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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-band - 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
guantum 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.
[S0163-182609)11415-3

Glasses embedded with semiconductor quantum dotgad-containing glasses. Thermal treatment of the glasses at
(SQD are of interest for the studies of basic properties of the390—400 °C led to their coloring to brown and black depend-
low-dimensional structures and their quantum confined optiing on the duration and the temperature of the annealing.
cal transitions. Dependence of the transition energy on th&-ray diffractometry and transmission electron microscopy
SQD size allows the “tuning” of the glasses to wavelengthOf the annealed glass samples demonstrated the existence of
of a specific light source if the energy of photons at a desirSpherical PbS and PbSe quantum dots within the glass ma-
able wavelength exceeds the energy gap of the bulk semilix. Size of the quantum dots varied betwee@ and 15 nm
conductor, and resonance “tuning” is possible if the SQDdepending on the duration and the temperature of the anneal-
are narrowly size distributed. The studies of the SQD ining of the samples. Evaluated width of the narrowest size
glasses were mainly performed with wideband 1I-VI semi-distribution of the quantum dots is5-7 %. This narrow
conductors with the energy gap corresponding to the visibl§ize distribution of SQD formed in glasses is a unique one,
range of optical wavelengtsThe synthesis of the glasses except SQD formed by Borrelli and Smitin a silicate glass,
embedded with semiconductor quantum dots and modelingnd it is closer to the distributions typical for SQD formed
of these SQD have recently been performigtin particular, ~ With chemical techniques.
the theory allowing description of optical properties of Il-vi ~ The optical-absorption spectra of the annealed glass
and 1ll-V SQD was developed by Efros and co-work&rs. Samples with PbS and PbSe quantum dots were measured in
The energy spectra and optical transition matrix elements ifhe spectral range 350-3500 nm at room and at liquid-
IV-VI SQD (PbSe and PhShave been calculated in isotropic helium temperatures. .Due to the narrow size distribution of
approximation taking account of anisotropic effects only inthe SQD, sets of optical-absorption peaks corresponded to
the framework of first-order perturbation theory. However, different quantum transitions were clearly observed even in
as is shown in the present paper, the anisotropy of the enerd)® Spectra measured at room temperature. The measure-
bands strongly affects the optical properties of PbSe and Pb¥ents performed at He temperature indicated narrow absorp-
SQD and, therefore, should be taken into account in fultion peaks corresponding to the narrow size distribution. In-
degree. crease of the annealing duration leads to the motion of the

In this paper we present our results of theoretical and®QD-doped glass spectra from the spectrum of the unan-
experimental study of the electronic structure and opticanealed glass towards the spectrum of the bulk IV-VI semi-
transitions in spherical PbSe and PbS SQD. It is shown, thatonductor crystals. _
full account of the anisotropy effects provides good descrip- T0 calculate the energy levels and the wave functions of
tion of the experimental optical-absorption spectra and iden€lectrons and holes in spherical SQD, we used four-band
tification of the observed transitions including transitions,k- P model, which takes account of anisotropy and accurately
which nature is not clear within isotropic approximation or describes the band structure near ttheoint of the Brillouin
previous theory developed by Kang and Wise. zonel%!! Contrary to calculations performed by Efros and

We used the recenﬂy designed CO—auth0r§_9 for 111-V and II-VI SQD, which have
P,05-Na,O-ZnO-AlF;-Ga,0; glass systefi? doped with band edge af’ point of the Brillouin zone, we use the
PbS or PbSe for formation of the semiconductor quantunt--Point expansion in thé-p model since the conduction-
dots via phase decomposition of oversaturated solid solutiondand minimum and valence-band maximum in PbS and PbSe
of the IV-VI semiconductors in the glass matrix. The glassegre located in the point of the k space. This four-band
were synthesized at 1100 °C, the glass transition tempera- k- p model takes into account coupling of the conduction and
ture Tg~380°C. The technique of raw batch was applied.valence bands, which was shown to be important for the
After the synthesis and the quenching at room temperatur@nergy-level calculations in isotropic approximatibie
the glass samples were slightly yellowish that is typical forrepresent the HamiltoniaH of the k- p model asH =H;g,
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—_— FIG. 2. Measured optical-absorption spectra of the glass sample

