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Addition energies and quasiparticle gap of CdSe nanocrystals
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Using atomistic pseudopotential wave functions we calculate the quasiparticle gap, the optical gap
and the electron and hole addition energies of CdSe nanocrystals. We find that the quasiparticle gap
and the addition energies depend strongly on the dielectric constant of the surrounding material,
while the optical gap is rather insensitive to the environment. We provide scaling lows for these
quantities as a function of the quantum dot size, and compare our results with recent scanning
tunneling spectroscopy experiments. ZD00 American Institute of Physics.

[S0003-695(100)02413-X]

Recent developments in the spectroscopginfllesemi- (i) The “inter-multiplet spacing’ which is the mea-
conductor quantum dots allow one to obtain resolutionsured difference between the second and third peaks in for-
limited spectra by eliminating all sources of inhomogeneousvard bias. It corresponds to the second electron addition en-
broadening. These experimental techniques include single}rgyA(ze%— M3~ o, and is given by
dot far-field photoluminescendesingle-electron tunneling,
and confocal optical microscopyIn recent single-dot scan- AR= 53— u,=[E3—E,]—[E,—E4]. 3)
ning tunneling spectroscopTM) experiments;® an STM '
tip is positioned above a specific quantum dot, and the tun-  (iv) In addition, optical spectroscopies give access to the
neling current-voltage spectrum is acquired by applying & optical gag’ g"p‘ which is the minimum energy needed to
biasV between the STM tip and the substrate. The conducopt|cally excite annteractlngelectron hole pair in the quan-
tancedl/dV shows, as a function of the voltage a series tum dot. It is related to the quasiparticle gap via
of sharp peaks which correspofpubssibly via a scaling fac-
tor) to the electron and hole charging energigs. Figure 1 ‘g’g; ggp_‘-]ﬁ)lt,el’ (4)
shows a schematic diagram of the conductance/voltage spec-
trum. The basic physical quantities that can be measured thereJ}f’lt'el is the total electron-hole Coulomb energy.
this method(see Fig. ] are: Our purpose here is to compare the calculated and mea-

(i) The “zero-current gap’ which is the measured dif-  sured quantities indicated in Eq4)—(4). This will establish
ference between the voltage of the first peak in forward biag quantitative, microscopic interpretation of the fundamental
and the first peak in reverse bias. It corresponds to the difenergetics of quantum dots. If successful, this can be used to
ference between the charging eneygy for adding the first  predict the scaling laws for such quantities as a function of
electron to the quantum dot and the charging engegy for  the quantum dot size. By writing the total energies of
removing an electron from the dot. This quantity is alsoEgs.(1)—(4) in terms of single-particle, Coulomb and polar-
called ‘quasiparticle gap’ and will be denoted here as ization energies, and assuming that the single-particle elec-

egop Its microscopicmeaning is the energy required to re- tron and hole levels are occupied in order of increasing
move an electron from the highest occupied orhitalof a  single-particle energies, we obtain the following expressions:
neutral dot and place this electron in the lowest unoccupied

orbital e; of an identical dot located at infinite separation ¢ ggp_ggap EPO' zgg', (5)
from the first. If Ey(E_y) denotes the ground-state total
energy of a quantum dot witN electrons in the conduction A —gdir 4 gpol _ jtot 6)
band (N holes in the valence bahdhe quasiparticle gap is elel ” elel  “elel:

ega= M1~ M-1=[E1—Eq]—[Eq—E_4]. 1) A(Z%Z(822_821)+(ZJEeci[,eZ_‘]anlt,el)_Kel,eZa (7)

(ii) The “intra-doublet spacing which is the measured
difference between the voltages of the first and second peaks
in forward bias(for electron$ or in reverse biagfor holes. oo My

It corresponds to the first addition energ)YE2 po— g for |' o l| | (c)| @
A1,2 BaP A12 A23 l

electrons andAlz—,u 1— m_o for holes. In terms of the
Voltage

total energie€,, we have
A= o= m1=[E,—~Eq]—[E;~ Eo]. 2)

An analogous equation holds far"),

Conductance

dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Schematic diagram of the conductance/voltage spectrum of a semi-
afrances@nrel.gov conductor quantum dot.
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gdir pol P0| pol dir TABLE |. Quasiparticle gaps%® , intra-doublet electron splittingh ()
€ +(2p7 J — ] ) P gape gap, p 12
gap ( gap hlel) ( hiel gap hiel (8) inter-multiplet splitting A%}, and optical gapsgy, (all in eV) of CdSe
nanocrystals calculated for a few values of the effective dielectric constant
Here ggap 21 shl is the single-particle gap, and €out- FOr each nanocrystal, the diamelrthe dielectric constanvt,n com-

puted at the diametdd (Ref. 9, the single-particle gapagap and the split-

1 is the splitting between the two lowest electron Ievels 0
g e2,— &0, are given in the first column.

