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ABSTRACT

PbSe is a pseudo-II-VI material distinguished from ordinary II-VI's (e.g., CdSe, ZnSe) by having both its valence band maximum (VBM) and its
conduction band minimum (CBM) located at the fourfold-degenerate L-point in the Brillouin zone. It turns out that this feature dramatically

affects the properties of the nanosystem. We have calculated the electronic and optical properties of PbSe quantum dots using an atomistic
pseudopotential method, finding that the electronic structure is different from that of ordinary II-VI's and, at the same time, is more subtle than

what k -p or tight-binding calculations have suggested previously for PbSe. We find the following in PbSe dots: (i) The intraband (valence-
to-valence and conduction-to-conduction) as well as interband (valence-to-conduction) excitations involve the massively split L-manifold stat es.
(i) In contrast to previous suggestions that the spacings between valence band levels will equal those between conduction band levels
(because the corresponding effective-masses ~ me ~ my are similar), we find a densely spaced hole manifold and much sparser electron
manifold. This finding reflects the existence of a few valence band maxima in bulk PbSe within ~500 meV. This result reverses previous
expectations of slow hole cooling in PbSe dots. (iii) The calculated optical absorption spectrum reproduces the measured absorption peak

that had previously been attributed to the  forbidden 1S, — 1P, or 1P, — 1S, transitions on the basis of k -p calculations. However, we find
that this transition corresponds to an allowed 1P, — 1P, excitation arising mainly from bulk states near the L valleys on the I'-L lines of the
Brillouin zone. We discuss this reinterpretation of numerous experimental results.

Rocksalt-structured PbSequantum dots have emerged them from CdSe dots. We wish to address three pertinent
recently as interesting quantum systeim$, following the questions here:

long dominance of CdSe as the paradigm colloidal nano-  (j)\What are the mechanisms and degree of dele
structure. The “pseudo II-VI” compouhdbSe is indeed a  gplitting in the PbSe dotBecause in the fcc Brillouin zone
unique material, compared to -Vl metal monoselenides there are four equivalent L-point valleys, the VBM and CBM
(ZnSe, CdSe, etc.). Because of the high atomic number ofstates of bulk PbSe are fourfold degenerate (eightfold
the Pb Cation, relativistic effedtdocalize its valence 6s degenerate inc|uding Spin)_ However, because of the removal
orbital, making this orbital chemically inactive and trans- of translational symmetry in the dots, there will be (a)
forming this 8p? column-IV element into a pseudo-divalent jntervalley coupling that will split the bulk-degenerate L
p? atom. Lead thus forms metaloncselenides just like the  stated® and (b) valence-conduction interband coupling that
column-Il ¢ Zn or Cd atoms do. Moreover, the relativistic |l further modify these L states. Furthermore, (c) the strong
lowering of the Pb 6s orbital energy pulls down the normally anjsotropy of the bulk L valleys in PbSe, with transverse (t)
empty cation s conduction bandjL- T§ - Xg into the  and longitudinal (I) effective massébeing rather different
occupiedvalenceband manifold. Inside the valence band, (m/m being 1.75 for electrons and 2.0 for holes at 4 K),
this new band (located-68 eV below the HOMO) finds a il further split the near-edge quantum dot states. Finally,
higher-lying L, state of the same point group symmetry; (d) the magnitude of the potential barrier surrounding the
the anticrossing repulsion between these equal symmetrydot will decide the spacings between these split L levels.
states then makes the uppeg, Istate the valence band Attempts to theoretically account for all four L-splitting
maximunt (VBM). Similarly, the lowest empty | state is  effects (a-d) in PbSe dots have proven difficult. Thed4
repulsed downward by higher-energy conduction L states of | _centered® k-p approach recently proposed in the liter-
the same symmetry, thus making the conduction band g &.11-13 ignores intervalley coupling (a), limits the
minimum (CBM) L-like also. Hence, PbSe has a unique yglence-conduction coupling (b) to a single (doubly degener-
electronic structure, whereby both the VBM and the CBM ate) band for each edge, and either negtéas incorpo-
are L-like states. This unusual feature of bulk PB$=ads rate§1213the L-valley anisotropy effect (c), albeit within the

