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Optical properties of polaronic excitons in stacked quantum dots
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We present a theoretical investigation of the optical properties of polaronic excitons in stacked self-
assembled quantum dots, which is based on the nonadiabatic approach. A parallelepiped-shaped quantum dot
is considered as a model for a self-assembled quantum dot in a stack. The exciton-phonon interaction is taken
into account for all phonon modes specific for these quantum(bdatklike, half space, and interface phonpns
We show that the coupling between stacked quantum dots can lead to a strong enhancement of the optical
absorption in the spectral ranges characteristic for phonon satellites.
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Nonadiabaticity is an inherent property of exciton-phonon
systems in various quantum-dot structures. Nonadiabaticity
drastically enhances the efficiency of the exciton-phonon lp—°,en=6gaas for n=12N+1.
interaction. The effects of nonadiabaticity are important to
interpret the surprisingly high intensities of the phonon The bulklike optical-phonon frequencies in InAs and
“sidebands” observed in the optical absorption, the photolu-GaAs layers of the stacked InAs/GaAs quantum dots coin-
minescence, and the Raman spectra of quantum dots, in paride with the LO-phonon frequencies in InAs and GaAs,
ticular, an enhancement of these intensities with decreasingspectively. The interface frequencies belong to the stacked
the quantum-dot sizésee, e.g., Refs. 1 and.Deviations of quantum dots as a whole and satisfy the dispersion equation
intensities of the phonon-peak sidebands, observed in some
experimental optical spectra, from the Franck-Condon pro- defa(w)[=0 (k,n=1,...,N), 1)
gression, which is prescribed by the commonly used adiggpere s () is the dynamic matrix of the interface vibra-
batic approximation, fl_r16d a natural explanation within OUr tions with the matrix elements
nonadiabatic approach® Recently, stacked quantum dots

lh,en=€gaas fOor N=3,5, ... ,N-1,

have received increasing attenti@ee, e.g., Refs. 7-18ue ann(®) =en(w)cothqyl,+ e, 1(w)cothgl s 1,
to the possibility to finely control their energy spectra. This
makes stacked quantum dots very promising for future ann_1(©) =8, 1n(©)=—&n(w)/sinhqyl,; )

nanodevice$?!® In the present work, the nonadiabatic ap-

proach is applied to stacked InAs/GaAs quantum dots, whiclall other matrix elements are equal to zero.

reveal a richer structure of phonon and exciton spectra in In Fig. 1, typical interface-phonon spectra are represented
comparison with those for a single quantum dot. Namely, infor stacked InAs/GaAs quantum dots formed by two InAs
the stacked quantum dots, as distinct from a single quantumparallelepipeds. The frequencies are plotted as a function of
dot, the exciton(phonon spectra contain groups of states the in-plane wave numbeg, which takes discrete values
(modes$ of different symmetry with close energi€sequen-

cies. Owing to small energy differences between the exciton 120 5
energy levels within these groups, additional channels for = ° 08 o
nonadiabatic transitions as compared to a single quantum doté ° 4 Y Y IR § 28 2R
open in stacked quantum dots. Therefore, optical absorption + 115 © ° AA A a A .
spectra of stacked quantum dots contain more phonon satel- ‘é‘ % 4 " _
lites than those of a single quantum dot. These features of the = L GaAsike ohonons 3nm | InAs = |
optical absorption can be experimentally revealed, e.g., in g’ T 5 o Il)lonons gnm Gads -~ }7
the photoluminescence excitation measurements. 5 N P o e |

In order to model coupled self-assembled InAs/GaAs A 2 15om
guantum dots, we consider a stack Nf parallelepiped- 0951 o o 233 - %Aé A8 7
shaped quantum dots with heights(n=2,4,...,2N) and g 4 ‘: 00 © e o @ s
with the interdot distancdg (n=3,5, .. .,2N—1) along the g N o Syfmmcm
z axis. Within the present approach, the lateral sizes of each & 0.0 . . . - Antllsynmetrxf:nndm ]
guantum dot in a stack are supposed to be much larger than 4 6 8 10 12 14
its sizel, along the growth axis. The stack is a system of 9 [in units (m(ol"As)/h)”]