Ep°?|s the polarization self-energy of an electr@r a hole

in the single-particle orbitakr which occurs due to the di- System e R AG AR e
electric ;jlscon;:)?uny betwee.n the dot and thg surrounding D_206A 1 2al 140 Loo > o8
material; andJ;, s is the polarization energy arising from the =52 3 3.42 056 114 283
interaction of an electron in the single-particle orbitahnd ap_g 11 eV 6 3.05 0.33 0.90 2.69
an electron in the single-particle orbitgl mediated by the a§2 £3,=0.62 eV 12 2.77 0.21 0.77 2.53
surface polarization chardeBoth 3P° andJ”o'ﬁ vanishwhen o7 1 354 100 139 251
€out™ €in, and decay monotonically as,, increases. The Em 59 3 285 0.39 0.79 243
quantity J, 5 dr 'is the conventional direct Coulomb repulsion o 2.62 eV 6 2.62 0.23 0.62 2.36
between partlcles in orbitals and 8, while K, 4 is the cor- e~ e =041eV 12 2.45 0.15 0.52 2.27
responding exchange attraction. D=385A 1 306 077 106 227
We consider here nearly spherical CdSe nanocrystalse,res 3 2.53 0.30 0.59 2.22
having the wurtzite lattice structure. The interatomic e ap—2 35eV 6 2.36 0.18 0.45 217
bondlength is assumed to be the same as in bulk CdSe, ande—¢&=0.30eV 12 224 011 038 211

the surface dangling bonds are passivated using ligandlike
potentials. As discussed in Ref. 8, we first solve the single-

particle Schrdinger equation and Gy (r,r’) is the bulk Green’s function. The exchange
5 . 0 energies, such akg; ¢, in Eq. (7), are small, and will be
[= Vo VpdN) +Val da(r,0) =&, halr,0) (9 neglected in the following.

Table | shows our results for three different sizes and a

in a plane-wave basis set. Hevg(r) is the total pseudopo-
Y range of values o€, . We see that:

tential of the system(nanocrystatligands, and V,, is a - .
short-range operator that accounts for the nonlocal part of the (i) The qua5|part|cle gapgsp and the addition energies
potential, including spin-orbit coupling. The local pseudopo-212 and A% depend strongly on the effective dielectric
tential V,{r) is calculated from the superposition of constanteg, of the envwcz)ntment

screened atomic pseudopotentials, which are fitted to repro- (i) The optical gapegZ, depends weakly ORout. The
duce the measurebilk transition energies, deformation po- "€ason is that as shown in E@®), the terms=f2'+ 387" and
tentials, and effective masses, as well as the bulk Slng|e-1h1e1’ which depend strongly o, nearly cancel each
particle wave functions calculated using density- -functionalother.

theory in the local-density approximation. These pseudopo- (i) The formulaeg, =235~ A{%, used by Baniret al?
tentials were previously used to calculate the first eight ex2nd Alpersonet al® to extract the single-particle gap from

C|t0n|c trans|t|0ns Of CdSe nanocrysté's_ Conductance measurements |S InCOI’reCt From Bjsand
The single-particle wave functiong,(r,o) obtained (6) we see that
from Eq. (9) are then used to calculate the Coulomb and qp _A(e)_( &0ar g{el)ﬂzpol pol Jggfel)_ (13)

polarization integrals that occur in Eq%)—(8). We assume
that the macroscopic dielectric constae{r) changes The second bracketed term is nearly zero. As a resff,
smoothly frome;,, inside the dot tae,, outside the dot, with —A{% is Sma||e”han89ap by approximately the direct COU'
a transition region of the order of the interatomic bondlengthIomb energy Jiie,. In our calculations we findJg ¢
We use a modified Penn mo@eb calculatee, (D), while ~ =0.37, 0.24, and 0.17 eV fdd=20.6, 29.3, and 38.5 A,
€outis treated as a parameter. The Coulomb enedifésare ~ respectively(whereD is the nanocrystal diameter

calculated as ’ In order to compare our results with the experimental
data of Alpersoret al® we need to know the effective dielec-
thﬁ=82 f (1, 0|2 ® 4(r) dr, (10) tric constante,,; of the surrounding material. T.able I illus-
' P trates our results foe, =1, 3, 6, and 12. We find that the