to unique properties of PbSe quantum dots that distinguish gffective-mass approximation. Thisgkapproximatioht-13
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and therefore exaggerating the degree of quantum confine-

ment (d). Tight-binding calculatiofs!® incorporate in
principle all four effects (ad). However, the tight-binding
fit14 to the bulk band structure of PbSe had missed most of
the L-valley anisotropy:m/my = 0.0374/0.0462= 0.81 was
used for electrons instead of the experimental 0.070/0.040
= 1.75 (see ref 19) and 0.0468/0.04%20.99 was used for
holes instead of the experimental 0.068/0.034 2.0.
Consequently, effect (c) was improperly accounted for. We
conclude that the splittings of L states in PbSe dots have
not been properly understood or predicted, and thus the near

edge absorption spectra of the dots remain unexplained. We

will show that a proper inclusion of effects (ajd) correctly

reproduces both the intraband and the interband absorptiong

of PbSe dots.

(i) What is the origin of the obseed interband absorption
peaks?ZExperimentally, it is possible to resolve three peaks
in the absorption spectrum of ensembles of PbSe nanocrys
tals34681L15190n the basis of the coincidence between the
measured and -p calculated transition energies, it was
suggestett that the three observed peaks originate fraqm S
— S S — P (or B — &) and B — P. transitions,
respectively. This assignment was later confirmed by tight-
binding (TB) calculation$? Thus, in this interpretatiof,4

the second observed absorption peak corresponds to formally

forbidden optical transitions - S and S— P, which violate

the parity conservation rule. This assignment has prompted
widespread speculatiohs®111415as to the mechanism
responsible for making this nominally forbidden absorption
peak strongly allowed. However, bothpkand TB calcula-
tions upon which this assignment was made have deficien-
cies. The kp calculations were based on ax44 isotropic
model with an infinite confinement barrier. Such a model
ignores the existence of additional valleys, both in the valence
and conduction bands, which can contribute to the absorption
spectrum. The large confinement barrier used-mdalcula-
tions certainly exaggerates the extent of quantum confine-
ment, hence placing the-& transition at too high an energy;
its agreement with experiment is thus spurious. This is
apparent from Figure 1 contrasting th@leigenvalue ladder

of a 30.6 A dot (copied digitally from Figure 1c of ref 11)
with our atomistic calculation (see below). Clearlypk

misses altogether numerous valence eigenvalues in the top

500 meV range below the valence band maximum (VBM),
having spuriously shifted them to much deeper energies, on
account of the artificially large+p confinement effects. The
overestimation of confinement in such>4 4 k-p calcula-
tions'! is also evident from the fact that its confined levels
scale with the dot sized, as 12, whereas more realistic
multiband calculations with finite barriéfsshow a much
weaker confinement with d/scaling. The TB calculation's,
however, used a parametrization that was fit to incorrect
electron and hole effective masses, as noted above.

Recently, using a combination of optical spectroscopy and
electron- and hole-tunneling spectroscopy, Liljeroth éfal
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Figure 1. Single-particle energy levels f& = 30.6 A PbSe dot
calculated using (a) the-fx method! (copied digitally from ref

11) and (b) the peudopotential method. The valence band maximum
(VBM) energies are aligned.

whereas the third absorption peak corresponds to the-D

D. transition. The debate on whether the cross transitions
such as §— P are strong®or weak® is important to the
understanding of carrier dynamics: Ellingson et'dhave
recently argued that because asymmetric transitions such as
P, — S are expected to lead to strong excitqgzhonon
coupling, they would allow rapid relaxation of excited
carriers via electronphonon coupling. We will show here
that R — S and § — Pe transitions are indeed forbidden,
and that the second transition is @ P P. transition (in
agreement with Liljeroth et dP) that originates from |
bands (i.e., states along tlie-L line) and does not have a
pure single-band assignment in terms of being.“Phe third
transition is not a pure P— D, excitatiort® but is made up

of heavily mixed R — P, and D, — D. transitions.

