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Size quantization Stark effect in quantum dots
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Abstract: Advantages of semiconductor quantum dots for stuiydiagnostics of biological nanosystems are disauit
A new method for amino acid diagnostics used semtigotor quantum dots is posed. Interaction of tsol@uantum dots
with charged amino acids is studied in detail.sltshown that such interaction results in a shifthaf quantum dots
luminescence spectra by several dozens of meV. &@ffést provides new possibilities for identifigati of biological
nanoobjects using quantum dots.
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1. Introducti In [16,17,22] investigated the influence of thectlie
- Introduction field intensity upl0’ Bu™ on the absorption spectra of
Currently intensively studied electro-optical projes of ~ 9lasses doped with CdS nanocrystals and CdSSe tirear
various quasi-zero-semiconductor structures withespal ~€d9€ ©f the interband absorption. Found in [10] the
symmetry - such as quantum dots (QD) [1-15], armb al dependence of the Stark shift of th_e energy leeélthe
multi-nanoheterostructures [16-18]. Of great inseig also  €/€ctron and hole on the QD size was due to the
reflected in research intraband optical transitibesween ~Peculiarities of the energy spectrum of a spatiatiynded
quantum-states in multilayer spherical nanohetasogires, €l€ctron-hole pair (exciton) in a uniform extermdctric
Such attention to the above optoelectronic phenameri€!d- In [16,17, 22] not studied the questionioé brigin of
related to the possible creation on their basisnsred ~ the bulk of the excitons in the QD in an externaifarm
detectors, high-speed modulators, and emitters adasc electric field. By means of the exciton-exciton wole, the
lasers [19,20]. structure of which (the Bohr radius and bindiegergy) is

In [21] carried out a theoretical study of the resturing the same as in the exciton in a semiconductor eicigyistal

of the energy spectrum of charge carriers in qaadti [6-8]. ) _

spherical layer under the action of a uniform eledield In [10] developed a theory of the Stark effect in QDs in
and the influence of the field on the form of thang &0 €nvironment where the polarization interactioh o
intraband optical absorption. electrons and holes to the surface QD plays a damhirole

Interest in the study of the electro-optic efféatguasi- [6-9]- Itis found that the shifts of the energydés of size
zero-semiconductor systems is determined by thetfiae ~duantization of electron-hole pair in a QD in arteexal
in them the Stark shift of the energy levels of tisy uniform electric field in the region of interbantdsarption
confined electron-hole pairs (excitons) is not aspanied ~ deétermined by the quantum-quadratic Stark effect.
by a sharp drop inthe oscillator strength of the Proposed electro-optical method, enablingletermine the
corresponding transitions in the quantum dots cthias a Values of the critical radiiQDs, which may arise bulk
large value, exceeding the typical values oscillateength ~ €xcitons [10].

of the transitions in semiconductors [22]. As auteshe Semiconductor QDs are used effectively in opto- and
exciton states in electric fields, much higher thiwe nanoelectronics. For example, IR laser have bdmctted

ionization field in the bulk semiconductor, are notON the basic of semiconductor QD heterostructuBesh

destroyed by shifts in excess of the value of theiten devices have improved characteristics as comparigd w
binding energy [22]. those of quantum well lasers.
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Recently, QDs found new applications in biology and Let us consider an interaction of QD with chargedre
medicine [1]. First of all, QDs are studied as rtesls for  acid (AA). For the sake of simplicity we shall appimate
obtaining an image of living cell and their diagtics in~ AA with a uniformly charge sphere. The electridgald on
vivo. As shown elsewhere [2-5], QDs have considgrab the surface of such sphere is:
better properties than fluorescent chromophoregwhre 0
currently used in biology and medicine, namely:hfgher E=_ak 1)
guantum yield; (ii) optical activity in the longwave range
of the spectrum; (i) and significantly greater Where R is the sphere radius; Q is the charge, eimer
photochemical stability. Q = (4/3)mpR® andp is the charge density, is the

Optical properties of QDs strongly depend on theidielectric constant. _
dimensions. The emission wavelength is increasech fr ~ Since the energy gap of QD is less than that of the
4-102 t0 103 nm with increasing the QD radius from 5,0 Surrounding material, the charge carrier motiorQ is
to 20,0 nn{6-8]. confined by its volume. Thus, optical propertiesQid are

Unlike other fluorescent systems, semiconductor QDgétermined by the electronic structure of a spgtial
have a threshold excitation energy; i.e., theylamxcited ~confined electron — hole pair (exciton) [6-15]. TQ® —
by such and greater energies. Thus, the threshddge AA interaction can be considered as effect of theetec
must not be equal to the energy of transition witthe ~field of AA on QD. The case is that under an exiérn
QDs. Therefore, many QDs can be excited by the ligth ~ electric field a shift of dimensional quantizatiemergy
the same wavelength, whereas each QD emits thewigh  'evels for an electron — hole pair in QD in the dhanto —

a different wavelength. Thus, unique spectral prigof ~Pand absorption range is determined by the quadrati
QDs are very promising for biological and medicitedies. quantum —dimensional Stark effect [6-11]. _

