RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 57, NUMBER 24 15 JUNE 1998-II

Excitons in InP quantum dots
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The excitonic spectrum of InP quantum dots is investigated using an atomistic pseudopotential approach for
the single-particle problem and a state-dependent screened Coulomb interaction for the many-body problem.
Our calculations show a different energy distribution of single-particle states relative to the commonly used
k-p theory as well as significant parity mixing in the envelope functions, forbidderxié &-p. The calcu-
lated excitonic spectrum, including seven excitons, explains well the recent experimental measurements.
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Colloidally prepared semiconductor quantum dothiave  edge ( point) states. Our atomistic approach, using state-
such a narrow size distribution and large confining potentiatlependent Coulomb interaction with position-dependent di-
that an unprecedenté8inumber of(as many as eight to tgn  electric screening, is shown to be able to describe well the
distinct electron-hole excitonic transitions have been obenergies of the observed excitonic transitions.
served in, e.g., CdSelnP? and InAs(Ref. 3 dots of 20—-60 We first solve the single-particle Schlinger equation
A diameters. Understanding the physical origin of these rictwith HamiltonianH=—3V?+ 3 v .(r—R;), wherev,, is
spectra in terms of the symmetry and envelope pdrigy,s,  the screenednonlocal pseudopotential of atom of type
p, d, ...) or thebulk parentag€light or heavy holel" or L located at positiorR,. This nonlocal pseudopotential in-
derived of the single-particle electron and hole wave func-cludes spin-orbit interaction and has been deri%y in-
tions, and in terms of the natfréof the screenedmany-  verting the screened bulk potentials, which are computed
body electron-hole Coulomb interactions is an outstandingelf-consistently within the local-density approximation
challenget=® The traditional approach® to this problem is  (LDA) for solid InP in a few crystal structures and volumes.
to use thek-p method in which the dot wave functions are The inverted potential was then adjusted to fit éxeerimen-
expanded in terms of a small number Idflike bulk band- tally observed bulk band structures while maintaining a large
edge states, and to assume an average, state-independer99%) wave-function overlap with the LDA result. Since
Coulomb interaction with a constant bulk dielectric x-ray diffraction and transmission electron microscopy stud-
screenind. Adjustment of thek- p parameters to the spectra ies showetl that the InP dots have a zinc-blende structure,
of the quantum dots produces good fit for the three lowest being nearly sphericaklightly elliptic) with bulklike inter-
of eight excitons in CdSe, but as recently shéiwy Bertram  atomic distance, and that the dot surfaces are passivated with
et al. fails completely for excitons in InP. This failure is not organic ligandemission due to surface states was eliminated
related to surface statéwhich were removed via etching in via chemical etching we have modeled the dots accordingly
the experimental procedifeit represents a significant con- to simulate these conditions, i.e., we assume in the calcula-
cern because thke-p method is the standard tool currently tion spherical dots, and we passivate all surface dangling
used to analyze the spectra of colloidal dots,“self- bonds by additional potential8.We find that as long as all
assembled” dot§,and other nanostructures. surface states are removed from the band gap, the details of

In this paper we analyze the excitonic spectra of sphericathe passivation potential do not affect the results furtfer.
InP colloidal dots using our recently developatbmistic  The dot wave functions are expanded in a set of plane-wave
approach " —direct diagonalization of a pseudopotential basis functions; the Hamiltonian is diagonalized using the
Hamiltonian—and explain the physical identities of multiple folded spectrum methot.Having obtained fromH ;(r)
excitonic transitions. This method was previously shown to= ¢;;(r) the single-particle dot wave functiofg;(r)} and
correctly reproduce the size dependences of the band%gap®rbital energieqs;}, we calculate the two-particle excitonic
and exchange splittingsin InP dots. Surprisingly, we find transition energiek;j=(gj—&;) —Jj;, where the screened
that, relative to the &6 k- p, the atomistic theory produces Coulomb interaction energy between valeneg @nd con-
for InP dots many more single-particle electron and holeduction () states is
states in the physically relevant energy range-df eV from
the dot’s conduction-band minimuCBM) and valence-
band maximun{VBM). Furthermore, we find that the atom- ()P c(r )12
istic single-particle states do not have purely odd or even i :(rhare)|rh_re|
angular-momentum envelope parity. Instead, strong parity
mixing (permitted by theTy point-group symmetry of zinc-
blende dotsis apparent. In addition, some of the low-energy We assume that single-particle wave functions are unaltered
transitions in small dots are found to correspond to electro®y the electron-hole interactions. This was shown in Ref. 7
states that are not derived from the Brillouin-zone cetasr 0 be a good approximation for large dots. The screening
assumed in ak - p models, but originate instead from zone- €(ry,r) includes both the electronic and ionic contributions,

drydre. (1)

0163-1829/98/5@24)/150644)/$15.00 57 R15 064 © 1998 The American Physical Society



Degeneracy

EXCITONS IN InP QUANTUM ...