(iii) Are the spacings between holedés equal to the
spacings between electrorvids?If one assumes an infinite
potential well withme = m, as in the kp calculations; then
the hole-level spacings must equal the electron-level spac-
ings. This assumption has played a central role in the
contemporary literaturé6810111%n PhSe quantum dots. For
example, Klimov et at®1621ysed this assumption, together
with the forbidden character of the cross transitions (e.g.,
Pn— S, to argue that the threshold for carrier multiplication
in PbSe quantum dots i€€g wherekg is the quantum dot

have proposed that the second absorption peak correspondsand gap. Schaller et .l used the assumption of equal

to the B — Pe transition (which is optically allowed),
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< - \/ \ Table 1. Comparison of PbSe of Band Energies (in eV), Band
8 \/ /\/ GapE,y (in eV), and Effective Masses (in Units of Electron
6'_(: / Mass) as Obtained in Our Screened Pseudopotential Approach
i /N and Experiments is the Unit Cell Volume)
= 4_:\ target  fitted target fitted
i" 2_— \ ] property  value  value property value value
W OF | = S E L) 0278 0.28 L —Le, 1.75¢  1.72
-< & i Ty 5.5 5.52 Lg,—L} 1.53*  1.56
2 "‘N..____________ 8v ‘ ‘ 6c 450 . .
‘“\k / —\\\ _ Ty, 520 6.69 AT 0.75  0.73
4k \_\ \\—\/ Iy, 48  -1.35 AL) 0.25¢  0.25
I 1 Ly, 1.45¢ 152 AX) 0.6° 0.48
Bl — ~—"3 Lg, —7.24b  —9.82 mi(L) 0.07*  0.07
ra X Ww L r £ KUX K X 5.6 6.78 mie(L)) 0.04¢  0.04
) 6 -1.3¢ —2.52 WL .068% .
Figure 2. EPM band structure of bulk PbSe, where the zero of X‘i” _3 gc 4 29 m' EL; gggia ggz
energy is the top of the valence band, and three valence band X‘EV b ; e o '
maxima within the first 500 meV below the zero energy are L§5c 8.1 3.99 ~QEJdQ) 4.9 4.97
highlighted with red ellipses. The existence of the three valence Lsc 1728  1.80
band maxima is confirmed by the bulk band structure reported in a Reference 19 Reference 33 Reference 349 Reference 35¢ Cal-

ref 19. culated with experimental pressure coefficient and bulk modulus in ref 19.

_ _ The individual screened spherical atomic potentials,
assisted electron cooling should be slow, and thus otherand the spir-orbit potential Vso, have been fitted in such a
scattering mechanisms are required to explain the observedNay that solving eq 1 for théulk solid reproduces the
picosecond electron cooling rate. As shall be shown below, measured band structure, deformation potential, effective

an atomistic calculation of the energy levels of PbSe dots mass, and spinorbit splittings of PbSe, as listed in Table
indicates that hole states are much more dense than electron. The forn?223 of the atomic potentials is

states (viz. Figure 1) because hole states arise not only from

L points but also fronZ points (viz. Figure 2). The atomistic 2
. . . . . g —a

calculation thus invalidates previous expectations of eleetron Q) = ay————— 3)
. . U(l q ao a 2

hole mirror symmetry and the presumed far-reaching con- ae® -1

sequencé8'621of such an effect.

Our work is aimed at understanding the three puzzles (i

i) noted above. whereay, a;, @, andas are the fitting parameters for each

Method of Calculation. We study here two dots, P gtg;ngtzfregb(i:n;oo._zzzg ;élz a2§839 ba523=alf7518, Zggbea: d
. - . Al — . yA — . )

Seso and PhoseSeu7. We construct PbSe dots having the as = 0.666 for Se, all in atomic units). The band structure

rocksalt structure (lattice constamt= 6'.117 A) by p!acmg . of bulk PbSe calculated using the fitted potentials is shown
a Se atom at the center of a sphere with an effective radius,.

