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Using a variational method within the framework of the effective mass approximation, using a triangular
coordinate system of an electron, hole, and exciton moving in a titanium dioxide quantum dot, the exciton energy
spectrum was obtained as a function of the radius a of the quantum dot. The variational wave function of the exciton
contained factors that took into account the motion of an electron and a hole in a potential well of infinite depth of a
quantum dot, as well as the form of a hydrogen-like wave function. It is shown that the occurrence of an exciton in a
quantum dot has a threshold character. An exciton, as a bound state of an electron and a hole, is formed starting from
a certain critical radius a., the value of which exceeds the Bohr radius of the exciton in titanium dioxide. The exciton
energy levels are located in the band gap of the titanium dioxide quantum dot. In this case, with an increase in the
radius a of the quantum dot (so that a>a.), a band of exciton states appears in the band gap of the titanium dioxide
quantum dot.

The mechanism for the formation of optical absorption spectra in nanosystems containing titanium dioxide
nanocrystals are presented. It is found that the optical absorption of anatase NC, which was observed under the
experimental conditions, was due to the appearance of an exciton in the NC. Using the variational calculation of the
energy spectrum of an exciton in NC, the position of the absorption peak of NC anatase was determined. This
absorption peak differs slightly from the absorption peak, which was obtained in the experimental work.

Keywords: titanium dioxide nanocrystals, exciton state, absorption peak, mechanism of optical absorption

INTRODUCTION mechanism for the formation of optical
absorption spectra in nanosystems containing

Researches of uasi-zero-dimensional N Lk
d titanium dioxide NCs are presented.

nanosystems  consisting of semiconductor
titanium dioxide nanocrystals (NCs) are receiving
increased attention due to their unique
photoluminescent properties, the ability to emit

THE ENERGY OF THE GROUND STATE
OF AN EXCITON IN A NANOCRYSTAL

light efficiently in the visible or near-infrared We consider a model nanosystem [5] that
ranges at room temperature [1-4]. consists of a spherical NC (in the volume which

In experimental work [1], the optical contains a semiconductor material with a
properties of semiconductor nanosystems based permittivity ¢ and radius a). In the volume this
on titanium dioxide NCs with an average radius NC are electron and hole with effective mass m.
not greater than a = 22 nm were explored. It has and my (r. and r, are the distance between
been found that such nanosystems titanium electron/hole and center of NC). We also assume
dioxide NCs have a broad absorption band in the that the energy bands of electrons and holes are
visible and near-infrared wavelength regions. parabolic.

In [1], the absorption of light in the energy To excite the ground state of the exciton
range (2.6-3.7 eV) by NCs of anatase (titanium (n =1) (where n is the principal quantum number
dioxide) with an average radius of of the exciton), the nanosystem must absorb a
a; = 11 nm was studied. The Ey = 3.10 eV light quantum with energy
absorption peak was observed in the nanosystem.

We will assume that NCs have a spherical shape. hwex(a) = Eg — |E ex(1) (@) | (1

At the same time, the nature of the optical
absorption of on titanium dioxide NCs was not
investigated in [1]. Therefore, in this paper, the

where E, is the bandgap width of the NC, Eex1y(a)
is the exciton binding energy.
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In the studied model of the nanosystem in the
the effective mass approximation, when the

triangular  coordinate  system 1, = | 1,|, 1, =
h? (02 2 0 ré-r24+r? 92
H r,r — — (_ — e "hT Y
(re,Th) 2me \0r¢ 1o 0T + TeT Te0r
n? (9% 2 @
s (67 + " E) + Veh(r) +E,,

where the first three terms are the operators of
kinetic energy of the electron, hole, and
exciton, Uy, = mymp/(me+ my) is the
reduced exciton mass. In the Hamiltonian (2) the
electron — hole Coulomb interaction energy
V. (r) is described by the formula

)—1/2
(3)

where 6 is the angle between the radius — vectors
1, electron and 7, hole.