effective dielectric constard, ~ 3 provides a good fit to the

measured®  A{%, andA ) for the 30-A-diam nanocrystal

(see Table ). We will thus useey, =3 in the following

where® 4(r) satisfies the Poisson equation

V-e(r) Vdy(r)=—4me D, |pu(r,0)|2 (11)
(o8
tot TABLE Il. Comparison between calculated and measured properties. The
The Coulomb energied, ; can be further decomposed into gyperimental values of 3. AS%), andAY) are taken from Ref. 6, while
a direct contribution and a polarization contribution. The po-¢%! is taken from Ref. 10. All values are in eV.
larization self-energie¥ P are calculated as

8 Al®) Ale) £ont
i A) calc. gaExpt CalchExpt Callc2 ? Expt Calgc6lp Expt
e Dot diameter . . . .
=52 fwi:(r,a)vs(r)wa(r,o)dr, (12
2 3.49 313 058 034 118 1.00 2.88
. 30 281 288 038 033 077 085 240 254
whereVg(r) =lim., _ [G(r,r") —Gpy(r,r')]. HereG(r,r') 45 241 244 025 022 050 050 2.14 224

is the Green’s function associated with the Poisson([Eq,
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calculations. We then proceed to determine the scaling laws 1.0 | | . . T
of the calculated quantities as a function of the quantum dot
diameter. Assuming a single power law, we find:

egh,=1.83+82.47x D~ 1%V, (14) 0.5
A®=11.96xD 0%y, (15)
Af)=27.93<D "%V, (16) 0.0
eghy=1.83+92.75<D eV, (17

where the diameteD is expressed in A. Note thai) In the
bulk limit (D—<) the quasiparticle gap and the optical gap
approach the bulk band gap.83 eV}, while the addition
energies approach zer@i) The optical gap and the quasi-
particle gap decay faster than the addition energies.

Using Egs.(14)—(17) we are able to extrapolate our cal-
culated quantities to the experimentally determined quantum
dot size€ The results are compared in Table Il with the
experimental data of Alperscet al® for single nanocrystals, FIG. 2. Electron and hole addition energies of a 29.3-A-diam CdSe nano-
and of Norris and Bawen{:ﬂ for ensembles of nanocrysta|s_ crystal, as a function of the number of partichs calculated fore, = 3.

We see from Table Il thatJ, A{%, andA{ are in good

agreement with the experimental results of Alpersorml®
The largest discrepancies occur for fhe-20 A nanocrystal.
The optical gap:°P is somewhat underestimated compared

o
o

Addition energy A\, (V)

2 3 4 5 6 7
Number of particles

[
[y
o

—_

the next few addition energies are almost entirely determined
by the electron Coulomb repulsion, and depend rather
weakly onN. The addition energies of the holes are approxi-
gap ™ mately constant up tdl=4. This is due to the fact that the
to the results of Norris and Bawenitiwe note, however, energy difference between the hole single-particle states is

that the ngnocr){stal SIze 1S d!fflcult to determ ine eXper'men'relatively small, and is comparable with the variations of the
tally, and is subject to a significant uncertainty.

. direct Coulomb energies between different hole states.
As shown by Eq(?),.the elect.ron addition e.nergg((;% In conclusion, we have calculated the electron and hole
depoends both on the single-particle energy d|ff_erea&e addition energies, the quasi-particle gap, and the optical gap
—&¢ and on the Coulomb and exchange energies. @he of CdSe quantum dots in the strong confinement regime.
—el splitting cannot be directly measured. Alpersetnal.  aAtomistic pseudopotential wave functions are used as input
estimated thee2—el splitting by subtractingA{®) from  for the calculation of Coulomb and polarization integrals.
A§}. For a 30-A-diam dot they obtaind, —s%=0.52€V.  Our results are compared with recent experimental data ob-
The e2—el splitting of CdSe nanocrystals was indepen-tained by scanning tunneling spectroscopy, and provide a
dently derived by Guyot-Sionnest and Hiftessing infrared  microscopic interpretation of the experimentally measured
spectroscopy. For an ensemble of nanocrystals having guantities.
mean diameter of 31.5 A they found the first infrared absorp-
tion peak at 0.50 eV. If one assumes that the electron-hole This work was supported by the U.S. DOE, OER-SC,
Coulomb energy is nearly the same for an electron inethe Division of Materials Science, under Grant No. DE-AC36-
state and in the2 state, one can identify the infrared ab- 98-GO10337.
sorption energy with the2—el splitting. This value should
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