RAPID COMMUNICATIONS

R15 065

Here, f(E—E;;) is a Gaussian broadening function. The
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single-particle pairsi(j) contributing most to the peaks of
I(E) are identified. The bulk parentages of these single-
particle states are then analyzed by projecting the relevant
dot statey; onto bulk states¢,,} of bandn and wave
vectork as

=2 Che =2, CRle U D). @

Once the projection coefficientC\)} are calculated, the
contribution of dot staté from bulk states whose wave vec-
tors k
(“Brillouin-zone parentage?:

lie within the shell k—k+ Ak is defined as

pi(k—k+ Ak)= ; > lcQIz. (4)
k<|k[<k+Ak n

FIG. 1. The single-particle energy levels for a 28-A, passivatedThis identifies the region in the Brillouin zon@Zz) from

InP dot as calculated by the direct diagonalizatib®) method and
by the 6x6 k-p approach(with pseudopotential derivedy;

=4.94,y,=1.79,A;,=0.11 e\j. The VBM and CBM energies of
thek- p calculation are aligned with those obtained by DD calcula-momenta.  This
tion. The degeneracy does not include the spin doublet. Note thEeII-periodiC Bloch functions utuk
very different energy-level separation in the two theories.

which are described using the modified Penn mGaeid the
Haken formulas? respectively. The excitonic transition in-
tensity is obtained by summing over the dipole matrix ele-
ments coupling hole staté,() and electron statej(c), i.e.,
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which the dot orbits are constructed. The dot’'s states are
further analyzed by decomposing the microscopic wave
functions{;} into envelope functions with different angular

is accomplished by expanding the

k. of Egq. (3) by a

set of I'-point-only Bloch functions {u?®}, and by
further
=3 [Zmf ()Y m(6,0) U (r). The calculated micro-
scopically derived envelope functioms,(g)(r)} are used to
identify the angular components making up the dot’s orbits.
The angular contribution of a certalnis obtained by inte-

expanding X" in spherical waves: $%°{(r)

grating the envelope functions squared inside the dot, i.e.,

a)|=§n: Em: frz [£M(r)|2dr. (5)

FIG. 2. The Brillouin-zone parentaggEg.
(4)] for (a) valence stategb) conduction states of
a 28-A InP dot. The dot valencé&onduction
states are numbere@vithout counting spin de-
generacy in decreasindincreasing energy. The
percentage of envelope angular-momentum com-
ponentg Eq. (5)] for the states ifa) and(b) are
given, respectively, in the first and second rows
in part(c). The four numbers in each row repre-
sent in percentage the contributions ©fp, d,

and f angular components from the lowest 16
(including spin bulk bands, respectively.
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Dot state index i

FIG. 3. Screened Coulomb interaction betwden dot VBM

and the lowest 20 conduction statéls) dot CBM and the highest

30 valence states, for the InP dot of 28-A diameter. In this flgure,ergy from the dot's VBM(CBM). Inspection of Fig. 2 shows

the Coulomb interaction between the VBM and the CEBRD1
meV) is taken as reference.

Figure 1 shows the energy distribution of the single-

particle valence and conduction states of a sphericafbs

passivated dotwith diameter of 28 A, as calculated by the

present direct diagonalizatiofDD) and by the &6 k-p

derived* k-p parametersy;=4.94, v,=1.79, A,=0.11

~0.5 eV from the VBM and~0.5 eV from the CBM, the

lomb interactions are included, is the excitonic band gap. The
peaks assigned to the experimentally observed PLE peaks are la-
beled by lettersa to f.

are numbered by 1,2..,N in decreasingincreasing en-

that (i) while the dot’'slow-energyvalence states are derived
mostly from the vicinity of thek=0 I" point, as the hole

energy increases, the Brillouin-zone parentage progressively
migrates away fronl" (i.e., peaks in Fig. 2 move to the
right). (ii) The dot’slowestconduction state if' derived, but

the next four stategnumbered 2 to 5 in Fig. (®)] are L

i _derived, and thus cannot be described viakhp. (iii) The
approach (in the latter case, we use pseudopotential-conduction states numbered 6 to 8 aréike states, split by
spin-orbit coupling. The energy differences betwegn
eV). Surprisingly, we see that within the energy windows of (CBM) and p-like dot conduction states are 374, 456, 338,

and 308 meV for diametdd =20.2, 23.7, 28.0, and 34.8 A

atomistic DD theory produces many more single-particledots, respectively(iv) There is significant even-odd parity
states, and thus different energy spacing relative to the énixing in the envelope functiongsee Fig. 2c)]. For ex-
X 6 k- p theory. To understand the origin of these states, Figample, the sixth dot valence state is 64%49%d, and 5% ;
the 15th dot valence stat@mot shown in Fig. 2is 21%s,

2 analyzes the Brillouin-zone parentaffeg. (4)] and the

envelope-function angular-momentum charagkg. (5)] of

(a) Experimental data
(phonon effects present)