-08 ~ — embedded with PbSe quantum dots; arrows show the transition en-

-1.0 - ergy positions obtained from the analysis of the second derivative

12 (a), the square of the transition matrix element averaged over po-

- ] larizations (transition amplitudg calculated using full account of
FIG. 1. Energy levels of PbSe SQD calculated in isotropic ap-the hand anisotropgb), and in isotropic mode(c). The SQD radius
proximation(left-side horizontal lingsand with full account of an- 5 _4q A for calculations we used the following parameters:
isotropy (right-side line$. Vertical solid and dashed lines on left- Eo(T=12 K)=0.166 eV, 2Pt2/m=1.7 ev, 2P|2/m=3.0 ev,
_S|de d_|agram |r_1d|cgte permltte_d and forbld_den transmons_ '”m/m{=4.3, m/m; =3.1, m/m; =8.7, andm/m;" =3.3 (notations
isotropic approximation, respectively. Dotted lines from left-side ¢ parameters are the same as in Ref. 3
levels to the right-side ones show isotropic states which give the
main contribution to the formation of the real SQD levels, SQD
radiusa=40 A, and temperaturé=12 K. energies, which results in nonzero optical matrix elements
for some additional transitions, which are not permitted
+H,,,, where the first term is the isotropic part and the secwithin the framework of the isotropic model.
ond term describes the anisotropy effethe carrier wave Figure 1 shows the energy levels of spherical SQD calcu-
functions in spherical SQD, i.e., the eigenfunctiongigfare  lated using isotropic and anisotropic models. The energy of
expanded in the series of the eigenfunctipa of Hamil- the ground states in the isotropic and anisotropic models are

tonian Hig,, corresponding to the isotropic SQD problem:  close, but not identical. The anisotropy does not change sig-
nificantly the energy position of the ground state since we

- 2 C,la), (1) have used an average set of band parameters for the isotropic
« model® P?=(2P2+ P?)/3, 3n*=2/m+ 1/m]" (notations
where the sum is taken over all statesof the isotropic ~are the same as in Ref).3n isotropic approximation each
Hamiltonian (with account of degeneragyThen the coeffi- quantum state in SQD can be labeled by four quantum
cientsC, in Eq. (1) and the energy levels of SQD are cal- numbers: |a@)=|j,m,m,n,), wherej and m are the angular
culated numerically as the solution of the eigenvalue probmomentum numbers, is the radial quantum number, and
lem for the matrix H,z= 5aﬁEa+<a||3|an|,3>, where  denotes the parity. Ground electron and hole levels fi1,
Aisonl @) =E,|@), andE,, is the energy of the states The  S€€ Fig. J..COﬂSISt of the states with= ;/2, =46, and ne
matrix elementsH,; are calculated analytically using =1,and higher levet2 h2 groups consist of the states with
Wigner-Eckart theorefd and explicit expression for func- J=1/2, 3/2,m=— 6, andn,=1 (here¢=1 for electrons, and
tions |ag through spherical harmonics and Bessel#=—1 for holes. For isotropic case the selection rules for
functions>'3 Matrix elements for optical transitions between the direct optical transitions are the followingj =0, *1;
two levelsi andf in SQD are calculated using the formula Am=0, *1; and w.m,= —1. Therefore all optical transi-
tions between level groupsl— h2 ande2—h1 (dashed lines
on Fig. 1) are forbidden in isotropic model because of a
parity reason. The analogous conclusion is also valid for the
where optical matrix element between isotropic stateend  transitions between higher levels. However, the situation
B, M, is calculated analytically. Finally, the square of the considerably changes in the case when the anisotropy of the
matrix element for a given polarization obtained using Eqg.energy bands is taken into account. The influence of the an-
(2) is averaged over the directions of the polarization vectolisotropy results in two main effects. First, the energy levels
assuming uniform distribution for the orientation of the are split and shiftedsee Fig. 1 Second, the strong mixing
spherical SQD in glass matrix. Also, we note that if we re-of different isotropic states takes place. Therefore, the tran-
strict the summation in Ed1) only over the degenerater  sitions, which are forbidden in isotropic approximation, be-
guasidegenerakestates with a given energy, then we will come allowed to a degree of this mutual mixing. These tran-
simply get the result of first-order perturbation theory ob-sitions are clearly observed in measured spesta Figs. 2
tained in Ref. 3. However, this approximation is not valid and 3. Thus the anisotropy of the energy bands substantially
because of strong mixing of isotropic states with differentaffects the optical-absorption spectra of SQD.
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the degree of deviation from the spherical shdpg,is the
energy of stater in spherical SQD, an€ , is the coefficient
that depends on the quantum numbers(j,m,,n,). Esti-
mating from the TEM measuremente value ofs, to be
less or equal to 0.055,<0.05, we found that the energy
shift is less than 5 meV and 12 meV for the PbS and PbSe
SQD, respectively. Therefore the effect of deviation of the
SQD shape from sphere is much smaller than the effect of
anisotropy, and it is also not the cause of appearance of the
observed transition in the absorption spectra.

