PHYSICAL REVIEW B VOLUME 57, NUMBER 4 15 JANUARY 1998-I

Photoluminescence of spherical quantum dots
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In order to interpret the phonon-assisted optical transitions in semiconductor quantum dots, a theory is
developed comprising the exciton interaction with both adiabatic and Jahn-Teller phonons and also the external
nonadiabaticity(pseudo-Jahn-Teller effgctThe effects of nonadiabaticity of the exciton-phonon system are
shown to lead to a significant enhancement of phonon-assisted transition probabilities and to multiphonon
optical spectra that are considerably different from the Franck-Condon progression. The calculated relative
intensity of the phonon satellites and its temperature dependence compare well with the experimental data on
the photoluminescence of CdSe quantum dots, both colloidal and embedded in glass.
[S0163-182698)03104-X

. INTRODUCTION ditional built-in charge;**? (ii) traps that would localize
holes? and (iii) different boundary conditions for electrons
Recently, there has been an increasing experimental inteand hole$.

est in multiphonon photoluminescerice and Raman The main idea of the adiabatic approach consists in the
scatterin§ ™! of nanosize quantum dots. Photoluminescencessumption that a stationary state of charge carriers is formed
peaks due to phonon-assisted processes were observedfan eachinstantaneougosition of ions(i.e., charge carriers
colloidal quantum dotgnanocrystals under size-selective follow the ion motion adiabatically In the framework of
excitation®? Observation of multiphonon photolumines- this approach, the exciton-phonon interaction leads only to a
cence of quantum dots embedded in glass is complicatehodification of the exciton wave function, but does not give
because of a quick trapping of holes onto the local surfaceise to transitions between different exciton states. However,
levels!? Overlapping of photoluminescence bands related tdwo circumstances are to be mentioned, which imply that the
recombination of the electron-hole pairs, which are presengxciton-phonon systems in quantum dots are essentially
in different states localized at the surface, smears the featuremnadiabatic.
of the spectrum due to the phonon-assisted procdsses. (i) The states of an exciton in a quantum dot including the
Distinct phonon-line progressions, which are caused by reground state are, generally speakidggenerateln this con-
combination of the electron-hole pairs in “interior” states of nection, it is worthwhile to recafi?=2% that the electron-
a quantum dofti.e., the states spatially quantized due to thevibrational interaction in the impurity centers with a degen-
confinement potential were observed in the fast compo- erate electron level may cause a dynamic Jahn-Teller
nents of photoluminescence of CdSe quantum dots embeeffect?’ or, equivalently, so-calleihternal nonadiabaticity

ded in glas$* using time-resolved spectroscopy. Namely, if the electron interaction with some vibrational
Existing attempts to interpret 1415the aforementioned modes is described by noncommutative matrices calculated
experiments on the basis of thaliabatic theory of mul- in the basis of a degenerate electron leifiebse vibrational

tiphonon transitions in deep centers by Pékand Huang modes are usually called the nonadiabatic or Jahn-Teller
and Rhy4’” meet considerable difficulties. In the framework modes, there is a nonadiabatic mixing of electron states be-
of the adiabatic theory, the values of the Huang-Rhys paramenging to this level. In a direct analogy to this scenario of
eter were obtained in Refs. 14 and 15 using a sphericahe proper Jahn-Teller effect for the impurity centers, transi-
model Hamiltonian for the electron-hole pair in a quantumtions do occur between different states of a degenerate exci-
dot'®2% and taking into account the valence-band mixing.ton level in a quantum dot, provided the exciton-phonon in-
The values of the Huang-Rhys parameter obtained in thigeraction in the basis of this degenerate level is characterized
way appear to be significantlypy one to two orders of mag- by noncommutative matrices.

nitude smaller than those derived from experiment. This dis- (ii) Differences between energy levels of an exciton in a
crepancy is due to the fact that under a strong confinememfuantum dot can become comparable to the optical phonon
the charge density of the electron-hole pair in the groundenergy in the experiments!® Therefore, the resulting ef-
state is small everywhere in the quantum dot. In order tdects of external nonadiabaticityor the so-called pseudo-
achieve agreement with the experimental data, additionalahn-Teller effect® in the phonon-assisted optical transi-
mechanisms have been intuitively introduced, which ensuréions are of crucial importance. The term “external
separation of the electron and hole charges in sp@cad- nonadiabaticity” is used in order to make a distinction be-
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tween this class of nonadiabatic phenomena and the above- H=Hex*+Hpnt Hint 2)

described proper Jahn-Teller effect relevant to a degenerate ) o .
exciton level. contains the exciton HamiltoniaH.,, the phonon Hamil-

To the best of our knowledge, in the papers on opticafoniaanh’ and the exciton-phonon interaction Hamiltonian

spectra of quantum dots, the effectsnainadiabaticityhave
been ignored when drawing an analogy between impurity Him:z (ykaﬁryial), 3
centers, on the one hand, and quantum dots, on the other A

hand. In order to adequately describe the multiphonon optiyhereal anda, are the creation and annihilation operators

cal spt'actra.of quantum dOt,S’ ,it is neceg%%ltg develop the for the phonons of thath vibrational mode; the interaction
nonadiabatic approach. This is the main goal of the presergperatorsh will be specified below

woﬁ}. . ed foll In's Il th | Note that in the experiments® the exciton energy is
€ paper IS organized as follows. In Sec. € Mul-much larger than both the phonon energy and the Viailie

pphonon light absorpt|o_n by _qyantum dots IS studied, tak'ngl'his means, in particular, that the probability of thermal gen-
into account the nonadiabaticity of the exciton-phonon SYSeration of an exciton is vanishing. For optical transitions

tem. It is demonstrated that the exciton interaction with thqeading to generation of an exciton and starting from the
nonadiabatic vibration modes leads to a significant increasgxciton vacuum|0) whose energy is chosen as zero, the

of multiphonon transition probabilities and to another depensiia| states of the exciton-phonon system are described by
dence of these probabilities on the number of emitted o

absorbed phonons as compared to the results of the theorylE e wave functions0)|n), where|n) are eigenstates of the