R, and then adding Pb or Se atoms witiraccording to in Figure 2. The fit is _dor_le for low temperature, except that
. .__the bulk band gapk, is fitted to room-temperature experi-
the structure. For such large dots, the electronic properties : . o
: ments. The pseudopotential ratio between longitudinal and
do not change much if we place a Pb atom at the dot center. . L
. ) . ) - transverse effective masses for electronsiisn, = 0.066/
The effective radiusR, is calculated using the formuR= _ .
3 _ , 0.035= 1.886 and for holes 0.072/0.038 1.895, in good
a(yNao) '3, wherey = 3/32r andNyq is the total number of . . )

) . agreement with experimett.The dangling bonds at the
real atoms in a dot. The two dots considered here rawe surface of the quantum dots are passivated by “ligand
15.3 A andR = 30.6 A (167 A and 31.9 A, including = O 1 gaussian o uopex 07 y)z) (9
passivation), respectively. P M o EXP 794

The eigenenergies and eigenfunctions of the quantum dotsﬁg_ 12 hartrees for cation-site passivation aﬁd: 7.2

- : : g : trees for anion-site passivation) in order to remove all
are obtained by solving an effective StHirmger equation r
y g feger eq surface staté3from the dot band gap te'1 eV away from

the band edges. Calculations with imperfect passivation such
- %Vz + V(r) + Vgo|yi(r) = E w,(r) 1) as those done by us for CdSe détsave not been done for
PbSe dots.

To solve eq 1, we have used the folded spectrum meéthod.
where the wavefunctiong;(r), are expanded in aplane wave  To analyze the results, we have subjected all wavefunc-
basis set, an¥so is a spin-orbit term. The local potential,  tions to a “majority representation” decomposifion
V(r), is represented as a superposition of screened atomicy,r) = 5,A(k)ek", which identifies the dominant wave-

pseudopotentiats for atom speciest at sited, in cell R vectors contributing to each dot state. To address the
anisotropic nature of dot wavefunctions, we integrate
V(r) = z Z vo(Ir — R —d,|) 2) k|A(K)|? over a quarter-hemisphere cornered at each L point

@ and then sunyk|Ai(k)|2d%k over all available L points.
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We have calculated the intraband and interband absorption ll 4 L
h

spectra. Because the dielectric constant of PbSe is quite large | 3(2) -
(€= = 23, o = 250), carrier-carrier interactions are highly h — Calc. DOS; R=30.6 A
screened, so we can calculate the absorption spectra in the __ | () |— Exp. dinl/dInV; R=27.5 A

single-particle (SP) approximation

1
lsp(a)) = \_/ z |Mv,c|26(hw —E. - Ev) 4)

DOS (arb. unit)

whereV is the volume of the supercell encaging the quantum

dot, and the sum runs over all pairs of valence (v) and

conduction (c) states. Herl, ¢ is obtained using the dipole

approximation, that isM, ¢ = <yy|r|y:>. 0
Single-Particle Spectrum. Figure 1 shows the single-

particle energy levels calculated using our atomistic pseudo-

Eitewlal met?od, clgmparidt\;]vltth thqilacalﬁglat:;)ns ;f .ref Figure 3. Density of states (black solid curve) of tRe= 30.6 A
- We see lrom Figure at (a) thepkband gap is dot calculated by broadening each single-particle energy level (blue

smaller (despite a larger confinement), presumably due tosolid bars) by 25 meV Gaussian, and measutéal I/d In V (red
the fit done in ref 11 to their uncharacteristically small solid curve) of theR = 27.5 A dot from ref 15 except that =
measured band gaps.(b) The atomistically calculated — (Vaot = Viip)/Vbias = 0.75 instead of; =0.70 (P. Liljeroth, private
valence energy levels are far more closely spaced than incommunication). The electron (hole) peaks are numbered in order
; . . of increasing (decreasing) energy, along with the subscripts “e
k-p because in the latter approach intervalley coupling, “h).
effective-mass anisotropy, and finite barrier confinement are
neglected. The reason that the hole levels in the f1500
meV below the VBM are much more dense than the electron
levels is that in bulk PbSe there are three valence band
maxima (see Figure 2) within the first 500 meV: (i) L, (ii)

between L and K on thZ line, and (iii) between K and X. Ecem + By qnd valencg states n(.eEr,w — B In other
These bulk dispersion maxima fold into the center of the words, the high-energy impact ionization threshold does not

