the CBM, which will result in an enhancement of the optical the shift of the single-particle gap\@gh) and to the shift of

transition. It is worth mentioning that our atomistic calcula- the excitonic gap Awg’; , the relationships between

Wave function variations (10 )

045320-3



HUAXIANG FU PHYSICAL REVIEW B 65 045320

O T 1T T TABLE I. Dipole u (in units of|e|-A) and polarizabilitye (in
G excitonic gap units of 1¢ A3) of InP dots of different sizes. The data in the
-1 *+/ . second and third columns are extracted from the single-particle en-
s T, ergy gaps, while the data in the fourth and fifth columns are ex-
E 2 e T tracted from the excitonic gaps.
: o .
& -3[ single-particle gap 1 Size (R) Single-particle gap Excitonic gap
S 4l - - ~ “ H ¢
< D=24A} 24 ~05480 —0.4700 —0.3902 —0.1718
28 —1.2196 —0.5663 —0.6661 —0.4491

0
100 200 300 400 35 —1.3109 —1.0848 —0.9244 -0.6719

Field E (kV/cm)

FIG. 4. Shifts of the single-particle energy gap and the excitonicy, and a increase with the increasing size: semiconductor
gap of theD=24 A dot with the field strength. Symbols are the dots behave like macromolecules in their electrical proper-
calculation results; lines are the fitted results using (Epwith the  ties. The calculated excitonic polarizability of thB
parameters given in Table . =35 A InP dot is about 0.6710° A3, compared to the

experimental value of 2410° A% in a D=58 A CdSe

Awggg,e@/E and the field strengtlE are shown in Fig. @),  dot® The origin of the dipole contribution revealed by our
indicating linear dependences. Extrapolating each curve igalculations is somewhat puzzling from the consideration of
Fig. 5(a) to E=0 will give the value of the “optical” dipole the atomic geometry, since the spherical InP dot wiith
n [see Eq.(1)], while the slope of the curve will give the symmetry is not expected to exhibit any charge dipole when
polarizability. Our results in Fig. (®) thus clearly show that the electric field is applied along the culh@01] direction. A
even in spherical InP dots there is a dipole contribution to theareful analysis allows us to attribute the dipole contribution
Stark shift. The dipolew and polarizabilitya extracted for to the intrinsic degeneracy of the VBM state in a spherical
different sizes of dots are given in Table I. It shows that bothzinc-blende dot under zero field. Because of the degeneracy,

each orbit of the two degenerate stateasgmmetricallydis-

o tributed at two sides of théd01) plane. Stemming from the
D=24A dot’s orbit, the dipoles obtained here are thus “orbital” di-
poles instead of the normal charge dipoles. This explanation
about the origin of the dipolar character is further supported
by Fig. 5b), where the quantityAe"/E, related to the
single-particleorbital energy, is shown whehis the CBM
state and the VBM state. Note in Fig(b that only the line
for the VBM is extrapolated to a nonzero value Bt0,
indicating that the VBM is responsible for the dipole contri-
bution. Since the nonspherical dots will naturally introduce a
geometry-related dipole, our calculations therefore suggest
that all zinc-blende dots will exhibit a dipolar character in
their Stark shifts.

More insight into the field effect in quantum dots can be
obtained by projecting the dot stat{al}fidm} into bulk Bloch
states{ %X}, wheren is the bulk band index ankl is wave
vector of bulk Bloch state, i.e.,

Vi) =2, Crdnd, 5)
nk

where C},, are the expansion coefficients. Equati® is
possible since the bulk Bloch wave functions form a com-
plete basis set. To study how an electric field affects multi-
Field E (kV/cm) band mixings, we define a band contributiBf(n), quanti-