We estimate the energy Ei(a) of the exciton
ground state

Ver(r) = —(e%/&)(r2 — 21,7, cosO + 12

Eex(l) (a,u(a))=
(Wex (a, u(a)) |H (1e, o) | ex (a, u(a))) 4)

by the variational method. We write the
variational radial wave function of the exciton
ground state (the 1s state of the hole and the 1s
state of the electron) in the NC of radius a as:

'Pex(re; Th, T') =A (a - r)
(a) in(mre/a) sin(mry/a)
exp(_&_L)smnr a) sin(rrp/a ’ (5)

Hex Te Th

Qex

where A4 is the normalization coefficient, u(a) is
the variational parameter, a,,= € h? /., e? is the
Bohr radius of a exciton in a NC. Here the
coefficient 4 is determined from the condition of
normalization of the exciton wave function (5):

. Aar, TR AT rr
foa ede foa hdhfore+rhd

(Por (e, 1, 1))? = 1. (6)

At a < a,y, the size-quantization energy of
the electron (hole) in a NC (~h2/2me(h) a?) is
high compared to the energy of the electron — hole
Coulomb interaction (3). Therefore, in the first-
order approximation, the Coulomb interaction (3)
can be disregarded. In this case, the major

)_

384

2mp

| |, ¥ = |1, — 1| is employed starting at the
NC center, the Hamiltonian of the exciton in the
NC is [5]:

rh-ré+r? 92 _
orpor

Ly A 2

arg  rp Arp TRT

)

contribution to the exciton Hamiltonian (2) for the
NC of small radius ¢ «< a,, is made by the kinetic
energy of the noninteracting electron and hole. In
this context, the variational function of the exciton
(5) involves the wave functions of the

noninteracting electron and hole (~ Z7e/@

e
( - ) in motion within the infinitely
deep spherical potential well simulating the NC.
With increasing NC radius a, such that @ becomes
larger than a,,, the exciton appears in the NC [3].
Because of this, the variational wave function of
the exciton (5) involves the eigenfunction of the
Bex @Qex/”’
Since the electron and hole cannot penetrate into

the NC, then at the interface (NC is the matrix) at
r=a, the exciton wave function (5)
Y, (1,1, 17) =0.

b

- sin(mwrp/a)

Wannier — Mott exciton (~ exp (—

NUMERICAL RESULTS AND DISCUSSION

Let us present the results of the variational
calculation of the energy Egy(1)(a) (4) of the
ground state of the exciton are obtained (see
Table) for a nanosystem containing anatase NC
(with permittivity ¢ = 3.5; effective mass of the
electron is (m,/m,) = 10 and effective mass of
the hole is (m;,/ m,) = 0.8 (m, is mass of a free
electron). This nanosystem was studied
experimentally in [1]. The anatase NC radii a
were in this case in the range determined by the
inequality
0.85mm<a<24nm. @)

It follows from Table that the exciton, which
is the bound state of the electron-hole pair, in the
nanosystem are formed near the anatase NC
spherical surface at distances beginning from the
NC radius a = a, = 3.4 a,, = 0.85 nm. Such
exciton states at a > a, are in the range of
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negative energies (measured from the bottom of
the anatase NC conduction band E; = 3.44 V).
The appearance of an exciton in the NC is due to
the fact, that at a > a, the electron — hole
Coulomb interaction energy |V,,(a)| (3) was
greater than the kinetic energy of the exciton

(~ 2 Uex a?
a = a. are located in the band gap of the anatase
NC. Beginning with the anatase NC radii
a = accpy = 24 nm, exciton ground state energy
Ecxy(a), asymptotically tends to the value
(Egey = —0.823 eV), which characterizes the
binding energy of a 3D exciton (see Table). As
such, with an increase in the radius a of the NC,
so that a = a., an exciton band with a width of no
greater than E,, = 0.823 eV, appears in the
nanosystem, located in the bandgap of the NC
(under the bottom of the conduction band NC)
(see Table).