In a number of papers (e.g., [3]) a study of multpse As in [9,10]_, let us consider a spherlqal QD witte t
semiconductor QD samples for detection of canchs e radiusa, the dielectric constant _of QD beiag > ¢,. Let
living organisms and for creating images of thesitwas ~ US study the effect of the electric fididon the_ electrqn -
described. A study of cancer cell growth in animalé1O|e pair spectrum. The EIG.C”(.)” . hole pair I-_@mﬁn
demonstrated that QDs were accumulated in tumcestalu for QD exposed to the electric field includes, ddiion to

. g - il the kinetic energies of the electron and hole foflewing:
both improved transnwny and bmdmg to the bi . the energy of the Coulomb interaction of the etattand
surface of cancer bodies according to the antibod

hani High ivit lor i P Nole; the energy of the electron and hole inteoactvith
mechanism. High = SENSItivity color IMages of CArueElS v qjy gy images; the energies of interactions fibheign”
have been obtained directly in living organism. §hoew

o : Lo images, and the energy of electron and hole intierawith
methods of obtaining high — sensitive images ofemolar e field. The Hamiltonian can be significantly siified

objects in a living organism using QDs were demmatstl. whene, > ¢, [6-9, 11-15].
Due to their narrow and symmetrical peaks in engtti  \ye shall consider a case when the QD dimension is
spectra, semiconductor QDs can be used for opticahnfined by the condition:
diagnostics where different colors (wavelengths)d an
different intensities of the spectral peaks canubed for a, K a<a,, (2)
oo f Seres amno s pOSTS 8. prs g, = (o) © 0 = (/) a1
This paper presents a new prospective method aficami Bohr's radii of electron and hole, respe_cnvedy)s the
acid diagnostics using semiconductor QDs. The r@it electron chargein, and my, are the effgt_:nve Masses of
electron and hole, respectively. If condition (&)satisfied

'S an _effect Otf the ?m::r)lo acid — QD interaction thwe the polarization interaction provides the main cbntion
emission spectrum of QDs. to the potential energy of electron and hole [6-8].
Furthermore, whe(m, « m;), condition (2) allows us to

2. Energy Shift of Quantum Dotsin the consider the heavy hole motion in the fields witte t

. : electron potential averaged over the total elecpath (the
Presence of Amino Acids so called adiabatic approximation) [6-8].

The electronic structure of an electron — hole péiinin
the adiabatic approximation can be easily calcdlasee,
for example [6-8]. After averaging the potentiaksgy of

It is known that all 20 amino acids fall into fogroups:
ones with negative charge; with positive chargdapand
nonpolar. Each amino acid type interacts with Qbsai ; 3
different way and, thus, differently affects enetgyels of e €lectron —hole pair over electron wave fumign the
charge carriers in QDs and, consequently, the QBgion  €aS€ of a spherical potential well), we have aresgion
spectrum. We have carried out detailed microscopif?! the potential energy of a heavy hole movingthe
calculation of electron and hole spectra in QDsjcivh adiabatic potential field of an electron [9,10]:
interact with charge amino acids [4,5].

U(ry,a,E) = i (ﬂ)[ ! +2Ci(27rne)—2Ci(2nne(rh/a))+w+21n (%h)+§—j—4]—eEr, 3)

tha,zl a/ l1-(rp/a)? 2nne(rp/a)
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wheren, is the electron principal quantum number;is  matrix bornosilikatnogo glass (with a dielectrimstante;
the distance between the hole and the centre of@Dy)  =2.25) nanocrystals CdS (with a dielectric constant 9.3)
is the integral cosine. The last term in (3) resintshifting the sizea from 2 to 16 nm. The effective masses of
the potential well bottom for the hole in QD by alue  electrons and holes in CdS, respectively, and veeneal

[9,10]: ((me/ mg) = 0.205) and(m, / my) = 5). The theoretical
(e2/€) 5 spectrum of an exciton in a QD CdS, obtained ir3,[Gt-
Ax = i smenz) £@ (4)  15], with good accuracy by the experimental depeoe®f

the exciton spectrum ofhe radius and CT [33, 34] in the
as well in shifting the dimensional quantizatione®)y QD sizea not exceeding 10 nm.

levels by a value: In experimental studies [6-8] observed peaks of
& 5 3 enlightenment associated with transitions betweeal$ of
Abn = e (5) size quantization of the exciton in the transmissipectra
of the nanocrystal CdSe (with a dielectric constart 9.4)
whereAx = (r,/a). radiusa = 5 nm, dispersed in a matrix of silica glass (véith

From (5) it follows that the energy shifts for @ken and  dielectric constante; =2.25). The effective masses of
hole do not depend on the hole principal quantumb®r  electrons and holes in CdSe QDs, respectively, e

n, and are determined solely y. Under the electron €dual(me/ mp) =0.13) andm,/ m) = 2.5).

