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Anisotropy-induced optical transitions in PbSe and PbS spherical quantum dots
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Optical-absorption spectra of PbSe and PbS spherical quantum dots have been studied both theoretically and
experimentally. Exact theoretical analysis of the energy spectra and optical transitions has been carried out in
the framework of four-bandk•p-method with full account of the anisotropy effects. It is demonstrated that
strong anisotropy of the energy bands of bulk PbSe and PbS results in pronounced optical transitions in
quantum dots, which are forbidden in isotropic approximation. These anisotropy-induced transitions have been
clearly observed in the measured absorption spectra of the PbSe and PbS quantum dots.
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Glasses embedded with semiconductor quantum
~SQD! are of interest for the studies of basic properties of
low-dimensional structures and their quantum confined o
cal transitions. Dependence of the transition energy on
SQD size allows the ‘‘tuning’’ of the glasses to waveleng
of a specific light source if the energy of photons at a de
able wavelength exceeds the energy gap of the bulk se
conductor, and resonance ‘‘tuning’’ is possible if the SQ
are narrowly size distributed. The studies of the SQD
glasses were mainly performed with wideband II-VI sem
conductors with the energy gap corresponding to the vis
range of optical wavelengths.1 The synthesis of the glasse
embedded with semiconductor quantum dots and mode
of these SQD have recently been performed.1–9 In particular,
the theory allowing description of optical properties of II-V
and III-V SQD was developed by Efros and co-workers.7–9

The energy spectra and optical transition matrix element
IV-VI SQD ~PbSe and PbS! have been calculated in isotrop
approximation taking account of anisotropic effects only
the framework of first-order perturbation theory. Howev
as is shown in the present paper, the anisotropy of the en
bands strongly affects the optical properties of PbSe and
SQD and, therefore, should be taken into account in
degree.

In this paper we present our results of theoretical a
experimental study of the electronic structure and opt
transitions in spherical PbSe and PbS SQD. It is shown,
full account of the anisotropy effects provides good desc
tion of the experimental optical-absorption spectra and id
tification of the observed transitions including transition
which nature is not clear within isotropic approximation
previous theory developed by Kang and Wise.3

We used the recently designe
P2O5-Na2O-ZnO-AlF3-Ga2O3 glass system4,5 doped with
PbS or PbSe for formation of the semiconductor quant
dots via phase decomposition of oversaturated solid solut
of the IV-VI semiconductors in the glass matrix. The glass
were synthesized at;1100 °C, the glass transition temper
ture TG;380 °C. The technique of raw batch was applie
After the synthesis and the quenching at room temperat
the glass samples were slightly yellowish that is typical
PRB 590163-1829/99/59~23!/15402~3!/$15.00
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lead-containing glasses. Thermal treatment of the glasse
390–400 °C led to their coloring to brown and black depen
ing on the duration and the temperature of the anneal
X-ray diffractometry and transmission electron microsco
of the annealed glass samples demonstrated the existen
spherical PbS and PbSe quantum dots within the glass
trix. Size of the quantum dots varied between;2 and 15 nm
depending on the duration and the temperature of the ann
ing of the samples. Evaluated width of the narrowest s
distribution of the quantum dots is;5 –7 %. This narrow
size distribution of SQD formed in glasses is a unique o
except SQD formed by Borrelli and Smith2 in a silicate glass,
and it is closer to the distributions typical for SQD forme
with chemical techniques.6

The optical-absorption spectra of the annealed gl
samples with PbS and PbSe quantum dots were measur
the spectral range 350–3500 nm at room and at liqu
helium temperatures. Due to the narrow size distribution
the SQD, sets of optical-absorption peaks corresponde
different quantum transitions were clearly observed even
the spectra measured at room temperature. The mea
ments performed at He temperature indicated narrow abs
tion peaks corresponding to the narrow size distribution.
crease of the annealing duration leads to the motion of
SQD-doped glass spectra from the spectrum of the un
nealed glass towards the spectrum of the bulk IV-VI sem
conductor crystals.