(2N+1) layers =1, ...,2N+1) with parameters

FIG. 1. Interface-phonon frequencies for two stacked
parallelepiped-shaped InAs/GaAs quantum doig?As) is the fre-
lh,en=¢€nas for Nn=24,... N, quency of LO phonons in InAs at the center of the Brillouin zone.
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due to the quantization of the phonons in theplane. In a In general, the efficiency of the exciton-phonon interac-
stack ofN quantum dots, each interface-phonon frequency ofion, as revealed through the optical spectra of quantum dots,
a single quantum dot splits infd branches. The splitting of depends on their geometric and material parameters in a
the interface-phonon frequencies is due to the electrostaticomplicated way. On the one hand, an increase of the con-
interaction between the optical polar vibrations of the differ-finement strength, which results from a decrease of the
ent quantum dots. guantum-dot size or from a rise of potential barriers at the
These features of the optical-phonon spectrum of stackequantum-dot boundary, enhances the efficiency of the inter-
guantum dots are manifested in their optical properties. Weaction with phonons for a solitary electrda solitary holg.
calculate the optical absorption spectrum of polaronic exciOn the other hand, strengthening confinement leads to an
tons in stacked quantum dots starting from the Kubo forincreasing overlap between the electron and hole wave func-
mula. Within the nonadiabatic approdcihe following ex-  tions so that the net charge of the electron-hole pair and,
pression results for the linear coefficient of the opticalcorrespondingly, the efficiency of the exciton-phonon inter-
absorption by the exciton-phonon system in a quantum-daaction tend to decrease. As a result, the efficiency of the
structure: exciton-phonon interaction appears a nonmonotonous func-
tion of the confinement strength even within the adiabatic
approximation(see, e.g., Ref. 16Effects of nonadiabaticity,
a(Q)“ReE didg f dt @210 glU (1) B7), related to phonon-assisted transitions between differentyexci—
&) ton states, drastically enhance intensities of phonon satellites
in the optical spectra of quantum dots and, at the same time,
where() is the frequency of the incident lightl; and Q4 make these intensities dependent on a vast set of parameters,
are, respectively, the electric dipole matrix element and thavhich characterize the phonon-induced coupling between all
Franck-Condon frequency of a transition between the excitothe involved exciton states. Thus, side by side with thénFro
vacuum state and the one-exciton sfgg. Exciton states in  lich coupling constani, energy spacing between exciton
stacked InAs/GaAs quantum dots are determined using agtates strongly influences the aforementioned intensities.
exact diagonalization of the exciton Hamiltonian with simple When the above spacing is comparable with the LO-phonon
parabolic valence and conduction bands within a finite-energy, nonadiabatic effects can strongly affect the optical
dimensional basis of the electron-hole states. The evolutiofpectra even in quantum dots of Ill-V semiconductor com-
operator averaged over the phonon enserh_lﬂ'e) is pounds, where the Hntich coupling constant is S|gn|f|c_antly
smaller (@=0.0504 for InAg than the values~ 0.5 typical
for 1I-VI semiconductors considered in Refs. 3 and 6.

e ion(ti—tp)

Ut)=T exp — — 2 f dtlf dty| ———— () . In Ref. 3, a method was proposed to qalcglate the absorp-
tion spectrum given by Eq$3) and(4) taking into account
the effect of nonadiabaticity on the probabilities of phonon-

t y,e'“n(ti—ta) assisted optical transitions. The key step is the calculation of
X Yx(tz)"‘—%\(t It |- (4) . : Y
1-vy, the matrix elements of the evolution operaf@{U(t)|8’).

In order to describe the effect of nonadiabaticity both on the

In Eq. (4), T is the time ordering operator, the indexabels intensities and on the positions of the absorption peaks, a
the phonon modes specific for the quantum-dot structure urdiagrammatic approach can be used. When calculating these
der consideratione, are phonon frequencies, (t) are the matrix elements we take into account that in a quantum dot,
exciton-phonon interaction amplitudes in the interaction repdue to the absence of momentum conservation, the product
resentation, ang, = exp(—%w, /KgT). (Bl Al B2){(Bo| ¥x | B3) can be nonzero foB,# Bs, as dis-