' : : . o In this case, the peak positions of enlightenment
field E the sift of dimensional quantization energy levels ' . .
AE, will be about [9,10]: nanocrystals CdSe, as a function of radi3D, in the QD

size a = 4.55 nm with good accuracy by the exciton

spectrum [6-8,11-15]. Put quasi-zero system, studieder

experimental conditions [6-8] in a uniform field stfength

. F. Consideration of the effect of the local field10] leads
For the ground electron stawg = 1 and if (a,/a) < {4 the fact that the quasi-zero-systems on the @B feeld

(1/3),AE, < AEh . T_hus, expression (5) describes the ¢ strength

guantum — dimensional quadratic Stark effect, when

quant.um- — dimensional energy levels shift - under the F.=f"F, f=3/ [ 2+(£2 / 51)]1 (6)
electric field by a value proportional Bfa3, Figure 1

show an emission spectrum of InAs QD without anthwi Where the coefficierft= 0,489 for CdS QDs and CdSe.

an account for interaction with AA. For calculatiowe In [10] shows the values of the shifts’, ;(a,F) levels
took the following parameters of InAg=5,0 nm, £,=14,9, ¢ quantum hole in CdS and CdSe nanocrystals,

Q:eléRzl,O nm, £,=1,7. The resulting shift of the emission (egpectively, in a uniform external electric fiesttength
peak was approximately 18meV. F 123168y~ (F < G]lGBM’l)

ins

AE, ~ &, (“9)3 E%a®.

a

satisfying the conditions of applicability of are
Ler constructed theory [10].
£ oa In addition in [10], with increasing field strength is
; T observed quadratic Stark effect, according to which
= o8l offset valueAA’,,(a,F) and AV (F) increase (-F?). In
g this case, for CdS QDs with increasi@f 1.0 18 By ™
E 04t to 1,23 « 10 Bx™* value of the Stark shift of the energy of
ozl the ground state bulk excitoaV (F) increases from
4,87-16 meV to 7,37-1dmeV, and for CdSe QDs with
0,0 - A . . changing field strengtk of 2,1:16 Bx™ t0 5,116 By
0 11 12 143 1,4 15 18 )
Ener. the valueV (F) increases from 1,25-31eV to 7,78- 10
gy, eV
meV.

Fig 1. Emisson spectrum of InAs QD without (curve 1) and with an . . .
account for interaction (curve 2) with charged AA. Thus, it was found that the electro-optical proiesriof

guasi-zero-systems containing semiconductor nastalsy

. . in the interband absorption determined by the quant

3. Compar ison of Theory with guadratic Stark effect. A new electro-optical methehich
Experiments gives the opportunity to determine the values efdhtical

radius of nanocrystals, which can be three-dimewdio
In conclusion, we briefly discuss the possibleexcitons [9,10].

experimental observations presented in [9,10] ef lew
electro-optical method. In [6,7] investigated timerband
absorption spectra dispersed in a transparent ctiiele
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4. Conclusions [3]

A case was considered when polarization interaabibn
an electron and hole with the QD environment cbaotas
mainly to rearrangement of the spectrum. It is ghakhat
when QD interacts with charge amino acids, a shift [5]
dimensional quantization energy levels for an etect-
hole pair in QD in the band — to — band absorptange is 6]
determined by the quadratic quantum — dimensiotalkS
effect. An analytical expression for the energyftsfor [7]
electron and hole levels has been obtained asaidanof g
the electron intensity and QD radius. A case wasicered
when dielectric constants of QDs and their envirentrare 9]
essentially different. This approach allows us tq10]
significantly simplify the expression for the poafad
interaction energy of electron and hole with the QO]
environment.

The energy shift of electron and hole levels definihe [12]
shift of the QD luminescence pear has been cakmullat

Thus, a good method for using semiconductor QDs fo[rl?’]
experimental detection of charged amino acid prEEsen [14]
with high accuracy is provided.

Thus, it was found that the electro-optical projesriof
guasi-zero-systems containing semiconductor nastalsy [16]
in the interband absorption determined by the quant
guadratic Stark effect. A new electro-optical methehich
gives the opportunity to determine the values efdhtical
radius of nanocrystals, which can be three-dimewdio [18]
excitons [9,10]. [19]
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