. . onon HamiltonianH ,;,. Further, the final states of the

ph ,
Pﬁ&%uﬁﬁneﬂcg#;ng ZzgraRorP;zeziggﬁbI”el geﬂznv'zﬁtrz g(‘)texciton-phonon system are not occupied, so that in(Ex.
P P q dhe can omit the term that is proportional to exp)/kgT)

Two limiting cases are analyzed: the thermodynamic equilib; nd describes a correction due to stimulated emission of light

rium photoluminescence that takes place when the time Oivith frequencyQ. Finally, the frequency of the exciting ra-

the relaxation between the exciton energy levels is mucr@jiation is much larger than the phonon frequency; hence the

smallgr than the radiative lifetime of an exc[ton and t'he ph(?'interaction of this radiation with free phonons can be ne-
toluminescence relevant to the slow relaxation. Section IV is

devoted to the description of the model of the exciton-gIeCted’ i.e.,d|n)=|n)d. Hence the transformation of the

phonon systems in quantum dots used. In Sec. V the numerf’ €a9¢€ follows:

cal results for the multiphonon photoluminescence Spectrgg(i/mHtgte=(i/h)Htq)
are displayed in comparison with the experimentally detecte
spectra of spherical CdSe quantum dots. It is emphasized
that a straightforward calculation in the framework of the
adiabatic theory gives the intensities of the phonon satellites

— E pn<n|e(i/ﬁ)tht<o|dTef(i/h)th|0>|n>
n

that do not fit well the observed spectrum at any value of the T () H ot o (i) HE
Huang-Rhys parameter. Hence, as summarized in Sec. VI, =(0[d"[B)(Bl ; pr(n[e!™Tone [m)

the nonadiabaticity of the exciton-phonon systems is shown

to play a crucial role in the phonon-assisted optical transi- X |B'Y{B']d|0), 4

tions in quantum dots. where|B) labels eigenstates of the exciton Hamiltoniap,

is the probability of the phonon stafe) in the equilibrium

[l. LIGHT ABSORPTION BY QUANTUM DOTS statistical ensemble of the phonon systems
Quantum dots are considered to be embedded in a me- 1 &,
dium with a weak dispersion of refractive index. In this sec- Pn="5— ;{ - —)
Zon kgT

tion the quantum dots are supposed to be identical. On the
basis of the Kubo formul’ the linear coefficient of absorp- Zyp is the partition function of the free phonon subsystem,
tion by an ensemble of quantum dots in the electric dipoleand&, is the energy of the phonon state). Using the well-

approximatiof® can be represented as known Feynman relatioris for operator exponentials, one
obtains
8TQON
_ _ a—hQ/kgT (iIT)Hppta— (i1)HE — a— (i/h)Hgyt
a(Q) 3ﬁcn(Q)(1 e ) e ph'e e exXU(t), (5

. where the evolution operator
XRej dtg(@FiatglilfHtgte=(ifHtgy
0
(6)

it
U(t):TeX% - gJOdtlHint(tl)

+
e—07, @ is represented in terms of the chronological ordering operator
where Q is the light frequency is the concentration of T, while

guantum dotsn((}) is the refractive index of the mediurd, A(t) = /) (Hext Homtp g (1) (Hex Hppt

is the dipole moment operator, afid denotes the averaging

over the statistical ensemble of the exciton-phonon systemslenotes the operatoA in the interaction representation.
The total Hamiltonian of the exciton-phonon system Hence Eq(1) takes the form
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TQON . either before or afteall the operatorSyI(t). Hence the ab-
a(Q):mRe%, disdg sorption coefficient7) takes the form
© . 8TON co_
I(Q—Qgt+ie)t ' — K
X fo dte N BUM)pnlBY, (1) a(Q) 3ﬁcn(Q)|m IZO (n+1)

where() ; is the Franck-Condon frequency of generation of
ton i is the di i x 2 elB )
an exciton in the statgs), ds=(3|d|0) is the dipole matrix g g PR KK
element of a transition between the exciton vacuum state and T
the statg3), and c -
+2 % X el (BB,
KS1 BBk

( >ph52 pa(N[ [N) (17

denotes the averaging over the phonon ensemble. whereg; with i=—K, ... K label various intermediate and
Using Eq.(3) and neglecting the dispersion of the fre- final exciton states relevant to the-phonon optical transi-

quency of the optical phonons,, one obtains the following  tion; the other denotations are

result of the averaging over the equilibrium phonon en-

semble in Eq(7): o Bk, - B Q)
1 t ty =&k(B-ks -+ Bk)
(U(t))pn=Texp — = f dtlf dt,
12 % Jo 0 ﬁ 1
X — (12
X[(n+1)e '@ttty (t;) yl(t,) =k g = (KK oo -
— 2
+n_ewo<t1tzWI(tlm(tz)]], ® fol Bo) =l 49
d; d K K
B_k"B
where Ek(B-k, - a,BK):;K 2 H [1—6nn,
. o kaT 4 ﬁZK Ny, ..., ng=1 ii'=1 i
n=(e"“8’'—1)"". 9 «
The absorption coefficienk({2) of Eq. (7) with Eq. (8) xX(1- 5ii’)]k1;[l ; (B-dnlB-k+1)
can be analytically calculated at arbitrary exciton-phonon
coupling when(i) the exciton levels are nondegenerétas x<'3nk*l|7’1|ﬁnk>' K=1. (14)

