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Optical properties of arrays of quantum dots with internal disorder
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Optical properties of large arrays of isolated quantum dots are discussed in order to interpret the existent
photoluminescence data. The presented theory explains the large observed shift between the lowest emission
and absorption energies as the average distance between the ground and first excited states of the dots. The line
shape of the spectra is calculated for the case when the fluctuations of the energy levels in quantum dots are
due to the alloy composition fluctuations. The calculated line shape is in good agreement with the experimental
data. The influence of fluctuations of the shape of quantum dots on the photoluminescence spectra is also
discussed[S0163-18206)04227-Q

I. INTRODUCTION that this feature causes the difference in the positions of the
maxima of the PL and PLE spectra.

Reduced-dimensionality structures are currently attracting The fluctuations of energy levels due to the random po-
much attentiort# Modern technology made it possible to tential caused by the alloy composition fluctuations are stud-
create nanoscale zero-dimensional structures where motid@d in Sec. IV. We show that the major part of the observed
in all directions is quantizetquantum dots Often a system linewidth can be accounted for by this mechanism. We also
represents a large array of independent quantum dots. B&Uggest that the first two excited states observed in Ref. 1
cause of extremely small dimensions, the fluctuations of paoriginate from the twofold degenerate first excited level,
rameters of individual quantum dots become an importanivhen the degeneracy is lifted by the random potential. The
factor since they determine the properties of the whole arraydensity of states and the two-level distribution function,

This paper was initiated by the experimental work Ref. 1, which accounts for the correlation in energy-level positions,
where photoluminescend®L) and photoluminescence exci- are calculated. The spectra determined by these functions
tation (PLE) experiments were performed with an array of describe most of the features of the experimental spectra.
self-assembling quantum dots. The conventional nonselec- Finally, the effects caused by fluctuations of 8tepeof
tive (with above-barrier excitationPL reveals a broad peak the quantum dots are discussed. It is suggested that the fluc-
of about~ 50 meV in width. This width originates from a tuations of the shape of the dots should increase the energy-
wide spread of energies of different quantum dots in thdevel correlation.
array. Both PLE and selectively excited PL spedindnen
only the quantum dots that are in resonance with incident
light are excited show sets of broadened peaks with 2—-3
times smaller widths. These peaks correspond to the distri- In the present paper we consider the case when both the
bution of energy levels in the subset of quantum dots that arelectron and the hole are confined in the quantum dot. En-
resonantly excited. It was observed that the first PLE peak isrgy of the quantum dot is measured from the unexcited state
strongly shifted from the detection energy. The origin of thisof the dot with no electrons and holes. The term “ground
shift remained unclear. Moreover, no measurable Stokestate” refers to the ground state of the quantum dot with an
shift was observed in a recent paper Ref. 3, where the PL hasxcited electron-hole pair, i.e., to the lowest optically excited
been measured together with the direct absorption by thstate.
layer of quantum dots. The key feature of an array of quantum dots that differ-

In this paper a simple theory of the PL from an array ofentiates it from a quantum well or bulk material is that there
guantum dots is developed. We suggest that the process f no charge transfer between the dots, or at least such trans-
photoexcitation of a dot into its lowest optically excited statefer is strongly suppressed. Different quantum dots therefore
does not contribute to the PL signal. The proposed interpregive independent additive contributions in any optical
tation of the experimental data explains the large Stokes-likexperimen®.
shift between the PL and PLE peaks as the average distance The density of states for each quantum dot represents a set
between the two lowest optically excited states. of S-function-like peaks, while the total density of states of

It is suggested that the PL and PLE line shapes are conthe whole system can be spread in a wide energy range due
pletely determined by the statistical distribution of the en-to the inhomogeneous broadening. Several experiments have
ergy levels of different quantum dots in the array. More pre-been reported recently where the contributions to the lumi-
cisely, it is determined by the distribution pairs of energy  nescence fronsingle quantum dots were fourfd*® Single
levels. It is shown that such a distribution is essentially twoquantum dots give extremely narrow sub-meV spectral lines.
variable. That is, there exists a correlation in the positions ofWhen, however, the number of excited quantum dots is
different energy levels in each quantum dot throughout thdarge, a broad luminescence peak is obselvit.
array, however, such a correlation is not 100%. We show We suggest that such a feature makes it difficult to probe

