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Many-body levels of optically excited and multiply charged InAs nanocrystals modeled
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Many-body levels of optically excited and multiply charged InAs nanocrystals are studied with the semi-
empirical tight-binding model. Single-particle levels of unstrained spherical InAs nanocrystals are described by
the sp®d®s* nearest-neighbor tight-binding model including spin-orbit coupling. For optically excited InAs
nanocrystals, first-order corrections of electron-hole Coulomb and exchange interaction to exciton levels and
the oscillator strengths of the exciton levels determine several low-lying, bright-exciton levels. The origin of
the large oscillator strengths of the bright exciton levels is explained by the analysis of dominant angular
momenta of exciton envelope functions. Good agreement with photoluminescence excitation experiments is
achieved for the size dependence of the three lowest bright-exciton energies of InAs nanocrystals with radius
larger than 20 A. For multiply charged InAs nanocrystals, polarization of the nanocrystal environment is
approximated by modeling the environment with a uniform dielectric medium. This polarization model incor-
porated into the tight-binding model provides a reasonable description of electron and hole addition energies in
scanning tunneling spectroscopy experiments.
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[. INTRODUCTION model. Within the tight-binding model, the atomistic detail is
limited to a small basis set, while in the pseudopotential

Recent advances in semiconductor quantum dot fabricanodel a detailed local variation of wave functions is de-
tions have opened up a rich opportunity to study zero-scribed with a large basis set. Therefore the tight-binding
dimensional quantum systems of various sizes, shapes, angbdel is computationally less costly than the pseudopotential
materials:™* Quantum confinement and enhanced many-model. The tight-binding model is a good candidate for the
body interactions in the quantum dots lead to optical andstudy of relatively big, complicated systems where both the
transport properties that are dramatically different from thoseomputational efficiency and atomistic description are re-
of higher dimensional and bigger systefn8To utilize the  quired. An example of such a system is vertically stacked,
unique properties, many applications such as low-thresholdelf-assembled quantum dots which contain not only millions
lasers, single-electron devices, memories, detectors, singtd atoms but also a thin barrier and sharp edges and pdints.
photon emitters, and quantum information devices have beeBecause of the computational efficiency of this atomistic
proposed and are being develoget? Hence the accurate model, we choose the tight-binding model to study quantum
modeling of the quantum confinement and many-body interdots.
actions is not only of fundamental interest, but is also impor- Modeling chemically synthesized nanocrystals is a good
tant to help tailor quantum dots for a specific application. starting point to test the applicability of the tight-binding

Various theoretical approaches are used to study the quamodel to quantum dots. The nanocrystals are unstrained and
tum dots, ranging from first-principle calculations to empiri- sphericaP® The nanocrystal sizes can be tuned by changing
cal models*~#Due to the generally high computational de- chemical-synthesis conditioR3.The easy control of the
mand of the first-principle calculations, empirical models arenanocrystal size enables the study of size-dependent proper-
widely employed to study quantum dots containing moreties without involving such complexities as strains and
than a few hundreds of atoms. The three empirical modelshapes. In this work, we examine the accuracy of the tight-
primarily used are the multiband effective-mass approximabinding model in describing the optical and transport prop-
tion,*® the pseudopotential mod®t!® and the tight-binding erties of nanocrystals with a wide range of sizes.
model?°-%The effective-mass approximation treats a quan- Recently, two complementary experiments have provided
tum dot as a confined bulk and continuum system, while the picture of the many-body levels of InAs nanocrystafs’
pseudopotential and tight-binding models treat as an exrFirst, photoluminescence excitatidRPLE) experiments ex-
tended molecular system with the atomistic description ofamined exciton levels by optically creating electron-hole
ionic potentials. The distinction between the two atomisticpairs?® Second, scanning tunneling microscof®TM) ex-
models lies in the degree of atomic detail included in theperiments probed individual electrgiole) levels by con-
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secutively charging the nanocrystal with one electtioole) centered zinc-blende crystallite. To mimic the surface passi-
at a time?’ The exciton creation and the electréole) ad-  vation by ligand$’ the energies of dangling bonds at the
dition experiments probe single-particle energies and manysurface are shifted well above the band gap of bulk InAs. We
body interactions of the nanocrystals. The many-body interuse tight-binding parameters of Jaretal ° The parameters
action involved in the exciton creation is an electron-holegive a good description of the effective masses of the lowest
interaction, while that in the electron and hole addition is anconduction, heavy-, light-hole, and spin-split bands niear
extra-charge-carrier interaction within the polarization of thepoint and the band energies at the high-symmetry pSits.
nanocrystal and its environment. Furthermore, the excitomecent tight-binding study on GaAs/AlAs superlattices shows
creation is an optically selective process. In spherical nanodhat the parameters of Janetial. for GaAs and AlAs pro-
rystals, the optical selection rules are determined by almosiuce incorrect effective masses of the lowest conduction
exact conservation of angular momentum. band near th& point, yielding incorrect optoelectrical prop-

The many-body levels probed by the PLE and STM ex-erties of the superlattic®. However, this problem, if exists in
periments have been theoretically investigated with varioushe InAs parameters, should have very little impact on the
empirical models. An extended effective-mass theory to infow-lying single-particle energies of nanocrystals since the
clude the coupling between conduction and valence bandsnergies are mainly determined by the band structure near
improved the description of the exciton levels of narrow-gapthe I' point. The Appendix gives a brief description of the
InAs nanocrystalé® Pseudopotential studies clarified the dif- construction of the single-particle Hamiltonian and the cal-
ference between exciton gaps and quasiparticle gaps, whidulation of the single-patrticle levels.
can be measured by the PLE and STM experiments, Single-particle levels above a Fermi energy somewhere
respectively®°The studies also demonstrated that the exciwithin the band gap are electron levels, whereas levels below
ton gaps are much less sensitive to a dielectric mismatch ahe Fermi energy are related to hole lev¥ighe electron
the nanocrystal surface than the quasiparticle gaffs. statege) with energyE® and the hole state$) with energy
Tight-binding studies of exciton gaps showed that the modeE" are linear combinations of tight-binding basis orbitals
with ansp’s* basis set underestimates exciton gaps by a fevii yo):
hundreds of me¥? but the inclusion ofd orbitals and spin-
orbit coupling improves the gaps by raising the gaps by as ,
much as 0.2 e¥* However, exciton levels above the gaps &=2 ce Yol Y0), @