case was analyzed by Pek&and Huang and Rhy$ or (ii)
the vibrational modes interacting with an exciton are adia- \ynen the inequalities
batic, i.e., the matricef{ 8|y,|B")|| in the basis of the de-

generate level can be simultaneously diagonaliteid case Qo= —koal> no (15)
is referred to as a static Jahn-Teller efféctd. 105~ ol 720
However, these analytical approaches cannot be appliegre satisfied for any8), |B’), andk=1,2,3 ..., theinten-

for the exciton-phonon systems in quantum dots becaussities of absorption lines can be expanded in powers of pa-

these systems are essentially nonadiabatic, as already stateaneters?. To the leading Kth) order in this parameter, the

in the Introduction. The fact that the exciton-phonon interac-intensity of a line at the frequendp = 5 *Kuwy is deter-

tloq in quantum dots is weak Qnablg; one to adequatel_y d&hined by the residuum of the functiqn(Kr) in the poleQ

scrl_be the e_ff_ect of the nona_dlabatlmty on phonon_—as&sftecL Qp +Kawg+ie. The residuum of the same functigsee

optical transitions. Here we will concentrate on the intensity 0 .

of phonon satellites in the optical spectra; the influence mEq' (12)] in each of the other B poles Qzﬂﬂki(K

the Jahn-Teller effect on the energy spectrum of the syster |K|) wo+i€ with [k|=1 describes a relatively small correc-

will be considered elsewhere. tion ~ 7?X to the (K —|k|)-phonon-line intensity determined
Under the condition of weak exciton-phonon interaction by its leading term, which is of the order I\,

Under the resonance conditior$);— s —kwg|—0
max(B| v, 8" (wherek=1,2,3...), thephonon-line intensities calculated
— <1 (100 within the framework of perturbation theory may diverge

and hence a straightforward expansion of the absorption co-
contributions to the absorption coefficient from transitions,efficient «(Q) in powers of#? is not adequate. The follow-
accompanied by a change of the number of phonon& py ing procedure allows one to study the resonance situation
can be calculated to leading(th) order in the small param- too. The resonance situation is noticeable for the fact that the
eter»?. In order to realize this approximation, it is enough to optical spectra contain groups of close spectral lines. Distinct
keep only those terms in the expansion of the evolution opphonon-line progressions can then be observed in the optical
erator(8) whereall the interaction operatorg, (t) are placed spectra of quantum dots provided tiigtfor the frequencies

= fLwo
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of optical transitions corresponding to one and the sathe K
ithe>., denoti it ines foK=_ 2 Oputc(B Boll
group, with(), denoting the central position of spectral lines '8k PR BoBSKAE—Kr - wPK] L L
of this group, the inequalities T
0(|Qﬁﬁki kwo|—AQ)0(|QBB_kt kool —AQ)
—_ >< L]

are fulfilled and(ii) the groups are separated from each other K=1, (21)

by relatively large frequency intervals are proportional to the probabilities for the generation of an

exciton in the stat¢g) with simultaneous emissiofabsorp-

10, —Q,[>AQ, v #v. (17)  tion) of K phonons,
For the vth group, the integer parametkr obeying the in- 1, x=0,
equality (16) possesses a minimum value that is denoted as 0(x)= (22

K, . If the intervalAQ is chosen to be much larger thg, 0, x<0,

[such a choice is always possible under conditib®) ], the
average absorption coefficient on the frequency interval Qpg=Qp—Qp. (23
(Q,—AQRO +AQ/2) ) ) )
In Eqg. (21), there are three kinds of terms which contain
nondiagonal matrix elements;|y,|B«) in the coefficients
= a(Q') dQ’ (18) &« (i) terms with all the state8 ), . . . | Bk) belonging
AQ Ja,-sar to thesameenergy level, which describe the influence of the
internal nonadiabaticityor the proper Jahn-Teller effeatn
can be expanded in powers gf because the integration in the optical transition probabilities; (i) terms with
Eq. (18) eliminates the problem of the above-mentioned di-|,37K>, ... |Bx) pertaining todifferentenergy levels, which
vergences of the phonon-line intensities. The leading termgke into account the effects of the external nonadiabaticity
of such an expansion are determined by the residua of th@r the so-called pseudo-Jahn-Teller effeetnd (iii) terms

(=

functions QDKV) in the polesQ=Q, *K,wotie, the fre-  proportional tody g, with B_y# B, which describe the

quenciesﬂﬁo satisfying the inequalitf16) at K=K, . As intermultiplet mixing between the exciton states with the

results from the definition of the paramet€y, all the other same symmetry. This mixing occurs due to the exciton-

2K, polesQ =04 +(K,~|k|)wo+ie (with [k|=1) of the ~ phonon interaction. . _
When an exciton energy level is degenerate, ) dif-

¢ fers from the result of the adiabatic thedfy*’ which gives

—-AQ/20,+AQ/2) and correspond already to other groupsfor a weak exciton-phonon interaction

of spectral lines. In combination with inequalitiés6) and

(17), this leads to the following property of residua of the — |dﬁ|2/ <5|7A|3>‘2 K

functions ¢{”) (12): The residua determining thieading BK= K] |\ < ) ,

termsin the average absorption coefficieat, contain in

their denominators no small factors that would Obey the in'the difference tak|ng p|ace even if one neg|ects the effects

equalities [Q3— Qg —kao|<AQ (where k=1,23,...).  mentioned in pointgii) and (iii) above. For example, the