Brillouin zone for the dot. In contrast, the conduction band "€ccessarily imply a mirror-like symmetry of the lower-lying
has only one conduction band extremum within the first 500 states involved in the near-gap optical absorption spectra
meV above the CBM. (c) The propode@iiis2lmirror because their energies are much smaller than the extra
symmetry” between conduction and valence states (by which energy,Eg, require_d for carrier multiplication. Ellingson et
Ecem+n — Eceam = Evem+n — Evam) does not exist in the altt reported a dl.fferem.threShOId deor, .: 2.1 I.Ef‘]’ by
atomistic calculation and is an artifact of simplified model 2SSuming that parity-forbidden asymmetric transitions such
assumptions. as R — S or §, — P. are in fact optically allowed within
The assumed mirror-like symmetry between valence and the mirror-like symmetry scenario. We have fodhidstead

conduction levels has often been used to interpret experi-that the 2.1Eq threshold is due to the lack of mirror-like
mental results as follows: symmetry, not to optically forbidden transitions. In other

(i) Wehrenberg et & found similar energies for the first Words, the asymmetry between the valence-band and con-
valence-valence and conductierconduction intraband ab-  duction-band densities of states allows for optical transitions

sorption peaks. They interpreted these peaks as arising fromvhere the excess energy of the electron is significantly larger
1S, — 1P, and 1S — 1P, transitions, which would have the ~ than that of the hole.
same energy, if mirror symmetry is assumed. However, we Comparison of Single-Particle States with Tunneling
will see in Section IIl that our atomistic calculation repro- Spectroscopy.The calculated spacings between the electron
duces these intraband spectra well, without the need todensity of states (DOS) peaks (and, separately, the hole DOS
assume such a symmetry. peaks) can be compared with tunneling spectroscopy mea-
(i) The relatively fast intraband relaxation raté®of 3—6 surements? if we assume that quasi-particle polarization self-
ps in PbSe quantum dots has been explained by a polarorenergies are similar for different electron stat€he black
modeli® assuming that the mirror-like symmetry precludes solid curve in Figure 3 shows the calculated single-particle
the possibility of Auger-type electrerhole energy transfer.  DOS for R = 30.6 A, using a Gaussian broadening of 25
However, our calculated dense valence energy levels domeV, and the red curve shows the measured tunneling
allow for efficient hole cooling, suggesting that the Auger- spectrur®® d In I/d In V for R = 27.5 A. The calculated
type energy transfer cannot be ruled out as the source ofdegeneracy splitting between the lowest four S-like levels
electron cooling. is ~15 meV for holes and-5 meV, due to the intervalley
(i) The recent observatidhof efficient carrier multiplica- coupling. The agreement between our results and experiment
tion for hw > 3Eg has also been interpreted as a confirmation is excellent, as summarized in Figure 3 and Table 2. This
of the mirror-like symmetry between valence and conduction indicates that the calculated single-particle energy levels are

-04 02 0 02 04 06 08 1 12
E-E,g, (V)

energy levels. However, the thresholdhosy, = 3Eg simply
reflects the mirror-like symmetry dfigh-lying statesn both
conduction and valence bands, that is, conduction states near
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Table 2. Peak-to-Peak Energy Separations in eV Extracted
from Tunneling Spectfain Comparison with the Peak-to-Peak
Separations from the Calculated DOS (Figure 3)

Table 3. Majority Representation Characters (see Figure 4) of
the DOS Peaks Shown in Figuré 3

peak character
R _o) 1. _a@ ol)_a@ o@)_ _ _ _ _
radius (A) 1,-2" 1,-32 2V-32 3P4, 1,~2, 1,~3, 2—3c 3c—4e L 100095+ 0.1L.]
21.5¢  0.1835 0.232 0.097 0.134 0.140 0.256 0.116 0.080 2tV [a] 0.8[0.9L;+ 0.1Lc] + 0.23; [b] 0.1L + 0.8
15.30 0.140 0.268 0.128 0.152 0.281 0.368 0.087 0.074 22 0.3L+ 053
27.5¢ 0.095 0.224 0.129 0.145 0.272 0.127 0.056 h ’ ’
30.60 0.090 0.227 0.137 0.119 0.144 0.278 0.134 0.080 3;)1) [a] 0.9[0.9L; + 0.1Lg]; [b] 0.6[0.7L;+ 0.3L]+0.2%
aTunneling measurements, ref ¥ Presently calculated values. 3(})2) [a] 0.9[0.4L;+ 0.6Lc] + 0.1%; [b] 0.9[0.7L;+ 0.3L] + 0.1=
1o 1.0[0.9L; + 0.1L]
ays e 1.0[0.9L;+ 0.1L]
BZ Decomposition 3, la] 1.0[0.3L,+ 0.7LcJ; [b] 1.0[0.9L, + 0.1Lc]
4. 1.0[0.9L; + 0.1Lg]