To calculate the energy levels and the wave functions
electrons and holes in spherical SQD, we used four-b
k•p model, which takes account of anisotropy and accura
describes the band structure near theL point of the Brillouin
zone.10,11 Contrary to calculations performed by Efros an
co-authors7–9 for III-V and II-VI SQD, which have
band edge atG point of the Brillouin zone, we use the
L-point expansion in thek•p model since the conduction
band minimum and valence-band maximum in PbS and P
are located in theL point of the k space. This four-band
k•p model takes into account coupling of the conduction a
valence bands, which was shown to be important for
energy-level calculations in isotropic approximation.3 We
represent the HamiltonianĤ of the k•p model asH5H isotr
15 402 ©1999 The American Physical Society
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1Han, where the first term is the isotropic part and the s
ond term describes the anisotropy effects.3 The carrier wave
functions in spherical SQD, i.e., the eigenfunctions ofĤ, are
expanded in the series of the eigenfunctionsua& of Hamil-
tonianH isotr corresponding to the isotropic SQD problem:

C5(
a

Caua&, ~1!

where the sum is taken over all statesa of the isotropic
Hamiltonian~with account of degeneracy!. Then the coeffi-
cientsCa in Eq. ~1! and the energy levels of SQD are ca
culated numerically as the solution of the eigenvalue pr
lem for the matrix Hab5dabEa1^auĤanub&, where
Ĥ isotrua&5Eaua&, andEa is the energy of the statesa. The
matrix elements Hab are calculated analytically usin
Wigner-Eckart theorem12 and explicit expression for func
tions ua& through spherical harmonics and Bess
functions.3,13 Matrix elements for optical transitions betwee
two levelsi and f in SQD are calculated using the formula

Mi→ f5(
a,b

@Ca
~ i !#* Cb

~ f !Mab , ~2!

where optical matrix element between isotropic statesa and
b, Mab , is calculated analytically. Finally, the square of t
matrix element for a given polarization obtained using E
~2! is averaged over the directions of the polarization vec
assuming uniform distribution for the orientation of th
spherical SQD in glass matrix. Also, we note that if we
strict the summation in Eq.~1! only over the degenerate~or
quasidegenerate! states with a given energy, then we w
simply get the result of first-order perturbation theory o
tained in Ref. 3. However, this approximation is not va
because of strong mixing of isotropic states with differe

FIG. 1. Energy levels of PbSe SQD calculated in isotropic
proximation~left-side horizontal lines! and with full account of an-
isotropy ~right-side lines!. Vertical solid and dashed lines on lef
side diagram indicate permitted and forbidden transitions
isotropic approximation, respectively. Dotted lines from left-si
levels to the right-side ones show isotropic states which give
main contribution to the formation of the real SQD levels, SQ
radiusa540 Å , and temperatureT512 K.
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energies, which results in nonzero optical matrix eleme
for some additional transitions, which are not permitt
within the framework of the isotropic model.

Figure 1 shows the energy levels of spherical SQD cal
lated using isotropic and anisotropic models. The energy
the ground states in the isotropic and anisotropic models
close, but not identical. The anisotropy does not change
nificantly the energy position of the ground state since
have used an average set of band parameters for the isot
model:3 P25(2Pt

21Pl
2)/3, 3/m652/mt

611/ml
6 ~notations

are the same as in Ref. 3!. In isotropic approximation each
quantum state in SQD can be labeled by four quant
numbers:3 ua&5u j ,m,p,nr&, where j and m are the angular
momentum numbers,nr is the radial quantum number, andp
denotes the parity. Ground electron and hole levels (e1, h1,
see Fig. 1! consist of the states withj 51/2, p5u, and nr

51, and higher levele2, h2 groups consist of the states wit
j 51/2, 3/2,p52u, andnr51 ~hereu51 for electrons, and
u521 for holes!. For isotropic case the selection rules f
the direct optical transitions are the following:D j 50, 61;
Dm50, 61; and peph521. Therefore all optical transi-
tions between level groupse1↔h2 ande2↔h1 ~dashed lines
on Fig. 1! are forbidden in isotropic model because of
parity reason. The analogous conclusion is also valid for
transitions between higher levels. However, the situat
considerably changes in the case when the anisotropy o
energy bands is taken into account. The influence of the
isotropy results in two main effects. First, the energy lev
are split and shifted~see Fig. 1!. Second, the strong mixing
of different isotropic states takes place. Therefore, the tr
sitions, which are forbidden in isotropic approximation, b
come allowed to a degree of this mutual mixing. These tr
sitions are clearly observed in measured spectra~see Figs. 2
and 3!. Thus the anisotropy of the energy bands substanti
affects the optical-absorption spectra of SQD.