_ ) fying the contribution of theath bulk band in forming théth
FIG. 5. Linear dependences on the field strerigthf the fol- dot's state:

lowing quantities{a) A wgh/ E andA wg,/E (the energy-gap related

quantities; (b) Ae¥/E (wherei is the CBM and VBM, the orbital-

energy related quantitipsfor the D=24 A dot. Symbols are B.(n)= J dk|Ci |2 (6)
pseudopotential calculation results; lines are linearly fitted results. A nkl -
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The field-induced variationsAB;(n)=B;(n;E)—B;(n;E
=0), wherei is either the CBM or VBM of theD=24 A
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suggests that electric fields may provide a way to control the
spin dynamics in dots. While the electric-field potential itself
does not involve spin, it alters the spatial orbits of dots’ states
and causes a change in the spin character via the spin-orbit
interaction. For the dot's VBM state in Fig. 6, the change in
the bulk band contributions occurs among the four highest
bulk valence bands. Figure 6 shows no significant contribu-
tion change across the energy gap, for both the VBM and
CBM states. This is likely due to the large energy gap of the
dot (~2.4 eV) and the small electric field applied.

In summary, we study the band-edge electronic structure
of spherical InP dots under electric fields. We find that the
strong interstate couplings in dots are important in affecting
the field-induced changes of orbital energies and optical tran-
sitions. As a consequence of these couplings, the VBM-1
state is polarized along the same direction as the CBM, and
the corresponding transition between these two states will be
enhanced instead of being weakened by the electric field. We
demonstrate that there are both dipole and polarizability con-
tributions in the Stark shifts of spherical zinc-blende dots.

dot, are shown in Fig. 6. The contributions of the lowest 161 inole contribution is found to be intrinsic. We also re-

bulk bands, i.e.n=1-16 (including spin-split bands are

veal that the electric field could affect the electron spin via

presented. For the dot's CBM state, the contributions varyy,, spin-orbit coupling.
mainly between two spin-split lowest bulk conduction bands

(i.,e.,n=9 and 10, indicating that the electric field triggers a

This work was supported by the NSF, Division of Mate-

change in the spin character. This is rather interesting, and ifals Research, under Grant No. DMR-0116315.

1L.E. Brus, J. Chem. Phyg9, 5566 (1983.

2AlL. Efros, M. Rosen, M. Kuno, M. Nirmal, D.J. Norris, and
M.G. Bawendi, Phys. Rev. B4, 4843(1996.

3S.H. Tolbert and A.P. Alivisatos, Scien@é5, 373(1994).

4V/.L. Colvin, K.L. Cunningham, and A.P. Alivisatos, J. Chem.
Phys.101, 7122(1994.

100, Nirmal, B.O. Dabbousi, M.G. Bawendi, J.J. Macklin, J.K.
Trautman, T.D. Harris, and L.E. Brus, Natuteondon 383 802
(1996.

HALL. Efros and M. Rosen, Phys. Rev. Le®8, 1110(1997).

12 w. Wang, J. Phys. Chem. B05 2360(2001).

3H. Fu, Phys. Rev. B4, 075303(2001).

SA. Sacra, D.J. Norris, C.B. Murray, and M.G. Bawendi, J. Chem.**H. Fu and A. Zunger, Phys. Rev. B, 1642(1997.

Phys.103 5236(1995.
6S.A. Empedocles and M.G. Bawendi, Scier#s, 2114 (1997.

5@ L.-W. Wang and A. Zunger, J. Phys. Chem. 1B2, 6449
(1998; (b) A. Franceschetti, L.-W. Wang, H. Fu, and A. Zunger,

"C.A. Leatherdale, C.R. Kagan, N.Y. Morgan, S.A. Empedocles, Phys. Rev. B58, R13 367(1998; (c) H. Fu and A. Zunger,

M.A. Kastner, and M.G. Bawendi, Phys. Rev. &, 2669
(2000.

8D.A.B. Miller, D.S. Chemla, and S. Schmitt-Rink, Appl. Phys.
Lett. 52, 2154(1988.

9T.D. Krauss and L.E. Brus, Phys. Rev. L6388, 4840(1999.

Phys. Rev. Lett80, 5397(1998.

16K, Kunc and R. Resta, Phys. Rev. LetB, 406 (1982.

17L.-W. Wang and A. Zunger, J. Chem. Phyi€10, 2394 (1994).

18G. Bastard, E.E. Mendez, L.L. Chang, and L. Esaki, Phys. Rev. B
28, 3241(1983.

045320-5