aHere, 0.8[0.9 + 0.1L-] + 0.2 means 80% L character (comprised
of 90% L and 10% L), and 20%X character. Some peaks have two
different types of characters, as specifed by [a] or [b] because each DOS
peak is made up of many single-particle energy levels.

Valence-to-Valence (\*-V) Intraband Transitions. Fig-
ure 5a shows the experimental intraband differential absorp-
tion spectrum measured by Wehrenberger étfat 36-A-
radius PbSe quantum dots. The authoeported an induced
absorption feature centered around 0.174&%¥400 cn1?).
This feature consists of a narrow dip superimposed on a
broad peak. They interpreted the @ips an extrinsic effect
arising from absorption by molecular species moving in and
out of the film while charging, concluding that there is but
one intrinsic absorption peak due to the dot. Our results
disagree with this interpretation in that we find two distinct
intrinsic intraband absorption peaks arising from two split
groups of levels by the anisotropic effective mass (without
the interference from molecular species causing the dip).
Note further that the measured intraband absorption peak
could be obscured by the size dispersion of the dots of
average radiu® = 36 A, different from our dot siz&® =
30.6 A. Two absorption peaks were also predicted in ref 14,
in agreement with our result.

Figure 5b shows our calculated valence energy levels of
a 30.6-A-radius dot and the corresponding ¥V absorption
spectrum broadened with a Gaussian of wiitir 25 meV
at a temperature of 12 K. At such a low temperature, only
the four lowest dot levels are thermally populated. Table 4

accurate enough to describe other properties, for example, . " : .
! summarizes all of the transition peak assignments (first and
optical spectra, of the PbSe quantum dots.

Figure 4 shows the majority representation of the num- second columns)_ relevant for-w abs_orpt|on. The_ calcu- )
bered DOS peaks of Figure 3, and Table 3 shows the lated spectrum(l():hsplays two well-defined absorptl((z))n peaks:
quantitative analysis of their majority representation and @ P€ing k= 277 [a] at 0.10 eV and§ being 1}, — 3;~ [b]
L-point anisotropy. These DOS peaks show two types of at 0.23 eV forR = 30.6 A. Transitiona. is mostly L — Ly,

Figure 4. Projection of some dot wavefunctions representative of
the interband transitions, 3, y andd, for R=30.6 A : red iso-
surfaces stand for mean values|&fk)|? in the first BZ of the fcc
lattice.

state mixing: (i) L—= mixing: while the band-edge states,
1, and 1, derive from the L valleys alone, this is not the

whereasf is primarily Ly — Lp (Table 3). Note that the
intraband V-V absorption is dominated by direct L-to-L

case for deeper hole states that spread toward different Ltransitions, whereas states having lakyeharacter do not

valleys (viz. Figure 4), producing som® character. For

contribute to intraband transitions. However, the spectrum

instance, peakfﬁ is made up of two types of states, [a] and for the dot of R = 15.3 A shows more diverse features
[b], and contains noticeabl® character: type [a] has 20 % because of the relatively sparse states. It has two major peaks
> character, and type [b] has 80 @character. (ii) k-Lg at transition energies 0.136 and 0.292 eV. Comparison with
mixing: the anisotropic nature of the L states splits the levels tunneling spectrd in Table 2 shows a good agreement for
into L, and Ly components. Valence states having higher the large dot:a calculated (measured) being 0.090 eV (0.095
L character tend to be farther from the band edges becauseV) andj calculated (measured) being 0.227 eV (0.224 eV);
of their smaller transverse effective mass. 20—3@ calculated (measured) being 0.137 eV (0.129 eV).
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(a) Measured V-V ; R=36 A; Wehrenberg
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(b) Calculated V-V ; R=30.6 A
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Figure 5. Experimental intraband (a) valence-to-valence-{Xj
(c) conduction-to-conduction (€C) absorption spectra of 36-A-
radius dots reported by Wehrenberg et ate compared with our
calculated single-particle intraband spectra for (bYW and (d)
C—C transitions of 30.6-A-radius dots wilh= 25 meV at 12 K.