. . . . . lyo

and their oscillator strengths have not been investigated in
the previous tight-binding studiés?*

In this paper, we study the many-body levels of optically |h>=2 Chiiyoli YT, 2
excited and multiply charged InAs nanocrystals in the frame- iyo
work of the empirical tight-binding model. We employ the
sp®d®s* nearest-neighbor tight-binding model including
spin-orbit coupling to describe single-particle levels. We in
corporate electron-hole interactions and dipole transition
into the tight-binding model to investigate the exciton levels
of the optically excited nanocrystals. Several low-lying,
bright-exciton levels are identified by their large oscillator . . :
strengths. The analysis of the angular momentum of the excalled an enve!ope fuqctlon of th)eba5|s Orb""’?'- .
citon envelope functions reveals the origin of the large oscil- . M_any-body Interactions are mcorpor_ated Into the t'ghF'
lator strengths. The electron and hole addition energies of thB'm_:Ilng model as perturb_atlons to the single-particle Hamil-
multiply charged nanocrystals are described with the sum ofonian- The many-body interactions are electron-hole Cou-

single-particle energies and charging energies. The prese b and exchange Interactions i the_ optically excited
model includes three types of charging energiés:self- nanocrystals, and charge-carrier interactions and the polar-

polarization energiesji) charge-carrier Coulomb energies, ization _Of the environment in the multiply charged nanocrys-

and (iii ) electron-removal work functions. The remainder of f[als. It IS a reasonable ap_proxmaﬂon to tre_at the ”_”a”Y'bOdy
the paper is structured as follows. Section Il describes th teractions as perturbanons b(_acause their COI’]tI‘IbutIO!’]S to
models for absorption spectra and electron and hole additiof!® Many-body energies are typically one order of magnitude

energies. Section Ill presents results. Section IV provide§maller than those of the smglg-parﬂcle.energles. The mod-
discussions about the results. eling of the many-body interactions requires a real-space de-

scription of the tight-binding basis orbitals. We use Slater
orbitals to describe the basis orbitals. In our previous work,
Il. MODEL we show that this representation is reliable for the study of

i _ relatively large nanocrystafs.The Slater orbitals for In and
One key element in modeling the many-body levels ofag atoms are listed in Table .

optically excited and multiply charged nanocrystals is the
single-particle levels. In this work, the single-particle levels
are calculated with thesp®d®s* nearest-neighbor tight-
binding model including spin-orbit coupling. The nanocrys- To model the exciton levels of optically excited nanocrys-
tal is modeled as an unstrained, spherical, and anion-atomals, we first define exciton states and energies. Exciton states

where tight-binding indiceg, y, and o denote an atom site,
_orbital type, and spin, respectively. The coefficients,,
gnd Chiiyo describe a variation of a single-particle state from
one atomic site to another atomic site, while the basis orbital
liyo) describes a local variation of the state near one atomic
site. The global variation described by the coefficien, is

A. Exciton absorption spectra
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TABLE I. Slater orbitals of In and As atoms. In Slater orbitals, 2m, .
the radial part of the wave function is written &(r)=r2exp S(Egp) = TEe,J<eHr|O)|2, (7)
(—br), where the constamtandb are determined by the Slater rules
(Ref. .43. The an.gular part of the Slater orbital is given by the \where m, is the free-electron mass. The matrix element
spherical harmonic¥/, . (eh|f]0) is the dipole moment between initial sta@ with
no electron-hole pair and final stateh) with an electron-

Orbital In As hole pair. The exciton absorption spectrum is given by
s 0.31r3%e 12y, 1.61r2%e 1Ty,

P 031r%e H¥y, Lo1r®e 1Yy, Tard E)~ > S(Eer) (E—Eep). ()
d 0.00022r3e" %25y, 0.0007r?% 02Ty, eh

s* 0.00034r32 03y 0.0018r3e%4Y,,

To mimic thermal broadening, exciton life times, nanocrystal
size inhomogeneity, etc., the exciton absorption peaks are

are defined as a product of the electron and hole states. -”li)éoadened with a Gaussian function:
projection of the exciton stafeh) into electron(e) and hole

(h) spatial(r) and spin(o) spaces is gabs(E)~§ S(Eep)exd — (E—Een?a?], 9
(re,oeirn.onleh) = ydre, 00 Yn(rn,on). ) Wwheres is the linewidth of the Gaussian function. The line-

Exciton energies are defined as the sum of the electron aﬁﬁ'qth IS ggosen to be flO mevV to betclomphar?t?le to the broad-
hole energies and the first-order corrections of the electror "9 ( meV) of experimental - photoluminescence

6
hole CoulombJ and exchang& interactions: spectr . . . . .
The dipole moment is naturally divided into two parts in

_ e, h the tight-binding model. A single-particle state in the tight-
Een=E*+E"+(ehJlen +(enK|eh. “ binding model is composed of two functior(s: an envelope

The Coulomb and exchange interactions are screened by dinction describing the global variation of the state, &nda
electric functione(|r—r’|,R) which is a function of the basis orbital describing the local variation of the state. To

separationr—r’| of two particles, and nanocrystal radius Match the composition of the state, the dipole moment op-
R For short-range Coulomb and exchange interactions, th@ratorf is decomposed into a discrete position vector opera-
separation dependence of the dielectric function is approxilor fi of atom sitei and a relative position vector operator
mated by the Thomas-Fermi model of Re¥dor long- 5ri=_(r—ri). With this decomposition, the dipole moment
range interactions, the radius dependence of the dielectrf@atrix element becomes
function is dgggzmined by the Penn model generalized for

uantum dots>>"The first-order corrections of the Coulomb 210N = * * I AT
3 and exchangeK interactions screened by the dielectric (BT0)= 20 Ciryr iy olFi0ur By (1710111 )]
function are