This property implies, consequently, that the contributions tashape of the absorption band edge of a spherical quantum dot

the average absorption coefficient due to the residua thafan be obtained using the spherical m&té for the exci-

contain small denominators of the aforementioned type cafyy Hamiltonian(see the Appendix The Coefficientsf%i)

be neglected. Th2erefore,.|n order to corredthithin a rela-  ha; are proportional to the probabilities of generation of an

tive accuracy~ 7°) describe the values of the average ab-gyciton in the ground state with emission or absorptio of

sorption coefficient on the narrow frequency intervals,( phonons of non-adiabati¢or, equivalently, Jahn-Tellgr

-AQ/2Q,+AQ/2), the functiona(Q) (11) should be rep- modes are then given by

resented as

1 (a,+a0r
o

function o(” lie far away from the interval @,

o 4([K+1 REATILSENE 25
8w QN o — T 38 2|2\ 2] 2)
- Kg(+) — f,BK
a(Q) 3ﬁcn(9)% Lgo(nu) fo 8(Qp+ Kwo— Q)
where[x] denotes the integer part of The adequate ac-
~ —Re(=) count of the exciton interaction with the Jahn-Teller vibra-
+|<E:1 N 6(Qg—Kwo— Q) . (19 tions leads to a significant increase of the multiphonon tran-
sition probabilities and to a more complicated dependence of
Here the coefficient%})(f};j()) defined by these probabilities on the number of emitted or absorbed

phonons in comparison with the results of the theory by
- ) Pekat® and Huang and Rhy<. Therefore, the multiphonon
fis0’ =1dgl*, (200 optical spectrum determined by E(L9) with Eq. (25) is
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considerably different from the Franck-Condon progressiorthe framework of the weak-coupling approach developed in

described by Eq(19), where thef$) are replaced by the Sec. Il, 2=~ Z¢,Zyp,. In the limit of slow relaxationry> 7,

’FBK given through Eq(24). the recombination occurs from a state in WhICh an exciton

has been generated, hence the photoluminescence intensity

lll. PHOTOLUMINESCENCE SPECTRUM follows from Eq. (19) to be
The relaxation processes during the time intervdde-

tween the generation and the recombination of an exciton

substantially influence the photoluminescence spectrum.

Two limiting cases are examined her@) the thermody- X 3(Qexc— Q=K' o), (30

namic equilibrium photoluminescence that takes place Wheﬂ/here

79 the time of the relaxation between the exciton energy

levels is chh smaller than the radiative lifetime of an e>§ci— 32772948;;%)«: -

ton 7 and (ii) the opposite case relevant to slow relaxation Bgkk' =

70> 7. The energy level broadening due to the finite values

of [T and 7 is disregarded here, i.e., the inequalitiesyth the factorss; described atre <7 by

7o 1,7 1<w, are supposed to be satisfied. This supposition

is in agreement with the theoretical estimations of the exci- 4t 5 B

ton lifetime (for example, the value~1 ns was obtained in  Sg= Tex®XP| — ﬁ;;—:o (Qp—Kawg)*n(Qz—Kwo)fi5 1.

Ref. 4 for CdSe quantum dotand with the experimental N

observation of ultranarrow <0.15 meV) luminescence (32

lines fromsinglequantum dot$? The spectral broadening of ] . ]

the multiphonon photoluminescence lines will be considered For a specimen that contains quantum dots of different

below in Sec. V. types the photoluminescence intensit{@8) and (30) must
According to Refs. 24 and 33, the spectrum of equilib-be summed up over thosg different types. When one c_onsid—

rium luminescence can be obtained directly from the absorpefs @n ensemble of spherical quantum dots with a continuous

tion spectrum. For an ensemble of identical quantum dotsdistribution function\(R) over the radiiR, the aforemen-

the equilibrium-luminescence intensity can be expressed agioned summation is realized by an integration over radii. For
the equilibrium-photoluminescence intensity one then ob-

tains from Eq.(28)

) K
I(Q)z/\/z,o 5(Q—QEXC+KwO)ZB > Bk

K’'=0

(+)
W ﬁ,K—K’f,BK” (31

©

RO3N%(Q) Nex Zpi p( m)
I(Q)_W N?GX —kB—T a(Q), (26)

where the partition functiorZ relates to the states of the
system that includes one exciton and phonons. The concen-
tration of excited quantum dot¥, is described by

® K
K=0 k=0 .’

X 8(Q—Qexet Koo+ Qg s(Rgrk)), (33

while in the opposite limitrg> 7 the photoluminescence in-

Az S8 e Texe (27)  tensity of Eq.(30) takes the form
ex thXC ,
where Q.. andZ,, are the frequency and the intensity of |(Q):KZ0 S(Q— Qe+ Kwyg)

the monochromatic exciting radiation; the facset 7 for the

continuous excitation, while= 7., exp(—t/7) for the excita- K

tion by short light pulses of duratiom, <. Substituting % MR o )B o (R ). 34
the equation forr (19) in Egs.(26) and(27), one obtains at KZZO % (Rar) B (Racr) (34
low temperatures typical for the experiménts (kgT

The monochromatic excitation light with frequen€)y, is
absorbed only by quantum dots of raBij« satisfying the
equation

<hwo)

1(Q)=N (= Qgyet Kwg+ Qg
() .Z‘og‘,( exct Kot Qpgp) Q5 (R) +K' wg— Qey=0. (35)