II. ORIGIN OF THE STOKES-LIKE SHIFT
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optically the ground states of the dots and thus causes an B Epy E... Eqg.
apparent Stokes-like shift observed in Ref. 1. Probing of the 105 —2hie—>

: Ea E

ground states of the dots may require a special technique g ’\ A Eqg ’\ h i

such as, e.g., time-resolved PL. g le j eee '
Indeed, let us consider the contribution to the PL from the d\e‘te“” A A

process when the photon is absorbed into the ground state of
a dot and then reemitted. If the optical process is not phonon Vi
assisted, the energies of the incoming and outgoing photons “ “ A “ E taser
are exactly equal. The PL response can hardly be observed
since it is hidden by the incident beam scattered by other E laser E detector

elements of the experimental environment. This situation is

quite different from that in quantum wells or bulk semicon-  FIG. 1. A schematic diagram of the PLE and selectively excited
ductors, where an electron excited to the conduction banéL intensities when interlevel distances in all quantum dots are the
always has quantum states with lower energies. It can losgame. Each curve is the spectrum taken at fixed excitation energy
some energy before it recombines iniadependenbptical  (PL) or fixed detection energ§PLE), which are denoted by plusses.
process.

In a quantum dot, the emitted photon may have its energy,o; contribute to the spectra. When the interlevel distances

below (OT ?bgv?_'that of th;ahexci;ing light if :hs PL i§ ;:;0' are the same in all dots, both PLE and selectively excited PL
non assisted. However, the phonon must be emi spectra would show a set of-function-like peaks as

coss The probabilty of Such  process is determined inSkelched in the Fig. 1 |
It is more convenient to start with the PL@eft). By

higher-order perturbation theory in the electron-phonon cou];. ing the detecti lects th bset of all
pling constant and is therefore much smaller than the prob-xd !N€ detection energy oné selects the subset ot all quan-

ability of the direct transition tum dots in the array with the ground-state energy

In order to give a substantial contribution to the PL signal,Eo= Edetector(We have assumed that the light is always emit-
the dot must be pumped into one of éxcitedstates. There- t€d from the ground state of the dpt3he PLE signal ap-
fore, the minimum distance between the excitation and deP€ars when the excitation energy maiches the energy of an
tection energies seen in the spectra is equal to the distan€&Cited state Ej.e=E;, E;, etc) in the selected subset.
between the ground and first excited states of the dot. In facfinus the first observetowest in energy PLE peak corre-
no Stokes shift was found between the PL and the directPONds to thérst excited energy levels of such ddiat have

absorption by a layer of quantum dots measured in Ref. 3. their ground-state level at the detection energy.
The analysis of the selectively excited Right) is some-

what more complicated but similar. The fixed energy of ex-
IIl. POSITIONS OF PEAKS IN THE PL citation selectseveralsubsets of all quantum dots such that
AND PLE SPECTRA E{=E jaser Es=Ejasern €1C. A nonzero PL signal appears
i _ _when the detection energy matches the ground-state energy
In this section the shape of the PL and PLE spectra i gne of the subsets. The position of the first observed PL
described qualltatlve_ly. Different peaks opserved in the SPeGyeak(highest in energythus corresponds to tiground-state
tra are assigned. It is shown that the existence of a randolghergy of such dottat have theifirst excitedenergy level
spread of interlevel distances in quantum dots causes suly the excitation energy. The distance between the first two
stantial deviations of the positions of peaks seen in PLE ang peaks is equal t&,,, the distance betweshe first and
selectively excited PL spectra.. . the seconcexcited states of the dots.
_ We shall assume for simplicity that the energy relaxation \hen interlevel distances are the same in all dots, all
in a quantum dot occurs faster than recombination, so thajistances between different peaks in the(PLE) series also
the light is always emitted from the ground state of the dotyemain the same, while the whole picture shifts with the shift
Let us first consider a simple model when the distanceg the |aserdetectof energies. It means that the positions of
between different energy Ievels_are_z the_: same for all quantuihege peaks being plotted against the lédetectoy energies
dots, however, there is a wide distribution of energy levels iny st form a set of straight lines with the unit slope.
the array. I.n other words, let the picture.of energy levels be T slopes of such lines obtained from the PLE and se-
the same in each quantum dot but shifted randomly as puctively excited PL spectra obtained in Ref. 1 are all less
whole. This implies a 100% correlation in the positions ofihan 1. For the first PL and PLE peaks, e.g.
different energy levels in each dot. dEP.. JdE = 0.91, dEPLE _ 1 ’ ’
. . B max, laser— Y:J-4s max,lldEdetector_ 0.77:
_ Ifthe C(f)nvengongthL technique IIIS ut?ed sohthatl)t the purtr;p- It is easy to see that such a deviation cannot be attributed
Ing Is performed with energies well above the barriers bey, ,q dependence of the interlevel distances on the ground-
tween the dots, all the dots are excited and emit light at theifyaio anergy. Indeed, in this case the slopes obtained from the
ground-state energies. The emission then represents a brogd o4 p| E spectra should be inverse of each other. We see,