ii’yy'o

~ 2 CoiyroChiy— ol Ti0yyr (i y'lsrilinl. (10
(eHJlehy=—e?D, f fdgr’d3r e

oo’ The second part of the dipole moment is approximated by
* o . including only the matrix elements between the basis orbitals
> e (1, @) 1, ) Y (1", ") (1", 0) on the same atom site. This approximation is reasonable
e(Jr—r'|,R)|r—r’'] ' since our calculation shows that the dipole moment from the
neglected matrix elements is at least one order of magnitude
(5) smaller than that from the retained matrix elements. The first
part of the dipole moment is the dipole moment between the
(eN K|eh>=e22 f j d3r'd3r envelope functions of the same orbital, while the second part

is that between the envelope functions of different orbitals.
From here on, we call the former émtraorbital dipole mo-
Ye(r o) (r,— o)t ,a’ ) py(r',— ') ment and the latter aimterorbital dipole moment.
X e(|r—r'[,R)|r—r'| In both intra- and interorbital dipole moments, the total
' angular momentum differenc®J between electron and hole
(6)  states should be unity. However, the rdld=1 is satisfied

Details ab he dielectric f . dth lculati fdif'ferently. The decomposition of the dipole moment opera-
etails about the dielectric function and the calculation oy, ¢ and of; leads to the decomposition of the total

the Coulomb and exchange interaction matrix elements are . .
described in our previous pager. angular momentum operatdrinto two operatorsJ=L +j

The oscillator strengths of exciton states are calculated t¢hereL andj are the global angular momentum operator of
determine optically allowed states. The oscillator strength oftn eénvelope function and the local total angular momentum
the exciton statéeh) is defined as operator of a basis orbital, respectively. The operatas
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TABLE II. Nonzero local dipole moments between tight- C h b on R .
binding basis orbitals for In and As with a dipole operatorzin I~ Ay Ay ALA, A, Ay
direction. The dipole moments are calculated by representing thez L LA 4 d gp A
orbitals in real space with Slater orbitgdRef. 43, and by usinga =
numerical integration with the Simpson’s rulgef. 35 for the ra- 5
dial parts and an exact integration for the angular parts. § -
=
=
Dipole moment In (A) As (A) 5
(s|62|p,) 1.106 0.754 L S L
(s*|62|p,) 0.196 0.123 M MRy, Bias vol My
(P 82| dszz_r2) 0.116 0.049 fas voltage
(py| 62| d,,) 0.101 0.043 FIG. 1. Schematic description of the differential conductances
(p,|62dy,) 0.101 0.043 of tunneling currents with respect to a bias voltage. Important
y y

physical quantities in the spectrum are labeled according to the
definitions made in the paper. The inset is a schematic drawing of a

. > - > - double-barrier tunneling-junction configuration in STM tunneling
further given byl +s, wherel ands are the angular momen- measurements.

tum and spin operator of a basis orbital. With respect to the
globalL and localj angular momentum eigenvalues, the op-
tical selection rules of the intra- and interorbital dipole mo-

Coulomb interactions between charge carriers are negligible.
However, as system sizes become as small as those of nanoc-

ments are rystals, strong quantum confinement enhances the Coulomb
AL=1 and Aj=0, forintraorbital, (11) interactions. Furthermore, both the polarization and Cou-

lomb energies are sensitive to charge distributions in strongly

AL=0 and Aj=1, forinterorbital. (12) confined systems. Due to the limits of the capacitor model,

we use a different model which includes charge-carrier Cou-
Local dipole momentgiy’|5fi|iy) between basis orbitals lomb energies and describes charging energies in terms of
are evaluated for the intraorbital dipole moment. Table Iicharge distributions.
lists the pairs of basis orbitals that have nonzero local dipole The energy condition for an electron to tunnel from a
moments due to the selection rulg =1. The dipole mo- metal lead to a nanocrystal charged with<1) electrons is
ments of those pairs are evaluated with a numerical integramet when the Fermi level of the metal is resonant with
tion with the Simpson’s ruf& for the radial part and an exact an nth electron addition energys of the nanocrystal:
integration for the angular part. The calculated dipole mo-

ments are listed in Table Il. An alternative way to determine ,u'\F":/,Lﬁ (13
the dipole moments is to fit them to bulk absorption N )
spectra® The nth electron addition energy 1S,i.e.,
n—-1
B. Electron and hole addition energies
9 ue=ES+3poley 21 Jee . (14)
1=

Recently, the electron and hole addition energies of InAs
nanocrystals were probed by STM experiments, where th?he first termEy, is the energy of thath electron level of the

:]u; nnoec“rngtglugfemn?::éngzj ?s S(aleMunTt?cE?wlllgf t{ﬁeag?agnvloqg Snanocrystal. The last two terms account for charging energies
Y %ue to the polarization of the nanocrystal environment and

applied between the tip and the nanocry$fdElectron and X . Le
hole addition energies manifest themselves in the condu@any'boqy |r_1teract|ons. The second teBf _den_otes the
[f-polarization energy of thith electron, which is caused

tance peaks of the tunneling spectra, because each peak he i . b | d larized
dicates that the Fermi energy of the tip is resonant with arpy M€ Interaction between one electron and polarize

addition energy. Figure 1 presents a schematic description é:]harges at surfaces induced by the electron. Note that a di-

the conductance spectra and the STM experimental Setup.'electric mismatch between thg nanocrystal and its surround-
The addition energies consist ¢f single-particle ener- "9 leads tcienonzero net polarized charges at the surfage. The
gies of a nanocrystal ani) charging energies for single- thqu termJ;’;, represents a Coulomb energy dug to the inter-
electron transfer between a nanocrystal and a metal lea@ction between thath electron and an electron in the nano-
Within the capacitor model, a charging energy for adding arfrystal. The Coulomb energy;’} has two components: a
electron or a hole in a system &/C.; where C.q is an  direct Coulomb energy{", and a polarized Coulomb energy
effective capacitance of the system. The capacit@hgede- JR%'. The direct Coulomb energy results from a Coulomb
pends on the geometry and dielectric constant of the systenmnteraction between two electrons in the absence of the di-
but does depend neither on the number of charges nor on tiedectric mismatch at the surface. The polarized Coulomb en-
charge distributions in the system. The capacitor model sufergy is a correction to the Coulomb enerxj;&f1 due to the
ficiently describes charging energies when the polarization oflielectric mismatch. The polarized Coulomb energy results
a system is a dominant source of the charging energy, andlom the interaction between one electron and the polarized
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charges at the surface induced by another electron. Note the  Realistic Model Idealized Model
the exchange interaction between thin electron and the ~ Tip
other electrons in the nanocrystal is ignored in the presen -
model since it is smaller than the experimental resolution -
(about 10 meVy.?’ 2
An electron can tunnel from a nanocrystal charged with m d —_—