K , The photoluminescence spectrum described by (B4).
X Z Apprkkr 0(Qexc= Qg =K' wo),  (28) contains only one phonon-line progression with a zero-
K'=0 phonon line at the frequencyQ=0Q,,., while the
where equilibrium-photoluminescence spectrum consists of a set of
phonon-line progressions shifted frofa,,. by the values
) (+) Qg (23), which are determined by exciton energy losses
f f iati i
BK—K''g'K’ due to the radiationless relaxation. The schemes of the rel-
evant optical transitions in quantum dots are shown in Fig. 1.
(29 X L X .
In particular, the equilibrium-photoluminescence line at the
with Z, the partition function of the one-exciton subsystem.frequency Q= Q¢,.—Kwo— Qg 5(Rgk/) corresponds to
When deriving Eq(29) it was taken into account that within the following sequence of transitions in a quantum dot of

327204 T oy 1,
AﬁB'KK/:— e —

9%2c*Z,, kgT
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0 =) = 7a(rn), (39

wherer, andry, are the coordinates of an electron and a hole,
respectively. In a spherical quantum dot the interaction op-
erators;xf(r) and yL(r) describing the electron interaction,

respectively, with the bulk and interface phonons are ex-

|

0,430, pressed according to Ref. 34 by
Qexc H H &ﬁoﬁ)"
o A=Y =v ()i "My (9,0), (39
E Qpt3w, )
e A=ym ()=o)~ "™ My, (9,0), (40
H B
¥ 30, where Y,,(9¥,¢) are the spherical harmonics. The radial
0 é‘fﬂ parts of the interaction operators are described by
Ry Ry, Rg, © . ool 1 1 \izinr/R)
oni (r)=¢ R\ e(©)  €(0) i’ » (@Y
FIG. 1. Scheme of the transitions for the light absorption under 0 Zinji (Z1n)

the excitation by the radiation of frequen€y,,. (arrows up and

for the subsequent luminescenegrows down in quantum dots of I
three differen(t1 radii. Radiationless transitions a?re shown by heavy;l(”(r)ze\/ﬁwo/ 1 — 1 ) \/I—e(m) { r ) ,
dashed lines. Thin dashed lines indicate a phonon-line progression R\ ()  €(0)

occurring in the photoluminescence spectrum after the exciton re-

laxation from the stat¢g’) into the statd 8). The valuesw, and (42)
Qg — Q4 are shown magnified as compared to the frequédgy..  wherej,(z) are the spherical Bessel functioms, is thenth
zero of the functionj;(2), €, is the permittivity of vacuum,
() ande(=) are the optical dielectric constants, respec-
tively, of a quantum dot and of its surrounding medium, and
€(0) is the static dielectric constant of a quantum dot.

le(0)+(1+1) ()| R

radiusRg ¢+ (e.g., of radiuRg/, in Fig. 1): (i) generation of
an exciton in the stat¢s’) accompanied by emission of
K'(K’'=K) phonons(shown by arrow up (ii) radiationless

transition of the exciton to the stal@) (heavy dashed ar- " The exciton Hamiltonian for the spherical mote?®

row), and (iii) radiative recombination of the exciton with supplemented to account for the electron-hole exchange
emission ofK —K’ phonons(thin dashed arrows for transi- nteractiod®€is

tions with emission of zero to three phonons

1 Y1 o, Y2

2
IV. MODELS FOR QUANTUM DOTS Hex=5Pet 2mg P _ng(P(Z)'\](Z))+VC(revrh)
e

Both the quantum dots in glass and the colloidal quantum 2
dots of small size(1-2 nm are knowA™ to have a geo- — e ayet@3(re— 1) (0-J). (43)
metrical shape close to spherical. For the samples investi- 3
gated in Refs. 3 and 4, small-angle x-ray measurements ha
indicated that the function(R) that describes the distribu-
tion of quantum dots over radii is close to the logarithmic
standard distribution

Ysere pe. andp;, are the momenta of an electron and a hole,
respectively,y; and y, are the Luttinger parameterB(®)
andJ@ are the irreducible second-rank tensor operators of
the momentum and the spgangular momentum of a hole,

I In(R/Ro) 2 o andJ are the spin operators of an electron and a hale,
MR)= —2% exp{ B B ] (36) is the lattice constant, ande,cp, is the exchange strength
J2meR V20 constant’ which is equal to 320 meV in CdS&In a spheri-

cal quantum dot, the Coulomb electron-hole interaction may

the average radius of quantum dots being determined as be approximately described by the Hamiltorffan

2
Q o]
(R)=R ex;{— . (37) e?
T2 Velfeuf)=— 7———— > Py(c0SYep)
darege(®) (=0
Here Ry and ¢ are distribution parameters aod,; is the
total concentration of quantum dots r[s r
T 0(rh—re)+ 37 0(re—rp)

"h le

Mot:f MR)dR. -
° (rerp) [e()—e()](1+1)
In Sec. V the functionV{R) (36) is used to model the dis- RZ*L g(oo)+€(w)(I+1) |
tribution of quantum dots over radii.
In the exciton-phonon interaction Hamiltoniadh,,, (3),  whereP,(x) is a Legendre polynomial of degréand J., is
the operatorsy, are the angle between, andr,,. The Franck-Condon frequency

(44)
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FIG. 2. Lowest-energy levels of an exciton in a spherical CdSe
guantum dot as a function of the radiga) Splitting of the energy
levels due to the electron-hole exchange interaction in quantum dots
with zinc-blende(cubig) structure(b) Splitting of the energy levels
due to both the exchange interaction and anisotropic crystal field in
quantum dots with wurtzitéhexagonal structure. The degenerate
level (1S,1S;)) is chosen as the origin of the energy scale.

for generation of an exciton in the eigenst§® is deter-
mined by the corresponding eigenvaldg of the Hamil-
tonian(43) as