PLE Intensity

PL Intensity

peak due to the wide distribution of the ground-state enerp, aver that
gies. ’
Let us now consider PLE and selectively excited PL mea-
surements. Here only those dots are excited that have one of dEP: dEPLE |\ -1
their energy levels in resonance with the exciting light. As maxm ( max,m) ) (1)
suggested above, the dots pumped into their ground states do dEaser | dEgetecto
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Intensity The inset in Fig. 2 shows a fragment of the same plot in
the isoline projection(dashed lines Crosses and plusses
show the positions of the maxima in the PL and PLE cross
sections, respectively. The “PL and PLE lines” are the loci
of the maxima observed in the PL and PLE spectra.

As one can see, the positions of the maxima deviate from
the major axis of the ridge and from each other. Indeed, these
positions lie in such points where the cross-section (pae-
allel to one of the ax@sis tangential to the lines of equal
intensity. Note that the deviation of the positions of the
maxima is such that both derivatives in Ed) are less than
1.

FIG. 2. A schematic shape of the intensity as a function of the Both lines intersect exactly at the maximum of the ridge,

excitation and detection energies for the system with two excitec}he coordinates of which give the average positions of the

states. The left “ridge” corresponds to the absorption by the firstground and th(.:" excited _states of all the dots in the array.
In general, if the oscillator strengths are the same for all

excited states of the dots. The “PL” and “PLE lines” in the inset " . ; . .
are the loci of the positions of the maxima of intensity in the PL and?‘”owed transitions, the intensity as a function of the excita-

PLE cross sections, respectively. The dashed lines show the lines §Pn and detection energies is proportional to the mutual

Elaser

E getector

Edetecta

equal intensity. The maxima in a cross section occur at such pointgvel-level  distribution  function:  1(Egetecton Eiased
where the cross section linésorizontal and vertical solid linggre %2 mP(Egetector Eo0+Elase™ Em), WhereE,, are the energy-
tangential to the lines of equal intensity. level positionsE, being the position of the ground state. In

Sec. IV we derive the shape of the distribution function

We show below that the existence of a spread of interlevel’(Eo.Em) when the spread of the energy-level positions is
distances in the array causes deviation of the positions diaused by the composition fluctuations. We show that a quite
peaks seen in the PL and PLE spectra in such a way that boffpmplicated PL and PLE line shape observed in Ref. 1 can
derivatives in Eq(1) become less than 1. be sufficiently well described in this way.