(n—1) holes to a metal lead when the Fermi energy of the g
metal Ihead matches the negative ofrah hole addition en- B‘" -

. ot
ey p- Ligands ™=

M"‘:/': _:U«E ' (15) "~ Metal substrate |
where thenth hole addition energy is FIG. 2. Schematic diagram of the polarization of a charged
no1 nanocrystal and the environment in a realistic and an idealized

model. In the realistic model, the polarization strongly depends on
the geometry of the nanocrystal environment such as the shape of
the STM tip and ligands, and distances between these components.
Removing an electron from the nanocrystal charged witHn the idealized model, the inhomogeneous nanocrystal environ-
(n—1) holes can be seen as addingrdhn hole to the nano- ment is replaced with a uniform dielectric medium characterized by
crystal. Thenth hole level energye" is the negative of the an effective dielectric constat.

energy of the valence electron removed from the nanocrystal.

Similar to the counterparts in the electron addition energyw,, is roughly n times larger tharW,, assuming that the
the charging energies?°"" and th'; account for a hole self- charge distribution of holes in the nanocrystal is almost
polarization energy and a hole-hole Coulomb energy, respegpherically symmetric. Therefore the electron-removal work

uh=En+ 3 polhy 21 IM+W, . (16)
“

tively. function difference W, ,,—W, is replaced withW; in
The last term in Eq(16) represents a work required to Aﬂ Nl

remove an.electron from the nano_crystal and add it to the The calculation of the charging energies requires a de-
metal lead in the presence nfholes in the nanocrystal. We  scription of the electrostatic potential of a charged nanocrys-
call the last term arelectron-removal work functionThe  tal and the polarized environment. The potential is sensitive
electron-removal work function does not exist in the electrono the geometry of the nanocrystal and the environment.
addition energies due to the screening effect of free electrongowever, since details of the geometry in the STM experi-
in the metal. When electrons tunnel from a metal lead to gnent are unavailabtéwe approximate the nanocrystal envi-
nanocrystal and leave holes in the metal, the electric fieldonment with an infinite uniform dielectric mediuth>® This
generated by the holes is completely screened out by otheglealized model captures the effects of a dielectric mismatch
free electrons in the metal. In other words, the tunnelingat the nanocrystal surfaces on the charging enei"&iﬁ'@ure
electron does not see an attractive electric field generated Iy presents a schematic diagram of the polarization of a
the holes in the metal. In contrast, when electrons tunne¢harged nanocrystal and the environment within a realistic
from a nanocrystal to a metal lead, holes left in a nanocrystamhodel and an idealized model.

are only partially screened by valence electrons in the nano- When a nanocrystal is embedded in an infinite dielectric
crystal. More importantly, the electron-removal work func- medium with dielectric constard,,,, an electrostatic poten-
tion is different from conventional work functions, which tial generated by an elementary chaeget points inside the

arise from charging distortions at surfaces. Although the connanocrystal with dielectric constag, and radiusR is
ventional work function affects tunneling rates, it does not

affect the energy condition of tunneling. _ dir —
The absolute positions of the conductance peaks mea- V(r;s)=V™(r;s)+V™(r;s)
sured by STM experiments vary with respect to the Fermi 1 e E (r\ac
energy of an unbiased STM tip, but spacings between the —e 4 i “out E (_)
peaks remain the same. In the present model, the spacings €inlT =S| €nR =0 \R

are
X(s CL+1)Py(r-9rs) 19
Aﬁ,n+15ﬂﬁ+1_ﬂﬁ=Eﬁ+1_Eﬁ+2ggrlf_2ﬁO|’e R eout+€(5in+eout)’
n n—1
+>, 0%, - > 3% (17)  wherea, is € for r smaller tharR, and —¢—1 for r larger
= =

thanR.3® The function R(x) is a ¢th Legendre polynomial.
The first termV¥"(r;s) is a Coulomb potential of the source

h _ h h_=h h Ih I,h > X Lo
An,n+l=Mn+1_/-Ln_En+1_En+2g3—1_zgo charge when there is no dielectric mismatch at the surface,
n n-1 while the second teri™(r:s) results from the polarization
+> ghh Je€ LW, 18 of the dielectric medium outside the nanocrystal. In connec-
21 hntl izl tn T (18 tion with the STM experimental setffp(see the inset of Fig.

235307-5



LEE et al. PHYSICAL REVIEW B 66, 235307 (2002

1), VP(r:s) is attributed to the polarization of the ligands, (a) B3
and the image charges of the STM tip and the metal sub-
strate.

For the electrostatic potenti&l(r;s), it is required to de- Bl
termine the dielectric constants of the nanocrystal and the B2
environment. ForV9'(r;s), we replace ¢, with &(|r J
—r'[,R) to include the size and particle-separation depen- L o
(b) B3

R=14A

dence of the dielectric functiofsee Sec. Il A ForVPo(r;s),
we replacee;, with e(,R) to treat the nanocrystal as a
uniform dielectric medium. Note that(|r —r’|,R) saturates
to €(»,R) as|r—r’| approaches to 2 A. The dielectric con-
stante,, is adjusted to fitA7 , to the corresponding experi-
mental value.