-

n
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FIG. 2. Measured optical-absorption spectra of the glass sam
embedded with PbSe quantum dots; arrows show the transition
ergy positions obtained from the analysis of the second deriva
~a!, the square of the transition matrix element averaged over
larizations ~transition amplitude! calculated using full account o
the band anisotropy~b!, and in isotropic model~c!. The SQD radius
a540 Å ; for calculations we used the following paramete
Eg(T512 K)50.166 eV, 2Pt

2/m51.7 eV, 2Pl
2/m53.0 eV,

m/mt
254.3, m/ml

253.1, m/mt
158.7, andm/ml

153.3 ~notations
of parameters are the same as in Ref. 3!.
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Figure 2~a! shows measured absorption spectrum of Pb
SQD at T512 K. The second derivative analysis of th
spectrum allows us to distinguish five absorption bands c
responding to optical transitions or groups of transitions. T
isotropic model and the model of Ref. 3 can predict the
ergy position of only three transitions@see Fig. 2~c!#, because
the other ones are forbidden in these simple models.
calculations in the framework of an accurate anisotro
model show that the amplitudes of the additional transitio
~labeled as 2 and 4 in Fig. 2! are of the same order as th
amplitudes of the transitions allowed in an isotropic mod
The energies for the transitions 1–5 calculated in anisotro
model are in good agreement with experiment~see Fig. 2!.
The discrepancy of theoretical results and experimental
is less than 20–30 meV, which is possibly due to the infl
ence of such factors as the deviation from spherical shap
the SQD, effects of interface, and some uncertainties in
terial parameters. To estimate the effect of deviation from
spherical shape on the absorption spectra of SQD’s, we
formed calculations of the energy shifts induced by the
ometry of QD’s in case they were ellipsoidal with semiax
a1 anda2. Using the methods of perturbation theory simil
to that described in Refs. 8 and 14, we obtained that
energy shift caused by such changing of the SQD shap
given byDEa5daEaCa , whereda52(a12a2)/(a11a2) is

FIG. 3. The same as Fig. 2, but for PbS SQD of radiusa
573 Å . For calculations we used the following paramete
Eg(T512 K)50.299 eV, 2Pt

2/m51.4 eV, 2Pl
2/m53.3 eV,

m/mt
251.3, m/ml

252.9, m/mt
151.6, andm/ml

152.9.
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the degree of deviation from the spherical shape,Ea is the
energy of statea in spherical SQD, andCa is the coefficien
that depends on the quantum numbersa5( j ,m,p,nr). Esti-
mating from the TEM measurements5 the value ofda to be
less or equal to 0.05,da<0.05, we found that the energ
shift is less than 5 meV and 12 meV for the PbS and P
SQD, respectively. Therefore the effect of deviation of
SQD shape from sphere is much smaller than the effe
anisotropy, and it is also not the cause of appearance o
observed transition in the absorption spectra.

Measured absorption spectrum of PbS SQD is plotte
Fig. 3~a!. For PbS the first additional transition 2 is close
the second one 3 permitted in the isotropic model~see Fig. 3!
than in the case of PbSe SQD’s~Fig. 2!, which is due to
weaker anisotropy of the energy bands in PbS compar
PbSe. Rather wide peak 4 and plato consist of several
sitions, which correspond to the slightly shifted transiti
between energy levels calculated for the isotropic model,
one additional transition~low-energy side!. Note that the iso
tropic model predicts the energy position of peak 4 to be
meV larger than the experimental one. The higher en
peculiarities of 5–8 in absorption spectrum cannot be id
tified synonymously because for these transitions the e
of the factors mentioned above is rather strong. However
can conclude that weak peak 7 most likely is due to a
tional transitions, while peak 8 is induced by the transi
permitted in the isotropic model, and peaks 5 and 6 co
of both types of transitions. Thus, we manage to observe
interpret up to eight transitions in PbS SQD.

In conclusion we note that we have developed a the
ical model with full account of anisotropy of the ener
bands. The model describes properly the measured ab
tion spectra of PbSe and PbS spherical SQD. This m
allows us to identify up to five transitions in PbSe and up
eight transitions in PbS SQD. It is demonstrated that op
transitions, which are forbidden in isotropic model, beco
allowed when the anisotropy is included in the model in
degree. These anisotropy-induced additional optical tra
tions have been clearly observed in the measured abso
spectra of narrowly distributed PbSe and PbS SQD forme
the phosphate glass matrix.
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