To demonstrate this, let us assume that the interlevel dis-
tances in the dots fluctuate randomly in sofnarrow) en-
ergy interval. In this case selection of a subset of quantum
dots by fixing one of the energy levels does not yet deter-
mine the positions of other energy levels. Then one should In this section we study the properties of the statistical
observe a sequence of broadened peaks in both PL and PLéistribution of the energy levels in quantum dots caused by a
The scale of broadening is determined by the distribution ofvhite-noise random potential. We present strong evidence
interlevel distances only, therefore it can be narrower thanhat the major part of the observed spread of the PL and PLE
the distribution of the absolute energies. As shown belowpeaks is caused by universal composition fluctuations in the
such behavior is natural if the spread is caused by a randoriots. These fluctuations are a generic property of semicon-
potential. ductor alloys and produce a theoretical limit for unification

To understand how thgositions of maxima of the broad- of quantum dots in an array.
ened peaksre shifted, it is convenient to draw a three- We also suggest that the first two excited levels that re-
dimensional picture shown in Fig. 2. Here the intensity meaveal themselves in the PLE and selectively excited PL ex-
sured by the detector is plotted as a function of two variableperiments originatdfrom a single doubly degenerate level
— the excitation and the emission energies. Clearly, such ahen the degeneracy is lifted by the random potential.
plot contains all information, which both PL and PLE can In semiconductor alloys the lattice sites are occupied ran-
provide. To get the shapes of the PL or PLE spectra onélomly with two types of substitutional atoms. We ignore
simply has to slice the three-dimensional plot along thehere the correlation between occupation of different sites.
Easer OF Egetector@XIiS. The compositionx averaged over a small volume always

First, the intensity is zero in the half-plane fluctuates. The order of magnitude of the fluctuations is in-
Ejase< Egetector The intensity is nonzero only wheB ..,  versely proportional to the square root of the volume over
and E gqector 1€ in resonance with the excited and groundwhich the averaging is performed. Though usually small, this
states of some daimultaneouslylf the spread of interlevel effect can be important in extremely small structures.
distances is small, the three-dimensional plot has a shape of In small quantum dots such composition fluctuations
a set of narrowidges elongated in the direction parallel to cause shifts of energy levels from the positions determined
the line E | se= Egetector EQCh ridge corresponds to the opti- by the average compositiory. The “local” compositionx
cal process for whiclE yetecto™ Eg @nd Ejase= Em, m=1,2,  varies from dot to dot, and aldosidethe dot. According to
etc. The width of each ridge is determined by the spread ofthat, the energy levels fluctuate from dot to dot. Shifts of the
the corresponding interlevel distances, while the length ienergy levels in different quantum dots are independent of
larger and represents the large spread of the ground-stagach other. Inside a single quantum dot the shifts of different
energies. The distance between the ridge and the linenergy levels are correlated. Note, however, that such corre-
Elase™ Egetector IS determined by the average distance bedation is not 100%(as it would be if there was only one
tween the ground and the corresponding excited states of tHkictuating parameter such as the diameter of a. dot
dots. In order to calculate the statistical distribution of energy

IV. FLUCTUATIONS OF ENERGY LEVELS
IN QUANTUM DOTS
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developed by Efros and RaikFor a review see Ref.)7 This Y=\ ax N ,

method is applicable if the size of the wave function is much

larger than the lattice constant. In this case one needs {QnereN is the number of lattice sites per unit volume.

know only the shape of the wave function in a quantum _d_ot The covariancebetweene,, and €, can be obtained in a
and the slope of the dependence of the gap on compositiogjm;jar way:

dEg/dx, at average compositioxy, .

The result depends on whether the unperturbed energy
levels are degenerate or not. Without degeneracy the distri- EmEN=POMOn="Y d3r¢ﬁ](r)¢ﬁ(r). (4)
bution of energy levelE,, is Gaussian with the standard
deviation given by

levels caused by composition fluctuations we use the method (d Eg) 2%o(1—Xo)

The coefficientp, p<1, is called the coefficient of correla-
— tion betweerk,, andE, .
oi=€x= yf d3ry(r), 2) To find the shape of the PLE and selectively excited PL
. spectra we need the mutual distribution function Egrand
wheree,,=E,,—E,, ¥ is the wave functior(rea) corre- E,,. The most general form of the two-variable Gaussian
sponding to the energy levél,,, andy is given by distribution is given by

Gy ) 1 p{ 1 6(2) €0€m N ezm ] 5
€0,€m;00,0m,p)=————————F——=€eXP — 5+ | 75— — |-
2160+ €m: 70, Tm. P 2mooomV1—p? 2(1-p% g 000m 0'%