Within the adiabatic approximation, which has beentinct from the bulk case. Consequently, the evolution opera-
widely used to calculate the optical spectra of quantum dotgpr is, in general, nondiagonal in the basis of one-exciton
nondiagonal matrix elements of the exciton-phonon interacwave functiong3). For the absorption coefficient we obtain
tion are neglected when calculatimqmb‘}?l% given by Eq.
(3) with Eq. (4). In the adiabatic approa one supposes ,
that (i) both the initial and the final states of a quantum a(Q)“_Img |dﬁ|2Gﬁ(Q+'O+)_|mE, dﬁd;'
transition are nondegenerate afiid the energy differences pB
between the exciton states are much larger than the phonon ><[Q'(Blﬁ),(QjLio*)+Qg‘2,(Q+iO*)], 5
energies. It has been shown in Refs. 3—-6 that these condi-
tions are often violated for optical transitions in small quan-where
tum dots, which have sizes less than the bulk exciton radius.
In other words, the exciton-phonon system in a quantum dot =}
can be essentially nonadiabatic. The polaron interaction folGz({)= > Cgﬁg
an exciton in a degenerate state results in internal nonadia- ===
baticity (“the proper Jahn-Teller effec); while the existence
of exciton levels separated by an energy comparable with the —Efgl)< Q- 2 im) —2%2)( Q- E jxwx)
LO-phonon energy leads to external nonadiabati¢tthe » »
pseudo-Jahn-Teller effect” (6)

Q- Q,g+2 S\, po\— E Jron
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I'1(x) is a modified Bessel function of the first kind aBd, . , : : 3
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The self-energy term {7(Q) ands {7(Q) in Eq. (6) are jegpe : N
obtained by summing diagrams, which describe one- ancyg 3 [ IE
two-phonon nonadiabatic contributions, 'g 1072 : : [
3 | I E
= 3 ] | I F
. i 10 " o | (S
2(1)(9 > 2 Fpg,( _Jw)\)Mg\%ﬁlﬂlﬁ 9 g ] L E
j=*1\ —4
< | A
and o LK | S '
0 3
(InAs)
2(2)(9)_ E 2 2 Fﬁﬁl(Q Jioy, ) (Q_Ql)/(’)o
j1:02=*1 N1.Np B1.B2.B3
_ FIG. 2. Absorption spectra, calculated with the adiabatic ap-
XF Q- F Q-
PBs ( 2w)\ i B'BZ( 1w)‘1 sz)‘ ) proximation[panel(a)] and with the nonadiabatic approalgianel
M (i1) M (i) FF 4 (Q) (b)] for a single quantum dot. Optically active and nonactive energy
N1BB1BoBs NoB1BaBaf T P2 levels of a bare exciton are shown as dotted and dashed lines, re-
(D) (i) spectively.(), is the transition frequency for the lowest state of a
XM 1,3,31;31,32Mx2ﬁ233333(1_ 5ﬁ2ﬁ)]= (10) bare exciton.
where Q) (0)=G Q)G (Q)(1— 5gp1)
BB’ B B’ BB’
{e}
F s (Q)= Ci,G, Q= jhoy|, (11 X 2 2 2 Gu(Q-jiw,)
Bﬁl( ) {jﬁE_w} {iB ﬁl( ; wak) (1D j1,02=%1 N1.\2 B1.B2.B3 el R

M) o) @) s s XGp (A =j20, {Gp (2 —]10), —j20))
NB1BoB3Bs )\/31[32,331'74 NB1B1B1817B1B2“B3By’

_ (ip) (i2)
(12 x[(1 5B3B1) mxlﬁﬁlﬁsﬁ’ m%2ﬁ152ﬁ253
. (i) (i2)
() J<,827j|7x|3371></32+j|7;|/33+j> +m)‘llﬂﬂlﬁzﬁsm’\zﬁlﬁzﬁsﬁ']+GBZ(Q)(l_5ﬁ2ﬁ)
) s e ) S
| B i1 I2
X(l 5523’)m)\lﬁﬁlﬁlﬁzm}\zﬁzﬁgﬁaﬁ'}. (15)

The above restriction to one- and two-phonon contributions
is justified when the nonadiabatic exciton-phonon interactioriThe absorption spectrum is thus expressed through the func-
is weak [(Blv\|B')*<hw, for B'#B. The functions tionsGz(Q), which in turn are determined by a closed set of

Q%2 (€2) andQ{?, () in Eq. (5), which describe contribu- equations, Eq(6) and Eqs(9)—(11).