Q= (45) 498 508 518

Wavelength (nm)
where E4 is the energy band gap for the substance of the

guantum dot. FIG. 3. Fluorescence spectra of CdSe quantum dots with wurtz-
For typicaF‘4 guantum dot radii, the exciton states areite structure at various temperatures. Solid lines were calculated by
determined mainly by confinement, while the electron-holeusing Eq.(33) and dashed lines represent the experimental data of
interaction can be treated as a perturbation_ To ZerotRef. 2. Different lines are shifted along the vertical axis for clarity.
order in this perturbation, the hole stafsjesignated as
NSy, NPy, NP3y, NP5y, NDyjy, NDgp, ... are charac- axis of hexagonal lattide together with the electron-hole
terized by definite values of the hole angular momenfam €xchange interaction, leatf¥ to the splitting of the level
=L +J (whereL is the orbital angular momentum of a hple (1S,1S5)9) into five sublevels with definite values of the ex-
and the parityn labels the solutions of the equations for the Citon angular momentum componerits along the crystal
radial components of the hole wave functf@n. axis, as indicated in Fig.(B): a twofold degenerate level
Under size-selective excitation, the frequen@y,. is  With [N,|=2 (the curve with the label)2 two twofold de-
chosen to lie in the absorption band tail. Thus only the larggenerate levels withN,| =1 (two curves with the labels“1
est quantum dots are involved in the absorption processe¥d 1" for the lower and upper sublevels, respectiyesind
and excitons are generated in the lowest states. The excitdwo nondegenerate levels with,|=0 (two curves with the
ground state ($,1S,) and the state (3,1Ps;,) separated labels & and 0”). The splitting of the level ($,1P,) is
from the ground state by an energy comparable to the pha=haracterized by relatively smaller energy intervals between
non energyi w, play the main role in the absorption and the sublevelgsee Fig. 2b)], while the mutual order of sublevels
photoluminescencéAs for an electron, the energy of its size With different [N,| is the same as that for the level

quantization is large and only the stat8 must be taken into  (1S5,1S3).
account) In quantum dots with both the zinc-blende structure and

In a spherical quantum dot, both the energy levelthe wurtzite structure, the zero-phonon generation of an ex-
(1S,1S;),) and the level (8,1P3,) are eightfold degenerate Citon in the ground state and the radiative recombination
to the zeroth order in electron-hole interaction. In a quantunifom this state are forbidden in the dipole approximation.
dot with zinc-blende structure, the electron-hole exchangd herefore, the intensity of zero-phonon line is due to transi-
interaction split¥>3 each of these levels into a fivefold de- tions from high-energy levels. As a consequence, on the ba-
generate level with eigenvalué=2 of the exciton angular Sis of Eq.(33) combined with Eq(29), a decrease of tem-
momentumN= o+ F and a threefold degenerate level with perature must result in a decrease of the ZerO'phonon-line
N=1 [see Fig. 23)]. In a quantum dot with wurtzite struc- intensity in the equilibrium-luminescence spectra. Such a be-

ture, the crystal field, described by the poterifial havior is in agreement with the experimental data.
Ve — é 32 1 (46) V. NUMERICAL RESULTS AND COMPARISON
2\ 4) WITH THE EXPERIMENT

[where A=25 meV for CdSe(Ref. 38 and J, is the spin In Figs. 3 and 4, the fluorescence spe¢{@) calculated
angular momentum component of a hole along the uniquéy using Eq.(33) are presented together with the experimen-
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Colloidal CdSe quantum dots Colloidal CdSe quantum dots
(wurtzite) T=175K (wurtzite)
—— Theor. | | e Experiment
==+~ FC (non-fitted)
.............. FC (fitted)

Present theory

0 -200 -400 -600
Q-Q_ (cm)

‘exc

’ 1.25nm FIG. 5. Fluorescence spectra of CdSe quantum dots with wurtz-
L L L : e\ -
ite structure at the average radilR)=1.25 nm. The dashed line
0 -200 -400 -600 represents the experimental data of Ref. 2, the dot-dashed line dis-
Q-Q_ (cm™) plays a Franck-Condon progression with the Huang-Rhys parameter
S=0.06 calculated in Ref. 14, the dotted line shows another
FIG. 4. Fluorescence spectra of CdSe quantum dots with wurtzETanck-Condon progression with the Huang-Rhys paramster
ite structure at various average radR). Solid lines were calcu- — 1.7, which is obtained by fitting the ratio of one-phonon and
lated by using Eq(33) and dashed lines represent the experimenta€"0-Phonon peak heights to the experimental value, and the solid
data of Ref. 2. Different lines are shifted along the vertical axis forlin€ results from the calculation by using E@3).

clarity.

is important to note that a straightforward calculation in the

tal data of Ref. 2 on colloidal CdSe quantum dots of wurtziteframework of the adiabatic theory leads to intensities of the
structure, respectively, at different temperatufeand aver-  phonon satellites that do not fit the observed spectrum well
age radii(R). The following values of the parameters were for any value of the Huang-Rhys parameter.
used: €(*)=6.23, €(0)=9.56, m,=0.13M,, and E, In Fig. 6(a)—6(d) the photoluminescence spectr&)
=1.75 eV from Ref. 14 and/;=2.04 andy,=0.58 from  calculated for a zinc-blende-type crystal lattice are given and
Ref. 39. From a comparison of the calculated absorptiorcompared with the experimental data of Ref. 4 on photolu-
spectrum(19) with the experimental absorption spectrum of minescence of CdSe quantum dots in borosilicate glass. The
Ref. 2, the value 0.06 was obtained for the parametef  parameter valuesn,=0.11m, and E;=1.9 eV (Ref. 40
the distribution functionV(R) (36). Because of the chaotic were used for the zinc-blende lattice. The theoretical curves
nature of the energy spectrum of excitons in real quantunare calculated for the time interval between generation and
dots (e.g., owing to the strain or nonperfect geometricalrecombination of an exciton<r. The shape of photolumi-
form) and also due to a limited spectral resolution of experi-nescence peaks was modeled by Lorentzians of width
mental equipment, photoluminescence lines described by =2 meV relevant to the limited spectral resolution of mea-
functions turn into broadened peaks. The shape of thessurementgbetter than 5 meV in Ref.)4From a comparison
peaks was modeled by Lorentzians of finite width  of the calculated absorption specti®) with the experimen-
=15 meV. tal absorption spectra of Ref. 4 the values 0.15, 0.18, and