This is just an analytical expression for the shape of the

ridge, discussed in the previous section. The ridge is strongly UZJ d3rv(r) gi(n), (79
elongated when the paramegers close to 1. It is equal to 1

in the limiting case when an exact relation between the ,

energy-level positions exists, so that the two-variable statis- x+iy=f d3rv(r) i (r)e?™m?. (7b)
tical distribution becomes effectively one-variable. The ratio

oml oo determines the orientation of the ridge. The ridge isHereV(r) is the white-noise random potential with correla-
parallel to the liN€E e/ EgetectorWhen o= 07 tor (V(r)V(r'))=ya(r—r").

The situation is, however, more complicated if a degen- Eigenvalues oféH are e.=u* UXZ+y? (the energy is
eracy exists. The random potential shifts the degenerate emeasured from the unperturbed energy Igvilis easy to
ergy level and lifts the degeneracy. The distribution of enersee thau, x, andy areindependenGaussian random vari-
gies in the vicinity of an unperturbed degenerate levelables withu?=o?,, x?=y?=02/2, o2 being given by Eq.
appears to be not Gaussian. The mutual two-variable distri2).
bution function for a transition betweds, and E,, is not The density of states in the vicinity &, (the distribution
Gaussian either. Instead, it has a shape of two close parall@inction for e,,=E,,— E,,) is given by
ridges corresponding to each of the split-off energy levels.

For simplicity we restrict ourselves to the axially symmet- _
fic quantum dots, where each energy level except the ground  ©(€m)= ; f f f du dx dy( em—uF Vx*+y)
state is doubly degenerate. In this case it appears to be pos-

sible to derive the general form of the distribution function Om Om
without knowledge of the shape of the wave functions in the XG1(U;0m) G| X; 2 Gily; 2
guantum dot.
For an axially symmetric system two degenerate wave =Do(€m:0m), (8)

functions with the angular momentufm| have the form ] ) ) o
Yrme (1) = (1) €™M, Wherey,, can be made real. The po- whereG; is the standard one-variable Gau/ssmn distribution,

+ ' . . _ -1 . . _ -1/2 .
sitions of energy levelg,,. , split and shifted by the random CGi(€;0)=0""Gy(e/031),Gy(z;1)=(2m) exp(-Z12);
potential of the particular configuration, can be obtained a§Nd we have introduced the notation for the distribution
the eigenvalues of the secular matrix function Do(€;0)=0""Do(e/a;1),

Do(z;1)= 3\ﬁe‘zz’2+ Ee‘22’3en° Z 9)
O 1 - 3 W 3\/§ \/é .

The meaning of the index 0 iDy(e;0) will soon become
clear.

where the matrix elements andx+iy take random values Equation(9) describes a bell-shaped curve, which deter-
in each quantum dot and are given by mines the density of states and, hence,ahsorption spec-

u X+iy

, (6)

X—iy u
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FIG. 3. The functionDy(z;1) (full line), as given by Eq(9),
determines the density of states in the vicinity of the excited level.
The approximation by a Gaussian with an effective dispersion
(dashed lingis also plotted.

Normalized Intensity, P(¢,.€,)

trum in the vicinity of the excited leveE,,. Its shape can be
fairly well approximated by a Gaussian with the effective
dispersiono = o,\/2, as shown in Fig. 3.

In order to find the mutual two-level distribution function
that determines the shape of the PL and PLE spectra it is
important to account for the correlation between matrix ele-
ments of SH and the shift of the ground statg. FIG. 4. The two-level mutual distribution functioR(eq,€1)

It is useful to note that the expression for the matrix ele-given by Eq.(10) is plotted for fixede,=0 (the “PLE” curve) and
mentu is the same as the expression for the shift of a nonfor different fixed e (the set of “PL" curves. The curves are
degenerate level with the wave functigg,(r). The value of s_h_lfted_upward arbitrarily to ease the reading. The correlation coef-
u is, thereforegorrelatedwith €, via the same two-variable "Si€Ntis (@ p=0.94 and(b) p=1.