The three types of charging energies are calculated with
charge densities given by the tight-binding wave function
J(r,o) and with the electrostatic potential given by E&p).
First, the self-polarization energy results only frafff'(r;s) B2
because the source charge does not interact with itself. The B1
self-polarization energy of aith tunneling electron or hole
is written as

R=19A

Absorption rate G

© B3 R=25A

1 1
1.0 1.5 2.0 2.5 3.0
Energy (eV)

zr’°'=§2 fd3rvp°'(r;r)|¢i(r,o)|2, (20)

h is th functi f theth elect FIG. 3. Calculated exciton absorption spectra of InAs nanocrys-
\lev Iereswi(r,ad) Ish g Wiivebunc lon (t)) th electron forl tals with radius(a) 14 A, (b) 19 A, and(c) 25 A. The first three
ole. Second, the Coulomb energy between a pair of e ecrSright-exciton levels are identified by the three pronounced peaks

trons or holes is given by B1, B2, and B3. The arrows indicate the lowest exciton levels
which have weak oscillator strengths.

Ji,j=eZ f d3r A3, V(ro )| gi(ry, )% ¢i(ra,00)|% o o
oo’ indicated by the arrows in Fig. 3 always shows a weak 0s-
(21) cillator strength regardless of the nanocrystal radius. The first
The Coulomb energy has two components: the direct Couthree bright-exciton levels labeled with B1, B2, and B3 are
lomb energy attributed t&/9"(r:s) and the polarized Cou- identified by the first three pronounced peaks of the absorp-

lomb energy td/p()l(r;s). Fina”y’ the electron-removal work tion SpeCtI’a in F|g 3. Table Il lists the electron and hole

To understand the origin of the oscillator strengths of low-
lying exciton levels, we analyze the angular momenta of the
electron and hole envelope functions of the exciton levels.
The envelope function,;,,, of a y-basis orbital with spinr
is expanded in terms of spherical harmonis,(6,¢) to
determine dominant angular momenta:

w1=—e2 d3r[V(ry;r) —V(ry:n]@ir,o))?

: (22

wherer,, andry are the position vector of the closest outer  TABLE lIl. Electron and hole levels of the lowest exciton level
surface of the metal lead to the nanocrystal and that of thand the first three bright-exciton levels, and the dominant angular
nanocrystal to the metal lead, respectivedge Fig. 2 The  momenta of the electron and hole envelope functions. The lowest
final equation is obtained by approximating the charge denexciton level(D1) is indicated by the arrow in absorption spectra
sity of a hole with that of a point chargeat the nanocrystal shown in Fig. 3, while the first three bright-exciton leveid, B2,
center and by ignoring higher-order terifis O of Vpo'(r;s). B3) are identified by the three pronounced absorption peaks. The
The symbold is the closest distance between the nanocrystath lowest electron level and theh lowest fourfold hole level are

and the metal lead as shown in Fig. 2. labeled as gand h,, respectivelyCe(Cp.s) andce;p(Chp) denote
the electronhole) envelope function of the andp orbitals, respec-

lll. RESULTS tively.
A. Exciton absorption spectra Level Composition Ces Cep Ch;s Chip
Figure 3 presents calculated exciton absorption spectra @1 e+h slike p-like p-like p-like
InAs nanocrystals with various radii. As the radius increasesg1 e+h, slike p-like p-like (s+p)-like
exciton energies decrease and their energy spacings becomg e+hs slike p-like p-like (s+p)-like
smaller. However, the absorption rate of each exciton levegs &+h, p-like (s+p)-like p-like p-like

remains relatively unchanged. The lowest exciton level D1
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TABLE IV. Compositions of electron and holes states in terms 2.5 e e B e e L
of orbital types. The calculated fraction of the electron and hole
states in orbital typey is the sum of the tight-binding coefficient B B—H TB Bl
squaregc; W|2 over all atomic sites and spinsr. The levels gand . &—® TBB2
e, are the first(twofold) and the secondsixfold) lowest electron s 0 A—A TBB3
levels of an InAs nanocrystal with radius 14 A, respectively. Simi- z 0= G—H PLEBI 7
larly, the levels h and h are the first(fourfold) and the second B OC—© PLEB2
(fourfold) lowest hole levels. & - A—A PLEB3 A
=)
Q
Level s orbital p orbital d orbital s* orbital § 15 - —
(]
e 0.563 0.177 0.023 0.238 =)
(=% 0.438 0.309 0.04 0.212 & i T
hy 0.005 0.821 0.173 0.001
h, 0.034 0.785 0.174 0.007 10— =
1 1
10 15 20 25 30 35 40
Nanocrystal radius A
Cariyr=Caiyo(R)= 2 @mYem(0,0),  (23)

FIG. 4. Three lowest bright-exciton energies of InAs nanocrys-
tals versus nanocrystal radius. The three lowest bright-exciton en-

. ergies in the present tight-bindin@B) model are determined by
where the indexa denotes e and h for electron and hOIe’the energies of the peaks B1, B2, and B3 defined in Fig. 3. Calcu-

respectlv_ely. The vectdR; is a position vector of atom S'_ie lated exciton energies are compared with the energies of the first
The dominant angular momenta of the envelope functions ofyree strong photoluminescence peaks labeled,a€g and E in
several low-lying exciton leveltD1, B1, B2, B3 are listed  Ref. 26, respectively. The calculated energies agree better with the
in Table Il1. experimental energies as the nanocrystal size increases.

The compositions of electron and hole states in terms of
orbital types determine which pair of electron and hole en-=15-35 A considered in this work. Similar analyses can ex-
velope functions contributes the most to the oscillatorplain the origin of large oscillator strengths of other bright-
strengths. Table IV shows that ttseand p orbitals are the exciton levels.
dominant orbitals of electron and hole states, respectively. Due to the interplay between quantum confinement and
Moreover, thep orbitals are the most common orbitals of the spin-orbit coupling, the order of hole levels changes as a
electron and hole states. Therefore the principal part of th@anocrystal size changes. In small nanocrystals where level
interorbital dipole moment is that between therbital elec-  spacingl . due to quantum confinement is larger than spin-
tron and thep-orbital hole envelope functions. Likewise, the orbit splitting energyA4,, several two-fold hole levels ap-
principal part of the intraorbital dipole moment is that be-pear in between fourfold hole levels. However, in large
tween thep-orbital electron and hole envelope functions. nanocrystals wherd ;. is smaller thamd,, fewer twofold
These two principal dipole moments contribute the most tdiole levels appear close to the band edges. In fact, for our
the oscillator strengths. biggest nanocrystaR= 35 A) the first four lowest hole lev-