9%p, 17%d, and 32%. This parity mixing, permitted by the
the single-particle states of the same dot, as obtained in thetomistic T4 point-group symmetry, is forbidden in the 6
present atomistic approach. The valericenduction states

(b) Experimental data
(phonon effects removed)
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FIG. 5. Experimentally observed excitonic
transition energie€ ,-E, vs the excitonic band
gapE,: (a) with phonon effects presertt) with
phonon effects removed. Iftb), the theoretical
results are compared with experiment. Solid lines
connecting the theoretical results are guides for

the eyes.
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The calculated screened electron-hole Coulomb interac- TABLE I. Analysis of the transition peaks to g (see Fig. 4in
tions J;; [Eq. (1)] between valence statésand conduction terms of valence-bandVB) and conduction-bandCB) single-
states are shown in Fig. 3 for the InP dot of 28-A diameter. Particle states and their orbital characters, for an InP dot of 28-A
All values are given with respect gy cay , Which for this diameter. For a Iqrger dot, the intengity of transitibr{to L-I.ike
dot is calculated to be 201 meV. In previous calculations Ofé):jfsc?r%':nsttﬁff;itvtviﬁgkofggafau in the top curve of Fig. 4
the excitonic spectrs;,® Jij were taken as constant for all
(ij) pairs. The latter approach giea much smaller value Peak

VB index Character CB index Character

of 148 meV for the 28-A dot. Interestingly, we see that the
Coulomb interaction between the VBM hole and thdike  a (gap 1,2 s 1 s(I')
conduction state§in Fig. 3@)] is the largest. Also, quite b 5 s 1 s(I')
unexpectedly from the symmetry consideration, the dot vae 14; 16, 17 pf 1 s(T)
lence states o$- and p-like symmetrie§numbered 1 and 3 d 3,4 p 3,4,5 (L)
in Fig. 3(b)] have quite similaronly by a 7% difference e 3,4 p 6,7,8 p(I)
Coulomb interactions with the-like dot CBM. f 6 p 6,7,8 p(T)

Having obtained the single-particle energies and the Coug 7,8 p 6,7 p(T)

lomb interaction energies, Fig. 4 shows the calculdteith
Coulomb interaction includedintensity | (E) [Eq. (2)] for
the transitions between valence and conduction states. Tfi
main peaks are assigned the lettarto g (in assigning the

'ltr?ngltlonlf vx:/e r??:it':TertTagvlt“SVsO;EIble to observésan the symmetry and bulk parentage of single-particle hole and
atedpeak eve S relatively we . electron states. Transitica (s—s) is the band gap. Transi-

Before comparing our transition energies with experi-yq, 1y resyits from the excitation frore-like spin-orbit split
ments, we note that our theory corresponds tmavibrating valence state to the-like CBM. Curveb in Fig. 5b) has

system and neglects exchange _interacti'énEigqre 3a) almost a constant energy separation0(11 e\} from the
ShOV\;S t:f e>r<]per|rtnhentarll photolun&mescr(]a nce ex;:fna(ltmrE) ._fundamental band-gap transiti¢ire., curvea). Transitionsc
\s/pﬁ/c (rqu Win?rf ; éf? tﬁ c;\r,:/onl ?/\r/] te t):Cnair;igi einegis (aage "Nandd involve valence states and conduction states with dif-

olved. We Interp N ) 0 lowest transitions 9: erent angular components or bulk origins, thus being weak.
as being phonon related: transition 1 is pure phonon ban ere, the valence states numbered 12 and 13 in Fig. 2,

while transition 2 originates from the process whereby th@Ihough beingscHike in the k- p language, are found to be

B o o & s el stte il SmulaneoUeany focdn to he-ike CM Transtonss, ., ands
spin triplet state. We thus remove the phonon effect by drop'—n Fig. Sb) occur betweerp-like valence states angt-like

ping from Fig. 8a) transition 1 and by subtracting the pho- conduction states, and are strong.
non energy from transition 2. We further remove the ex- In summary, a fully atomistic pseudopotential approach is

change effect by subtracting the exchange splitting from bot _used to calculate the excitonic transition spectrum in InP dots

transitions 2 and 3. Higher energy transitions will not be & wide energy region, and more importantly, to analyze

Lo the microscopic origin of the transitions, explaining the sur-
affected significantly by phonon and exchange, and thus arerising differences relative to the standarck6 k-p ap-

kept unchanged. The ensuing experimental data with phonoFr)l h
and exchange effects removed are plotted in F{g),5and proach.

are compared with the theoretical results obtained from Fig. We thank D. Bertram and A. Nozik for discussing their

4. We see that our atomistic calculation explains well thedata. This work was supported by the U.S. Department of
excitonic transition energies without invoking adjustable pa-Energy, OER-BES, under Grant No. DE-AC36-83CH10093.

meters. Furthermore, we identify the microscopic origin of
ese transitions. Table | analyzes, =28 A dot, the
microscopic origins of peaka to g in Fig. 5b) in terms of
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