Gaussian distribution as in  Eg.(5): P(eg,u)
=Gy(€&,U;00,0m,p), With the parametersy, o, andp  [de e?D,(e;0)=20%(2—p?). The function D,(€;0) is
given by Eqs(2) and(4). The parameters andy are statis-  symmetric ine. It has one maximum whep< 1/y2 and two

tically independent of, andu because the corresponding maxima, whenp>1/y/2. The maxima become more pro-
covariances become zero when the integration over the azioynced whem tends to 1.

3 2 A 0 1 2 3
Energy (in units of d;)

muthal angleg is performed. Thus, we obtain The functionP(e,,€,,) determined by Eq(10) gives the
probability density for a quantum dot to have the ground
P(eg,€m) = E J f J dudxdys(e,—u= x/x2+y2) state at the energl{y+ €5 and an excited state at the energy
- E,t€n. Itis proportional to the intensity measured by the
. o detector at fixed excitation and detection energies. Hence, it
XGZ(EO,U;UO'Um’p)G]( X; _m> G| y: _m) determines the shape of both PL and PLE spectra when the
V2 V2 proper argument is fixed.

The functionP(eq, €,,) appears to be not very sensitive to

(10) the ratioo,/oy. It is, however, quite sensitive to the value
of the correlation coefficienp. This function is plotted in
) Fig. 4 for o,= 0 and two different values gb. As shown
where the functio (¢;)=0"1D,(el0;1), and in Sec. V, it is natural for the coefficiept to be close to 1.

) The valuep=0.94[Fig. 4a)] gives the best fit to the experi-
2yu—1 oxd — z mental data. Whep tends to I Fig. 4b)] the intensity in the
Vru p—1

dip between two maxima approaches zero. The line shapes
of the spectra described by E4.0) are discussed in detail in
. 2z F{ z? z ]
w w - Wanlp=1)
Here u=3—2p2. The functionD(¢; o) defined by Eq(9)

Sec. V.
is a particular case dfL1) with p=0. We replot the positions of the PL and PLE maxima ob-
The functionD,(€y,;0m) gives the distribution of the en- served in Ref. 1 on the combined plot in Fig. 5 to illustrate
ergy sublevels in the vicinity dE,,, whenthe position of the that the experimental behavior is in agreement with our con-
ground state is fixedlt is normalized in such a way that sideration(compare with the inset in Fig.)2The dotted line
JdeD,(€;0)=2 (according to the twofold degeneracand  shows unit SIOpeE e~ Egetector Three lines correspond to

:Gl(€o§<fo)Dp

Om
fm_EOPO__O;G'm ,

D,(z1)=

erf

(11)

V. DISCUSSION
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FIG. 5. The positions of the Plcrosses and PLE (plusse$ © F PL: 1
maxima taken from the spectra in Ref. 1 are shown in the combined n—'_ I ]
plot. The resulting crossing lines make clear how the positions of L 0=0=19meV & % 1
maxima deviate from each other and from the major axis of the first 1 i p=0.94 i N N
“ridge” (dashed ling The cross-section point is the maximum of I N & |
the ridge. The second set of the PLE maxima is not shown because 2
the corresponding peaks are seen not very clear in the spectra. A ol N
constant value of 1290 meV has been subtracted from all energies. 850 875 900 925 950 975 1000 1025
The dotted line shows the unit slop€gge= Egetector Wavelength (nm)

the positions of two maxima observed in each PL curve
(crossepand one in each PLE curiglusses The positions comparison. The upper curve is the PLE spectrum obtained with the

of only one PLE maximum for eacBgeteciorar® Shown be-  jetection energy marked by an arrow. Plusses above the PLE spec-

cause the second PLE maximum is not seen clearly enoughym show the fixed excitation energies for each of the PL spectra.