The lowest exciton level is dim because the principalels are each fourfold degenerate.
parts of the intra- and interorbital dipole moments do not The exciton levels composed of the twofold hole levels
satisfy the angular momentum selection rules given by Egsiear band edges and the lowest electron level are dark. In the
(11 and (12). The small oscillator strength of the lowest exciton levels, the electron and hole envelope functions have
exciton level arises fronti) the intraorbital dipole moment the same total local angular momentujs=(;) and the same
between thes-like s-orbital electron and the-like s-orbital ~ global angular momentumL&0). Since the difference of
hole envelope function, and@i) the interorbital dipole mo- the total angular momenta between the electron and hole
ment between the-like p-orbital electron and the-like level is zero, the exciton levels are optically forbidden. In
s-orbital hole envelope function. Typically, the oscillator higher hole levels, twofold hole levels witt= 1 emerge and
strength of the lowest exciton level is smaller by two ordersthey form bright-exciton levels with the lowest electron
of magnitude than that of bright-exciton levels. level. These exciton levels correspond to small peaks be-

In bright exciton levels, their principal dipole moments tween B2 and B3 in Fig. 3.
satisfy the optical selection rule, yielding large oscillator Figure 4 presents the nanocrystal size dependences of the
strengths. For example, the B1 level is bright becgusthe  three lowest bright-exciton energies identified in Fig. 3. The
p-like p-orbital electron and the-like p-orbital hole enve- exciton energies are compared with those of PLE
lope function yield a large intraorbital dipole moment, andexperiment$® The calculated energies agree better with the
(i) the s-like s-orbital electron and-like p-orbital hole lead experimental energies as the nanocrystal radius increases.
to a large interorbital dipole moment. Typically, the intraor- For small nanocrystals, the calculated energies scaRe &8
bital dipole moments are larger than the interorbital dipolewith respect to nanocrystal radi&s while the experimental
moment by a factor of about 10 for nanocrystal raRii data scale aR " with n~+0. The flat curvature of the
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1T T T T 1T T 1T T T,T7 1 bands mixes band contributions to single-particle levels, the
main parts of the electron and hole levels are from the con-

05— ] duction and valence bands, respectively. Hence the complex-
= N B—8 TBBI - ity of the valence-band structure makes it more difficult to
04 |- ®—® 1382 obtain a good description for the hole levels than for the
A—A TBB3 electron levels.
B e E—=H8 PLEB1 ]
0.3 |- A G—o© PLEB2

B. Electron and hole addition energies
A—A PLER3 9

One important physical value in the tunneling spectra is
02 - — the spacing between the first conductance peaks of a positive
B i and a negative bias-voltage side, which is labele&gsin

Fig. 1. This spacing is called a zero-current energy gap since

Energy — First bright exciton energy (eV)

01 = N a tunneling current is suppressed within a voltage region

B . between these two peaks. In the present model, the zero-

oo Lnmpbmmrrenrde-cy o1 gt | | current energy gap is the sum of the first electron and hole
0.8 1.0 1.2 14 1.6 1.8 2.0 addition energies:

First bright exciton energy (eV)

| . . . . Ega=pi+ui=Ef+E]+ 300 300w, (24)
FIG. 5. First three bright-exciton energies relative to the lowest

bright-exciton energy plotted with respect to the lowest bright- Therefore the zero-current energy gap differs from a single-
exciton energy. The first three exciton energies in the present tighparticle energy gap by the sum of the electron and hole self-
binding (TB) model are identified by the peaks B1, B2, and B3 in polarization energies and the electron-removal work func-
the absorption spectra shown in Fig. 3. The spacings of the identiion.
fied three exciton energies are compared with the energy spacings The effective dielectric constard,, of the nanocrystal
of the first three strong photoluminescence peaks labeled a8  environment and the closest distarttbetween the STM tip
and E in Ref. 26, respectively. and the nanocrystal are estimated to calculate charging ener-
gies. The dielectric constaay,, is determined by fitting\{ ,
experimental energies is not explained by either the preseit@ the corresponding experimental value of an InAs nano-
tight-binding model or other empirical modéfs?® crystal with radiusR=32 A. The best fit ofA? , is obtained
Since precise experimental size determinations are diffiwith €,,=4.5. Ford, we use the distance of the tip's closest
cult, it is more reliable to compare exciton energies relativeapproach to the nanocrystal, which is the lengthout 5 A)
to the lowest bright-exciton energy. Figure 5 presents B2 andf ligands surrounding the nanocrystal, since the accurate
B3 energies relative to B1 energies with respect to B1 energeometry of the STM setup is not availaBleThis approach
gies. B3 energies agree well with corresponding experimenprovides the lower limit of the electron-removal work func-
tal values, E in Ref. 26, in a wide range of B1 energies. B2 tion.
energies agree less well with experimental valugsnERef. Figure 6 presents the size dependences of the charging
26, in particular for large B1 energies which correspond toenergies for zero-current energy gaps and that of the gaps
small nanocrystals. The experimental data for B2—B1 enemwith nanocrystal radii ranging from 15 to 35 A. Single-
gies show discrete jump around the Bl energy of 1.3 eVparticle gaps contributing to the zero-current gaps range
indicating a level crossing. This jump is not predicted by ourfrom 1.9 to 0.9 eV as the nanocrystal size increases, while
calculations. The calculated B2 energies agree better with thtetal charging energies vary from 220 to 90 meV. Within the
experiment as a B1 energy decreases, that is, a nanocrystatal charging energy, the electron and hole self-polarization
size increases. energies are 80—40 meV each, and the work functions are
Figure 5 shows that the present model gives a better dé&60—10 meV. The calculated zero-current gaps are compared
scription of electron level spacings than hole level spacingswith STM experimental gaps.:3’ As shown in Fig. @), the
The energy difference between Bl and B2 is roughly thecalculated gaps agree well with the experiment for a full
spacing between the second and fifth fourfold hole levelsexperimental range of InAs nanocrystal radii.
while the difference between B1 and B3 is the spacing be- The electron and hole addition energies beyond the zero-
tween the first and second electron levels. Since calculateclirrent energy gap contain charge-carrier Coulomb energies
energies B3—B1 agree with experimental values better thaand excited single-particle energies. The lowest electron
B2-B1, the electron level spacing is better described by oulevel of spherical InAs nanocrystals is twofold, while the
model than the hole. This can be explained by the differencéowest hole level is fourfold. As a result, the first two tun-
between the characters of InAs conduction and valenceeling electrons are assigned to the lowest electron level.
bands. The lowest conduction band near thgoint is al-  Similarly, the first four tunneling holes are assigned to the
most isotropic and has no spin-orbit coupling. In contrast, thdowest hole level. Therefore the spacing between the first two
highest valence bands are complex due to the anisotropiglectron addition energies and those between the first four
effective masses of the heavy hole band, and the couplingsole addition energies are determined solely by the charging
among the heavy-hole, light-hole, and spin-split bands. Al-energies. In contrast, the third electron and the fifth hole
though the coupling between the conduction and valenceaddition energies contain the energies of the second lowest
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0.30 — T T T T T T T TABLE V. Addition energy spacings. The addition energy spac-
- sk—k total charging energy - ings are mainly determined by the Coulomb energy of one pair of
0.25 G—O electron self-polarization c_harge carriers and_a s_ingle-part_icle Iev_el spacing, since the varia-
i s i tion of the self-polarization energies of different charge carriers and
o [3——F] hole self-polarization . . . .
- 020 A A work function i that of the Coulomb energies of a different pair of charge carriers
% ’ are smaller than 10 me\®® (J"" is the Coulomb energy of one
5 pair of electrongholes. ES—ES (Ef—ED}) is the spacing between
5 013 m the first two lowest electrothole) levels.
=1 -
50
_Eg 0.10 - Electron Hole
@] i
00s S I I A
i
2.2 _