It is worthwhile to note that in CdSe quantum dots of 0.20 of the parametar were obtained for average radR)
wurtzite structure, the magnitude of the §1S;,)-level  equal to 1.4 nm, 1.8 nm, and 2.7 nm, respectively. The ex-
splitting by the crystal field for a wide range of radRiis  perimental photoluminescence spectra at each value of the
close to the optical phonon enerdyw,=25 meV as seen average radiu¢R) refer to different time intervals between
from Fig. 2b). Therefore, the observed peak of the equilib-the pumping pulséof duration 2.5 psand the measurement,
rium photoluminescence in the spectral regif=Q.,. the upper curve corresponding to the time interval equal to 0.
—Kuwg is caused not only byK-phonon processeéwith  According to Ref. 4, the decay of fast photoluminescence
probability ~ 7€), but also by K—1)-phonon processes components is caused by trapping of holes onto dbéy-
(with probability ~ 7€ ~1)). The latter processes are relateding energy~200 meV) local surface levels. Depending on
to the generation of an exciton in thgppergroup of states the average radius of the quantum dots, the decay time varies
[resulting from the splitting of the (8,1S;),) level] and the from some tens to some hundreds of picoseconds. The sepa-
subsequent radiationless relaxation to thever group of ration between neighboring energy levels of a nontrapped
states. This feature of the energy spectrum of the excitonexciton is smaller than the depth of local levels. Therefore,
phonon system in quantum dots, in combination with thethe relaxation in the system of “interior” exciton states,
pseudo-Jahn-Teller effect, leads to a substantial difference afhich have been discussed in the Introduction, can be ex-
the observed spectrum of multiphonon photoluminescencpected to proceed more quickly than the hole trapping. This
from the Franck-Condon progression, as shown in Fig. 5. Isupposition is in agreement with the behavior of fast photo-
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CdSe quantum dots in borosilicate
- glass (zincblende) :

<R>=1.4nm
[Q,.=2.5eV
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| glass (zincblende) b
<R>=1.8nm
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The quantum dots in glass are characterized by broad dis-
tribution functions over the radR.*>** Therefore, even un-
der size-selective excitation some excitons are generated in
states with relatively high energyirst of all, in the states
(1S,2S55), (1S,1Ps)), (1S,1Ds;;) whose energies differ
slightly from each othdr In the case of equilibrium photo-
luminescence, the radiationless relaxation of such excitons
into the lowest states @ 1S;/2) leads to the appearance of
zero-phonon luminescence peaks shifted fi@gy to lower
frequencies. These peaks hide the phonon satdlsts Fig.
6(c)]. This effect becomes less pronounced when the excita-
tion is deeper in the absorption band {aiee Fig. &)].

VI. CONCLUSION

We have shown in this paper that, due to the nonadiaba-
ticity of the exciton-phonon system in spherical quantum
dots, differentchannelsof the phonon-assisted optical tran-
sitions open. First, distinct from the adiabatic theory, which
describes only phonon transitions through intermediate exci-
ton states coinciding with either its initial or its final state,
the present approach takes into consideration adititional
phonon transitions(i) between different exciton states be-
longing to the same degenerate leyaloper Jahn-Teller ef-
fect) and (ii) between exciton states of different energy

[ Q,.=20evV
i (pseudo-Jahn-Teller effgctSecond, in contrast to the works
based on the theory of Pekar and of Huang and Rhys, which
o e w2 o adequately account for the adiabatic phonons only, the
0-0._(meV) present apprpach enables one to cor_rectly Qescrlbe the tran-
exe sitions involvingall types of phonons, including Jahn-Teller
phonons.

The effect of the channels studied here leads to a consid-
erable enhancement of the phonon-assisted transition prob-
abilities in the photoluminescence of quantum dots even with
relatively weak electron-phonon coupling strength. The re-
sulting multiphonon optical spectra are considerably differ-
ent from the Franck-Condon progression. In order to obtain
agreement between theory and experiment, it is necessary to
take into account these channels of the phonon-assisted op-
Q-Q,. (meV) tical transitions.

CdSe quantum dots in borosilicate d
- plass (zincblende)
<R>=2.7nm

Q..=1.95ev

-100 -75 -50 -25 0

FIG. 6. Photoluminescence spectra of CdSe quantum dots em-
bedded in borosilicate glass at different average radii and excitation
energies:(a) (R)=1.4 nm, if)eyx=2.50 eV; (b) (R)=1.8 nm, The authors wish to thank Professor F. Henneberger for
hQex=2.28 €V; (c) (R)=2.7 nm, 7i{dey=2.00 eV; and(d)  fruitful discussions. This work has been supported by the
(Ry=2.7 nm, 7{ley=1.95 eV. Thin solid lines represent the |nteruniversity Poles of Attraction Program—Belgian State,
families of experimental time-resolved photoluminescence spectrprime Minister's Office—Federal Office for Scientific, Tech-
of Ref. 4 measured at different time intervals between the pumpingical and Cultural Affairs; Bijzonder Onderzoeksfonds
pulse and the measurement, the upper curve corresponding to ﬂ@BOF); PHANTOMS Research Network; FWO-V Project
time interval equal to 0. Theoretical results are displayed for thq\lo. G.0287.95 and WOG Project No. 0073.94N. V.M.F. and
equilibrium-photoluminescence spectra of H83) (heavy solid V.N.G. were supported by BOF NOI “Thermodynamica van
lines) and for the photolumim_escence spectra Of.&‘) In the case in.te;ag.;erende identieke deeltjes met behulp van padinte-
of slow relaxation of the exciton energglashed lines gralen.” S.N.K. and S.N.B. acknowledge with gratitude the