The constant value of 1290 meV has been subtracted frofhe curve 9 corresponds to the above-barrier excitation enésgy.

all energies. The PLE and selectively excited PL line shapes obtained from Eq.
The three lines shown in Fig. 5 are consistent with the10) with parameter=0.94, oy= o, =19 meV. Average energy

qualitative picture of two close parallel ridges. As suggesteghositions of the ground and first excited energy levels are

above, these ridges correspond to the two optical Processgs— 1276 mev anoE_1: 1351 meV.

where E getecto= Eo aNd E ose= E1~; Ep being the ground-

state energy andt,. the energies of the first and second mental values for the average positions of the energy levels

excited states. _ _ Eo=1276 meV andE;=1351 meV are used.

~We use the notatiok, . instead ofE, , for the two ex- Figure Gb) is essentially Fig. @) replotted in the wave-
cited states according to the idea that they originate from thﬁength scale for better comparison. The vaje0.94 gives
twofold-degenerate first excited energy le¥® when the  the pest fit for the data from Ref. 1. It is seen that the curves

degeneracy is lifted by random potential. This idea is supgptained reproduce all the features of both PL and PLE spec-
ported by the fact that the ratio of interlevel distances apyg.

FIG. 6. (a) The experimental data from Ref. 1 replotted for

pears to be ;. —E;_)/(E;- —Eg)~0.6. For a cylindrical The structure of the expressi@h0) is such that ife, is
quantum well with infinite potential walls the corresponding fixed, it describes a curve symmetric around the point
ratio is aboutE,;/E;o=1.3. €m= €0pom! 0. Thus(if p>1/\/2) the PLE line should re-

The point of intersection of two lines gives the position of yeal two symmetricpeaks at any detection energy. This is
the maximum of the first ridge. The difference of 55 meV in exactly the behavior seen in the experiment. When the de-
its coordinates is nothing but the observed Stokes-like shiftection energy is changed, the whole spectrum must shift
between emission and absorption energies. The distance bighearly with it. Indeed, Fig. 5 shows that the positions of
tween two ridges measured along tig,., axis gives PLE maxima depend linearly on the detection energy. The
E,, —E;_, the mean splitting of the excited stfg. slope of the PLE curve in Fig. 5 gives the raiig /oy,

Using Fig. 5 we may conclude that the average distanc#hich appears to be close to 1.
between the ground andplit) first excited state is about 75 If the position of the excited levet,, is fixed, the line
meV, while the average splitting of the excited state is apshape is asymmetric. Whenis close to 1, the PL line shape
proximately 40 meV. also shows two maxima, however, there is a peculiar inter-

Figure 6 shows the comparison between the presenteglay in their magnitudes when the excitation energy is
theory and the experiment. The experimental spectra frorchanged. This also matches the experimental data quite well.
Ref. 1 are replotted in Fig.(6). The theoretical PLE and Such an interplay can be understood easily. The (fest-
selectively excited PL spectfdig. 6(b)] are obtained with ond PL maximum corresponds to the distribution of ground-
the use of Eq(10) by fixing €, or €, respectively. Experi- state energies of such a subset of quantum dots, for which
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the lowest (highesi_split-off level coincides WithE . only difference is that the matrix elemenisandx+iy are
WhenE,,sris belowE,,, the amount of the first type of dots Not described by Eqg7) anymore. Instead, they are deter-
is larger than that of the second type. WHEp., is larger ~ Mined by the integrals of the derivative of the unperturbed
thanE,,,, the dots of the second type prevail. wave function at the boundary of the quantum %Iot._

The interplay is absent in PLE, because for each fixed Thus, the effect of the shape fluctuations is only in renor-

ground-state energy there is always an equal amount of loynalizing the parameters,, o, andp. It is important,
est and highest split-off levels. however, that for the case of pure shape fluctuations, the

The magnitudes ofr, and o, can be obtained indepen- paramef[erp, defined as a correlation coeﬁiciem betwegn
dently as follows. Fop=0.94, the maximum oD,(e; ) andeg, is exactly equal to 1. The reason is t_hat in an axially
lies ate=0.765r. Then, from the position of the PLE maxi- SYMmMetic quantum dot, the normal derivative of the wave
mum, o,=14.5 meV/0.76519 meV. The spread of the fynctlon at the bqundary is just a number rather than a func-
ground states~, can be determined independently from thetion of the coordinate. Therefore, there should be an exact

nonselective PLlcurve 9 in Fia. It gives o.=18.2 rglation_ betweem and ¢, for each particular_ shape disjcor-
mev. 4 9. 6] g 0 tion. It is natural to assume that the effective valuepois