l * 1 Measured absorption spectrum of PbS SQD is plotted in
ﬁa $ %,;;,% .
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i Fig. 3(@). For PbS the first additional transition 2 is closer to
08 0 the second one 3 permitted in the isotropic mddek Fig. 3
ENERGY(eV) ~ than in the case of PbSe SQDBig. 2), which is due to

B F'GA 3. The same as Fig. 2, but for PbS SQD of radis \yeayer anisotropy of the energy bands in PbS compared to

E 7($=1'2 F}?)r= géggag%ns z“ﬁ%,r;‘ief 4theev fo';\'gngésraz\?ters'?tﬁe. Rather wide peak 4 and plato consist of several tran-

mgjm’:l.S m/m-=2.9 r’n/m*t= 16 andm/,er=|2.9. '’ sitions, which correspond to the slightly shifted transitions
! ' ! ' ' ’ ! between energy levels calculated for the isotropic model, and

ne additional transitioflow-energy sidg Note that the iso-

Figure 2a) shows measured absorption spectrum of PbSé)ropic model predicts the energy position of peak 4 to be 40

SQD atT=12 K. The second derivative analysis of this . .
oo X meV larger than the experimental one. The higher energy
spectrum allows us to distinguish five absorption bands cor- A . - :
eculiarities of 5—8 in absorption spectrum cannot be iden-

responding to optical transitions or groups of transitions. The. . "
isotropic model and the model of Ref. 3 can predict the en_|f|ed synonymously because for these transitions the effect

- o . of the factors mentioned above is rather strong. However, we
ergy position of only three transitioisee Fig. &)}, because an conclude that weak peak 7 most likely is due to addi-
the other ones are forbidden in these simple models. Th P y

: : X . Tional transitions, while peak 8 is induced by the transition
calculations in the framework of an accurate anisotropic

model show that the amplitudes of the additional transition§3ermlttGd in the isotropic model, and peaks 5 and 6 consist

(labeled as 2 and 4 in Fig) 2re of the same order as the _of both types of transitions. Thus, we manage to observe and

: o ; : . interpret up to eight transitions in PbS SQD.
amplitudes of the transitions allowed in an isotropic model. In conclusion we note that we have developed a theoret-
The energies for the transitions 1-5 calculated in anisotropic | del with full £ ani fp h
model are in good agreement with experimésge Fig. 2 ical model with full account of anisotropy of the energy

. . e bands. The model describes properly the measured absorp-
The discrepancy of theoretical results and experimental datﬁlon spectra of PbSe and PbS spherical SQD. This model
is less than 20—30 meV, which is possibly due to the influ- P P :

ence of such factors as the deviation from spherical shape g{lows us to identify up to five transitions in PbSe and up to

the SQD, effects of interface, and some uncertainties in m eight transitions in PbS SQD. It is demonstrated that optical

. . - ransitions, which are forbidden in isotropic model, become
terial parameters. To estimate the effect of deviation from the ; o ' i

. . ) allowed when the anisotropy is included in the model in full

spherical shape on the absorption spectra of SQD’s, we per; : . " : .

i o degree. These anisotropy-induced additional optical transi-

formed calculations of the energy shifts induced by the ge-; : .

L L X . tions have been clearly observed in the measured absorption

ometry of QD’s in case they were ellipsoidal with semiaxes

a, anda,. Using the methods of perturbation theory similar
to that described in Refs. 8 and 14, we obtained that th
energy shift caused by such changing of the SQD shape is This research was supported by Grant No. INTAS 96-
given byAE = 6,E,C,, wheres,=2(a;—a,)/(a;+ay) is  0677(A.A.L.).
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spectra of narrowly distributed PbSe and PbS SQD formed in
éhe phosphate glass matrix.
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