@—@ TB model - The spacingA[2 is overestimated by 25 meV in the

S 20 G——H PP model - present model as shown in Fig. 7. The electron-removal
2 - A—A STMexperiment work function may be the main cause of the small discrep-
5 18 - ancy inAQYZ. The work function is modeled with a simplified
& B 1 description of the nanocrystal environment, which is illus-
g 16 -] trated in Fig. 2. Unlike other types of charging energies, the
= i T work function requires a good description of the electrostatic
E L4 7] potential in a region between the nanocrystal and the STM
: i T tip as shown in Eq(22). To improve the work function, an
E 2= T electrostatic potential of the inhomogeneous nanocrystal en-
o -_(b) ] vironment shown in Fig. 2 should be calculated.
) T T T T Figure 1b) shows that the present model underestimates
10 15 20 25 30 35 40 the spacingﬁﬁ{5 by about 100 meV. The charging energy of

Nanocrystal radius (&) Aﬂvs is the same aAT,z, and the charging energy agrees with

. . the experiment within an error of only a few tens of meV.
FIG. 6. (a) Calculated charging energies for zero-current energyTherefore the big discrepancy mgs is attributed to the

gaps versus InAs nanocrystal radRis(b) Zero-current energy gaps nderestimation of the spacing between the two lowest hole
versusR. The size dependence of each component of the Charginﬂavels

energy—electron and hole self-polarization energies and electron-
removal work functions—is plotted. The zero-current gaps calcu-
lated with the present tight-bindinTB) model are plotted with IV. DISCUSSION

respect to nanocrystal radius in comparison with those of pseudo- This work demonstrated the success of the tight-binding

potential (PP calculations(Ref. 19 and STM experimentgRef. model for describing the many-body levels of optically ex-
27). The present TB gaps are in good agreement with the experi-

cited and multiply charged nanocrystals. Specifically, calcu-
ment for a full range of nanocrystal radiR¢=10-40 A). lated three lowest bright-exciton energies of InAs nanocrys-

electron and hole levels in addition to charging energies, retals with radius larger than 20 A show good agreement with
spectively. The third tunneling electron is assigned to thePLE experiments within a 5% error. Calculated several low-
second lowest electron level since the lowest electron level ilying electron and hole addition energies of InAs nanocrys-
fully occupied by the first two tunneling electrons. Likewise, tals agree with STM experiments within a 10% error. These
the fifth hole is assigned to the second lowest hole levelagreements show that the present model successfully de-
Consequently, the spacing between the second and third eleseribes both single-particle energies and many-body interac-
tron addition energies and that of the fourth and fifth holetion energies. In particular, the good agreement for the exci-
addition energies are the sum of the level spacing and thgn and addition energies involving excited single-particle
charging energies. The spacings between these low-lyingnergies shows that the tight-binding model accurately pre-
electron and hole addition energies are listed in Table V. gjcts not only the lowest electron and hole energies but also
Calculated addition energy spacings of InAs nanocrystalg.yited electron and hole energies.
with various radii are compared with those of STM |, contrast to the success, the present tight-binding model
experiment§’ in Fig. 7. The spacing\{ , is in good agree- goes not agree well with experiments for the bright exci-
ment with the experiment. Note that only{ , with nanocrys-  ton energies of InAs nanocrystals with radius smaller than 20
tal radius 32 A is fitted to experiments to determing. The A, and (i) the fifth hole addition energies of InAs nanocrys-
difference between calculate ; and the experiment is less tals with all radii(10-40 A considered in this work. Calcu-
than 50 meV (10% error The relatively good agreement for lated bright exciton energies for small InAs nanocrystals
53 shows that the second lowest electron level is well descale asR™ 98 with respect to nanocrystal radii® while
scribed by the sp®d®s* nearest-neighbor tight-binding experimental data scale & " with n~+0. Hence the cal-
model. culated exciton energies rapidly increase with increasing a
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10 1.0
[ (@) o—e ™34 | | &) o—e A", |
0s |- G—o STMA; | 0s |- G—o S™A), |
A—A TBAS, A—A TBAY
A~ STMA{'3 A—~A STM Ajjs B