If we know the shape of the wave function, we may find closer to 1 when both mechanisms are involved than in the

the values for the parametens; andp, using Eqs(2) and ~ CaSe€ Of pure composition fluctuations.
(4). As a guess, we may try the wave functions for the cy-
lindrical quantum well with infinite walls:

o by In the present paper a simplt_a theory is deyeloped, which
;//m(r)occo§< _i)Jm(L”), (12)  allows one to describe selective photoluminescence data
h R from an array of quantum dots with random parameters. The
whereh and R are correspondingly the thickness and theth€ory explains a large apparent Stokes-like shift between
radius of the quantum dot, ang, is the root of the Bessel €MisSsion and absorptlon energies as the average_dlstance be-
functionJ,,. The integrals of interesd,,,= [ dr y2 42, are tween the ground and flrs_t excited energy levels in the dots.
equal toJgy=2.098,J5,= 1.552, andly,= 1.435. men ~ Itis shown that the existence of a random spread of the
It is easy to fin,d all paran%eters in this approximation.'merlevel distances in the dots causes deviation of the posi-

First, let us estimate the magnitude of the spread. T ions of the maXima. of the peaks_se_er] in the PL an_d PLE
find ’U one has to know the volume of the quantum spectra. Such deviation can make it difficult to determine the
0

dot. Taking it to be the volume of the cylinder with the properties of the statistical distribution of energy levels in the

thic.kness 2.5 nm and diameter 25 Arand using the param- array. It is suggested how the proper parameters Of the sta-

eters of In(éa As. x.=05. lattice co,nstam—o 585 nm tistical distribution may be obtained from the experimental
1—X 1 AQT Ve, — V. ,

anddE,/dx=1.16 eV (both atx=0.5)® we obtaino,=13 data. . -

meV Tghis value is less than the experimental value of 18 The random shifts and splittings of energy levels caused

meV. It shows, however, that at least a significant part of th %ea (\jl\g;:ts?t no(;?estr:tr; ior:ngoﬁ:;f;met\tﬁ-g?/: ?jriztrsiéﬁilsgl

spread is caused by the composition fluctuations. There ar nction arg obtained for the case of an axially symmetric

of course, some other reasons for spreading. The total sprea(ljlI y Sy

however. cannot be less than the calculated value quantum dot. The energy-level distribution and the resulting

Two remaining dimensionless parameters are0.795 PLE and selectively excited PL spectra appear to be close to

and oy/or,=1.16. Though the ratiey/o is in reasonable that observed in the experime(siee Fig. 6. It is shown that

agreement with the experiment, the value of the correlatiortlhe major part of the spread of energies observed in the ex-

coefficientp is significantly less than the experimental value periment originates from the random potential caused by the

. : omposition fluctuations. It is also suggested that the random
of 0.94. Note that the d|men5|9nless parame_tgrs depe_nd M¥ictuations of the shape of the dots also contribute to the
on the form of the wave functions. Though it is possible to

. . spread.
relate the discrepancy ijm to the unknown shape of the real
wave function, there is a more serious reason for this coef-
ficient to be closer to 1.

Among the other causes of spreading of energy levels, | am grateful to A. L. Efros for formulating the problem
which are not taken into account in the presented theoryand for numerous illuminating discussions. | would like to
there ardluctuations of the shapef quantum dots. The dis- thank P. M. Petroff for providing the experimental data prior
tortion of the shape of a quantum dot, even when smallto the publication. | appreciate important comments by M. E.
cannot be represented as a potential perturbation in thRaikh and useful discussions with P. M. Petroff, E. I.
Schralinger equation. Its effect on the positions and splittingRashba, J. M. Worlock, and F. G. Pikus. This work was
of the energy leveE,, can, however, be described by an supported by the Center for Quantized Electronic Structures
effective secular matri¥H of the same form as E¢6). The  (QUEST) of UCSB under subagreement KK3017.
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