(a) V-C Absorption Spectra
0‘771

Harbold, 2005
R=30 A (Exp)

Murray, 2001
R=35 A (Exp)

IR B TR SR N B TR

Intensity (arb. unit)

Allan, 2004
R=36.5 A (TB)
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Transition Energy (eV)

(b) V-C absorption (Calc.) : R=30.6 A

0
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Transition Energy (eV)
e
= = |
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Figure 6. (a) Measured and calculated interband valence-to-

conduction (\V-C) absorption spectra from refs 8, 6, and 14, (b)
our calculated absorption transitions for the 30.6-A-radius dot with
linewidthsI” = 25, 65 meV; in the lower panel of b, single-particle
energy levels are shown with allowed transitions specified by
arrows, and in the upper panel are shown their corresponding
absorption spectral peaks with transition energy values.

absorption of Wehrenberger et‘dor the dot ofR = 36 A.

The authors assigned the peak centered around 0.186 eV
(= 1500 cm?) to the 13 — 1P transition. The TB results
by Allan et al** showed one broad peak around 0.129 eV
for R = 36.5 A. However, the electron effective mass
anisotropy at the L point was not fully incorporated in
the TB fit. Our calculation produces two distinct peaks for

Shown in the bottom panels of b and d are single-particle energy the 30.6 A dot with a Gaussian broadeningof 25 meV,

levels with arrows specifying states involved in transitions that make
up absorption spectral peaks shown in the upper panels.

Conduction-to-Conduction (C—C) Intraband Transi-
tions. Figure 5c¢ shows the experimentak-C intraband
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as shown in Figure 5d. The first absorption peak,at
transition energy 0.145 eV, originates from a transitign 1
— 2. (Ly — L), whereas the second pegk,at 0.268 eV,
stems from 41— 3¢ [a] (L — Lp), as shown in Table 4.
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Table 4. Transitions Involved in Intra- and Interband Absorption for fhe= 30.6 A Dot, their Transition Character, and their

Transition Energy

o (V=V) p(V=V) o (C—C) p(C-C) o (V=C) p(V=C) y (V=0) 0 (V-0)
L—2 al  1,— 37 1.—2  le—3al I1hi—1  2Vlal —2 2"l =3 [bl;37[al —2.  3;[a] —3,; 3} [a] — 3lal
Ly— Ly Li—Lg Li— Ly Li— Lg Li—Ly Li—Ly Li— Lg; Lo— Ly Ly— Ly Lo— Lo
0.100 eV 0.230 eV 0.145 eV 0.268 eV 0.890 eV 1.130 eV 1.250 eV 1.380 eV

aq, f, andy are the absorption peak labels specified in Figures 5 and 6. All symbols refer to Table 3.

Table 5. Interband Absorption Peak-to-Peak Energy Difference
Extracted from Optical Absorption Spectdand Our

Calculation: eg — €, 0r €5 — €z Represent the Energy

Difference between Pealsanda or betweend andf in

Interband \V/-C Spectra (All Energies are in Electronvolts)

radius (A)

€ — €q € —€p
15.3;% 30.6¢ 0.42; 0.24 0.33; 0.25
30 0.21 0.22

30;> 36¢ 0.20; 0.15

15.3;¢ 27.5¢ 0.42; 0.22

aPresently calculated valuesOptical absorption, ref & Optical absorp-
tion, ref 16.