06 |- 0.6 -

04 - — 04 |- -

Electron addition energy spacing (eV)
Hole addition energy spacing (¢ V)

0.0 1 I 1 I 1 I 1 I 1 I 1 0.0 1 I 1 I 1 I 1 I 1 I 1
10 15 20 25 30 35 40 10 15 20 25 30 35 40

Nanocrystal radius (A) Nanocrystal radius (A)

FIG. 7. (a) Electron addition energy spacingi2 andAg3 versus nanocrystal radil (b) Hole addition energy spacin(‘zfx{"2 andAQY5
versusR. The spacings are calculated with E€?7) and(18) for R ranging from 15 to 35 A. Corresponding STM experimental values taken
from Ref. 27 are plotted for comparison. The spa(ﬂrfg2 atR=32 A is is a fitted quantity to choose the effective dielectric constant of the
nanocrystal environmenrd, = 4.5.

nanocrystal radius, yielding bigger discrepancies with exparameters a functional of the charge density and achieving
perimental energies. The present model underestimates tliee self-consistency of the charge density and the parameters
fifth hole addition energies by about 100 meV. Experimentalare a step forward to improve the transferability of the tight-
uncertainties of size determinatidhsnd bias-voltage drop binding modef*?
distributions®*° make it difficult to identify the main causes  Third, the single-particle levels of charged nanocrystals
of the disagreements. Despite the difficulty, we focus on thavith an electric field applied are different from those of un-
possible causes of the disagreements resulting from the lincharged nanocrystals in the absence of an electric field. The
its of the present model, and point out the ways to improvelifferences are neglected within the present model and other
the model for future work. The discrepancies between oumodels'®?? The charging and electric-field effects are ex-
calculations and the experimental data can be explained hyected to be larger on higher addition energies which involve
three possible reasons. more charge carriers and stronger electric fields. This expec-
First, the effects of surface reconstruction and surfaceation is consistent with the agreement between experiments
chemistry become important as a nanocrystal size decreasesd our calculations for several low-lying addition energies
The effects are excluded in the present model as we modélut the disagreement for the fifth hole addition energy. Self-
the nanocrystal as a perfect zinc-blende structure with altonsistent calculations of single-particle levels in the pres-
dangling bonds at the surface terminated. Tight-binding studence of excess charges and an applied electric field are
ies for CdSe nanocrystals show that the inclusion of the sumeeded to resolve the charging and the electric field effects
face reconstruction decreases the lowest bright-exciton eneon the single-particle levels.
gies by 100 meV for a nanocrystal with radius 12*AThe The success of the tight-binding model in describing the
decrease of the energies steadily decreases as the nanocrystainy-body levels of relatively large chemically synthesized
size increase$' Moreover, recent first-principle calculations quantum dots suggests that the tight-binding model can
for Si nanoclusters show that imperfect surface passivatioquantitatively describe the optical and transport properties of
can reduce the gap by as much as 1.6%Whe close agree- larger quantum dots such as self-assembled and vertical dots.
ment between the present model and STM experiment for th€he present model for electron-hole interactions, electron-
zero-current gap suggests that the lowest electron and holele dipole moments, and charging energies, which are in-
states are insensitive to the surface reconstruction. In corcorporated into the tight-binding model, can be easily ex-
trast, the several lowest bright exciton energies start to ditended to study the properties of the large dots. The
verge for 20-A-radius nanocrystals. The exciton energies insuitability of the tight-binding model for describing small
volve excited hole energies. This suggests that the excitedanocrystals remains unresolved. Our results suggest that lo-
hole states are sensitive to the surface relaxation. cal effects, such as surface relaxation and the change of local
Second, the transferability of bulk tight-binding param- charge densities, must be included more carefully as the
eters to describe the single-particle Hamiltonian of nanocryshanocrystal size crosses from the mesoscopic scale to the
tals is limited within the present model due to the deviationmolecular scale.
of a charge density in a nanocrystal from that in bulk. The
present model uses bulk parameters, which are fitted to bulk
band structures, without correcting them for nanocrystals
with respect to the change of the local charge density. The We thank Joseph W. Lyding for helpful discussions. S.L.
density deviation from the bulk to the nanocrystal becomegladly acknowledges the hospitality of the UIUC NCSA dur-
larger as the ratio of surface to volume increases. Making thang 2001-2002. This work was supported by the OSU, NSF
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APPENDIX

Within the sp®d®s* nearest-neighbor tight-binding model
including spin-orbit coupling, the effective single-particle
Hamiltonian of InAs nanocrystals is

Hsingle: 2 ui)/a'o”|i ’y0'><i 70',|

f ’
l,v,0,0

>

i)y o
The indices of the tight-binding basis orbitéilyc) are
atomic-sitei, orbital-type y=s,p®,d® s*, and spino. The
s* orbital is an excited orbital witls symmetry. The closest
link of the s* orbital to a physical orbital would be am
orbital in the next shell. The main reason for including $fie

+ tij,y (Ri—Rpliyo)(jy'a]. (A1)

ij vy (Ri—R;) between nearest
neighborg(i,j) is included in the Hamiltonian. To mimic the
effect of surface passivation by ligands, we adjst,, of
surface atoms by shifting the energiessgf hybridized or-
bitals connected to ligands by 100 eV. This eliminates sur-
face states lying in the middle of the single-particle gap.
For a nanocrystal composed Wf, atoms, the dimension
of the Hamiltonian matrix is R,N,X2NyN,, whereN, is
the number of basis orbitals and is 10 for tb@d®s*
model.N, ranges from 417 to 6395 as the nanocrystal radius
increases from 14 to 35 A. Selecti@mplexeigenstates
around the bulk band gap are obtained by the implictly re-
started arnoldi method usingrPAcK.** For large nanocrys-
tals, ARPACK and sparse-matrix-vector multiplications are
parallelized using OpenMP®.The required total computation
time and memory to obtain 40 eigenstates for a nanocrystal
with radius 35 A, the biggest computation in this work, are
88 h (88/60 h in real timgand 52 GB using 60 threads on
SGI Origin2000 at NCSA, respectivel§.
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