tions of one- and two-phonon processes to nondiagonal ma- N Figs. 2, 3, and 4 the calculated optical absorption spec-
trix elements of the evolution operator, take the form tra are shown for a single quantum dot, two stacked identical

quantum dots, and two stacked dots with somewhat different
heights, respectively. The calculations were performed for
low temperaturesly, <1}, when the absorption-line broad-
ening due to the exciton-LO-phonon interaction is negligible.
X 2 2 Gg (Q—wa)m%lglﬁlﬁn The broadening shown in Figs. 2—4 is introduced only to
=LA enhance visualization. From the comparison of the spectra
(14 obtained in the adiabatic approximation with those resulting

Q) (0)=G4(Q)G (Q)(1- 3p1)
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FIG. 3. Absorption spectra, calculated with the adiabatic ap- FIG. 4. Absorption spectra, calculated with the adiabatic ap-
proximation[panel(a)] and with the nonadiabatic approagranel  proximation[panel(a)] and with the nonadiabatic approalganel
(b)] for two stacked identical quantum dots. Notations are the saméb)] for two stacked quantum dots of different height. Notations are
as in Fig. 2. the same as in Fig. 2.

from the nonadiabatic approach, the following effects ofexciton-level spacing is relatively far from satisfying the
nonadiabaticity are revealed. First, the polaron shift of theaforementioned resonant conditions.

zero-phonon lines with respect to the bare-exciton levels is In some casessee, e.g., Ref.)3the luminescence spec-
larger in the nonadiabatic approach than in the adiabatic agrum of a quantum dot can be easily derived from its absorp-
proximation. Second, there is a strong increase of the intertion spectrum. For example, under the assumption that the
sities of the phonon satellites compared to those given by theistribution function of the states of an exciton coupled to
adiabatic approximation. This increase can be by more thathe phonon field,f({2), depends only on the energy of a
two orders of magnitude. Third, in the optical absorptionstate, the luminescence intensity at low temperatufgs (
spectra found within the nonadiabatic approach, there appea¢1}) can be represented as

phonon satellites related to nonactive bare exciton states.

Fourth, the optical-absorption spectra demonstrate the | K
crucial role of nonadiabatic mixing of different exciton and Q) ) K > o+ o, )
phonon states in quantum dots. This results in a rich structure KO h s k=0
of the absorption spectrum of the exciton-phonon Ky
systent+>1" For the stacked quantum dots, this effect is sig- x( 11 —) a(Q) (16)
nificantly enhanced when the exciton-level splitting, caused k=1 IYx, {y,—0}

by the coupling between quantum dots, is comparable with a

LO-phonon energysee Figs. @) and 4b)]. Similar conclu-  Equation(16) is applicable, for instance, for thermodynamic
sions about the influence of the exciton-phonon interactiorequilibrium photoluminescence. In this case the radiative
on the optical spectra of quantum dots have been recentljfetime of an exciton is much larger than the time character-
formulated in Ref. 18 for the “strong coupling regime” for istic of radiationless relaxation between one-exciton states.
excitons and LO phonons. Such a strong coupling regime is We have calculated the spectra of thermodynamic equilib-
a particular case of the nonadiabatic mixing related to a resgium luminescence af—0 (not shown hergfor quantum
nance, which arises when the spacing between exciton levetots with parameters indicated above. Both for single and for
is close to the LO-phonon energy. As seen from Figs. 3 angoupled quantum dots, the intensities of phonon satellites in
4, effects of nonadiabaticity lead to a significant increase ofhese spectra are significantly smaller than in the absorption
absorption peaks in the spectral ranges, characteristic f@pectrum. This is because in quantum dots under consider-
one- and two-phonon satellites, even in the case when thation the lowest one-exciton energy leveith 3=1) is less
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affected by the phonon-induced nonadiabatic mixing ofthe enhanced phonon-assisted absorption due to nonadiaba-
states than higher levels. The luminescence spectrum at zetigity has been recently provided by PLE measurements on
temperature is determined by transitions from the state witisingle self-assembled InAs/GaARef. 19 and InGaAs/
B=1, while the absorption spectrum contains appreciablé>aAs(Ref. 20 quantum dots. Our results, which imply sig-
contributions due to transitions to higher exciton-phononhificantly more pronounced phonon satellites in PLE spectra
states. compared to the luminescence spectra from the lowest one-
Due to nonadiabaticity, multiple absorption peaks appeaf*citon state, - are in line with the experimental
in the spectral ranges characteristic for phonon satelliteObservations™
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