The transition energies of andf can also be estimated by

|'¥(r)|? on (001) cut-plane

the DOS peak separations corresponding to the transition
assignments in Table Zn ~ 1.—2. = 0.144 eV (measured:
0.145 eV);f ~ 1l.—3. = 0.278 eV (measured: 0.272 eV);
2:—3. = 0.134 eV (measured: 0.127 eV);~34. = 0.080
eV (measured: 0.056 eV). Similar to the intrabane-\W
absorption, we find that the level splitting due to anisotropic
electron effective mass plays a crucial role ir-C transi-
tions, that is, two absorptive transitions tg &nd L final
states split by the L-point anisotropy.
Valence-to-Conduction (\V-C) Interband Transitions.
Experimentd}® and calculatel V—C spectra are shown in
Figure 6a. Figure 6b displays our calculated single-particle
energy levels and their corresponding interband-G/
absorption spectrum. Using a broadeningl'of 25 meV,
we resolve four distinct peake.(f3, y, andd) each of which
is associated with transitions having relatively large oscillator
strengths. However, applying B = 65 meV broadening
washes out the peak and resolves three well-defined peaks
(o, B, 0) in accordance with experimentally observed spectra.
Our calculated absorption peak separations for Both15.3
A and R = 30.6 A are in excellent agreement with the
experimental values, as shown in Table 5.

Figure 7. |yi(r)|?s depicting a set of interband transitions, 3,

y, 0, each corresponding to h* el, h8— e8, h18— ell, and
h48— e17 among a set of single-particle states belonging to DOS
peaks forR = 30.6 A: The contours represehpi(r)|?s on the
(001) cut-plane dissecting the dot with their intensities increasing
from red to blue.

To better characterize the interband transitions, we show
in Figure 4 the areas in the Brillouin zone from which the
intial and final states derive. Furthermore, Figure 7 shows
the real-space atomistic wavefunctions corresponding to the
four calculated absorption peaks. Unlike the simple effective
mass approximation results cited in the current litera-
ture 3410111625y calculations indicate that there is no way
to assign pure orbital angular momenta of envelope functions
because of intervalley coupling and state-mixing from
different parts of the Brillouin zone. Nevertheless, our
wavefunction analysis in both real (Figure 7) and reciprocal
(Figure 4) space suggests that transitimninvolves ap-
proximate S-like hole and electron states; transitibis
associated with P-like hole and electron states; transjtion
is characteristic of asymmetric transitions having mixed P-

The origin of the second absorption peak has generatedand D-like states; finally, transition is due to symmetric

much controversy in the literature. Our atomistic calculations
provide a different interpretation of the experimental spectra
than previous calculatiorfs? 14 Table 4 shows our identi-
fication of the absorption peaks. We see that peéak 1, —

1, that is, Ly — L. Peakg is also Ly — L, due to f)[a] —

2.. In other words, peaks. and 3 are associated with the
symmetric transition p— L, giving relatively larger oscil-
lator strengths. The peak orginates from two distinct types
of anisotropically asymmetric transitions with relatively
small oscillator strengths: \L— Lp and Ly — L. This
accounts for their relatively smaller oscillator strengths.
Peako is made up of two symmetric transitions; £ L,
and Lgp — Lp.
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transitions (I} — L and L, — L%), characteristic of a
number of heavily mixed P- and D-like states.

Our interpretation of the second transition as P 1P,
interband optical transition is in apparent contradiction
with the observation of Wehrenberg et*alho found that,
when electrons (undetermined numBgere progressively
injected into the dot, bleaching of the second optical
transition begins before bleaching of the first optical transi-
tion is complete. This observation suggested to the authors
that both transitions involve the same set of final statgs (S
whose occupation blocks additional optical transitions into
these states (Pauli blocking). However, the bleaching of both
first and second transitions upon charging could be consistent

Nano Lett.,, Vol. 6, No. 12, 2006



with having different final states (Sor the first and Bfor

the second, respectively). This is related to the fact that the
experiment of ref 4 pertains to a highly charged dot, not to
a neutral dot. Such high charging will repel the electron and
attract the hole resulting from an additional photoexcited pair,
thus separating it spatially and reducing its intensity,
particularly if the charges are trapped at or near the dot
surface®! This is true both for §S. and R—P. photoexcited
pairs. Thus, Coulomb-induced intensity attenuation (and not
just Pauli blocking) can explain the bleaching of the second
transition. Therefore, the final state of the first and second
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