kind hospitality received during their visit to UIA in the
luminescence components under the excitation by lightramework of the common Research Project No. 11-3251

whose frequency lies near the absorption band maxirfnom supported by PHANTOMS.
size-selective excitationin this case a significant shift of the

photoluminescence intensity maximum from the excitation APPENDIX

frequency appears 10 ps after the excitation pliiSaere-

fore, it is the limiting case of the equilibrium photolumines- The shape of the absorption band edge of a spherical
cence rather than the opposite casegf 7 that seems to be quantum dot is considered using the spherical m&d& of
relevant to the experimental data of Ref. 4. the exciton Hamiltonian. To zeroth order in the electron-hole

ACKNOWLEDGMENTS



2424 V. M. FOMIN et al. 57

interaction the exciton ground state is fourfold degeneratare relevant to the interaction of an exciton wittphonons.

with respect to the component of the hole angular momen- The matricesV,, with different m do not commute. There-

tum F, (see Ref. 2D The twofold spin degeneracy of the fore, the interaction HamiltoniaH;,; cannot be diagonalized

electron ground state is not important for the analysis of thén the basis of the function$,) (A1) and, in contrast to the

Jahn-Teller effect® The wave functions of the exciton case of the adiabatic approach, the wave function of the

ground state can be written?ds exciton-phonon system cannot be represented as a product of
an exciton wave function with a phonon wave function. This

1 fact expresses mathematically the internal nonadiabaticity of
IF2)=ho(re) E'UZ> ( fo(r) O’E’E’FZ> the exciton-phonon system.
33 It is convenient to introduce the effective phonon modes
i - izati rators
+go(rp) 25’ §1Fz> ) (A1) with the second-quantization ope
whereyy(r,) is the envelope wave function of an electron in bS:C_ 2 c(n%)ag%z), (A9)
s n=0

the ground statel3,0,) is the Bloch wave function at the
bottom of the conduction bandl.,J,F,F,) are the eigen- 1 o
funct|onss of the total angular momentum of a hole, and bdmzc_( chath) + > cﬁ,B;a&E)m), (A10)
andJ=3 are the eigenvalues of the orbital angular momen- d n=0

tum of a hole and its spin angular momentum, respectively.

An exciton in the ground state interacts only witphonons where
(I=0) andd phonons [=2) [see Eqs.(39—(42)]. Using % 1/2
Eq. (3) with Egs.(38)—(42), one obtains CS:LZO (Cg?))Z} , (A11)

[ 2 )
B),(B | | B),(B
e S, e 3 Vol eelis S e

+H.c., (A2)

1/2

Co= (c§'>>2+n§0 (c)? (A12)

Using Egs.(A2) and (A6)—(A10), the evolution operator
(6) averaged over the phonon ensemble can be written in the
matrix representation as

(U(1))ph={Us())pr{Ua(t)) ph (A13)

where

1 ©
CE%):JT—JO dro® (N[ w3(r) —f3(r)—g3(r)], (A3)

where

1 o0
Crg' =~ Efo dro(NTENGHr,  (A4)

iC, [t .
0

| D (A14)
C(Z):_EJO dro () f2(r)ga(r). (A5)

In Eqg. (A2) and below, bold letters denote operator matrices
in the basis of the functiongF,) (F,=%,3,—3,—3). The
matrices bao V2bg, V2by, 0

0 0 O B \/Ebd,—l —bgo 0 \/Ebdz
0
0) , (A6)
1

iCq (t
Ud(t)=Texp[ —7f dtl[B(tl)JrBT(tl)]}, (A15)
0

\/Ebd,—z 0 —bao - \/Ebdl
0 \2bg -, —V2by 1 by

o O O -
o
|
=

(A16)

The interaction of an exciton with totally symmetrical
0 phonons is adiabatic and the corresponding interaction ma-
0 trix is diagonal. Having averagdd(t) (A14) over the pho-
V=V = a2 (A7) non ensemble, one obtains the Fourier transform of the
B Franck-Condon progression. The probability oKgphonon
0 optical transition is then proportional t”f),gK (24) with | 8)
=[F2).
0 The averageUq(t)),n is calculated by using the approach
\/5 developed in Sec. Il. Namely, contributions into the absorp-
(A8) tion coefficient due to transitions accompanied by a change
0 of the number ofl phonons byK are taken in account to the
0 leading Kth) order in the small parametef® (10). At the

o O O O

V2:V1;2:

o O O o
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temperatures  corresponding to  the

conditiond = (kg T<%w,) one obtains

‘ 1 [Cq)* K/ ptyK :
<Ud(t)>ph_K20 (K!)2<ﬁ_w0) (B®(B")")phexp( —iK wqt).
(A17)
Using the definitionA16), the identity
B2=1(b3y+2bg1bg 1+ 2bgobg ) (A18)
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experimentatan be verified. Taking in account EGA18), the average

(Ug(t))pn (A7) is easily calculated:

¥ —Ii 1/ Cyq 2K4( K+1+1
(Ug(t))pn= &oKiliwg 3\ 2 |12
K+1 _
X T+§ exp(—iKwgt), (Al9)

where[ x] denotes the integer part af Equation(25) fol-
lows immediately from Eq(A19).
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