). The energy levels of the exciton at

Table. The energy E,y1)(a) (4) (expressed by eV)
of the ground state of an exciton, and the
energy of exciton transition Aw..(a) (1)
(expressed by eV), as a function of the anatase
NC radius a (expressed by nm), a,, = 0.25 nm
is the Bohr radius of a exciton in a NC

a, nm Eev1) (a), eV hwey(a), eV
0.85 0 3.44

3 -0.14 3.30

5 -0.28 3.16

7 -0.41 3.03

9 -0.528 2912

11 -0.65 2.79

15 -0.75 2.69

20 -0.80 2.64

24 -0.823 2.617

In the experimental work [1], a broad
absorption band was observed in the visible
region of the spectrum in the range
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2.60eV<AE<3.70eV ®)
in the nanosystem under study. It follows from the
results of variational calculations of the exciton
ground state energy Ecy)(a) (4) in the
nanosystem, that as the anatase NC radii a change
over the interval (7), an absorption band appears
in the visible region of the spectrum with a width
(see Table):
2.62 eV < hwey(a) < 3.44 eV 9)
where the exciton transition energy Aw,,(a) (1).
In the visible region of the spectrum in the
energy interval (15), the absorption mechanism in
a nanosystem containing the anatase NC with
radii a in the interval (7) is caused by the
transition of an electron from the ground quantum
level in the valence band of the NC to the ground
level of the exciton E,y(1y(a) (4) located in the
bandgap of the NC. The absorption peak
hw,.,(aq) (1) in a nanosystem containing anatase
NCs with an average radius @; = 11 nm, as follows

from the Table, takes a value
hwer(a;) = 2.79 eV. This absorption peak
hwg(a,) = 2.79 eV differs slightly (within

11 %) from the absorption peak Eo = 3.10 eV,
which was obtained in the experimental work [1].
Thus, the absorption band (9) is almost
completely included in the absorption band (8),
which was observed in the experimental work [1].

CONCLUSION

It is found that the optical absorption of
anatase NC, observed under the experimental
conditions [1], was due to the appearance of an
exciton in the NC. Using the variational
calculation of the energy spectrum of an exciton
in NC, the position of the absorption peak of NC
anatase was determined. This absorption peak
differs slightly from the absorption peak, which
was obtained in the experimental work [1].
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Bapiayitinum memooom y pamxax HaOaudxcenHs egpekmueroi macu, 3 UKOPUCAHHAM MPIaH2YIAPHOI cucmemu
KOOPOUHAM eNeKMmpPOHA, OIipKU Ma eKCUMOHY, W0 PyXalomvpCs 8 KEAHMOGIl mouyi OIoKCUudy mumary, ompumano
eHepeemudHULl CNeKmp eKCUmoHy, K Qyukyii padiyca a keanmosoi mouxu. Bapiayitina xeunbo6a QyHKyis eKkcumomy
MICMUAA MHONCHUKU, KL 8PAX08YEANU PYX eJIeKMPOHA Ma OIPKU Y NOMEHYIUHIL AMI HeCKIHUEHHOT 2TUOUHU K8AHMOBOT
MOYKU, a MAKONC 8UO 800HeN00IOHOI X6unb08ol (hynkyii. [lokazano, wo GUHUKHEHH eKCUMOHY Y K8AHMOSIU Moyl
Mae nopoeoguii xapakmep. Excumon, ax 36 ’azanuti cman enekmpona i Oipku, Ymeopoemucsl, NOYUHAIOYU 3 0esIKO20
KpumuyHnozo padiyca a, saxkuil nepesuuyye 60piecbKuil paoiyc excimouy 6 Oiokcudi mumany. Enepeemuuni pieni
eKCUMOHY PO3MAUL08AHI 8 3a00POHeHIll 30HT K8AHM080i moukuy diokcudy mumany. Ilpu yvomy 3i 36inbuenHam padiyca
a K8aHMoBoI mouku (Max wo a>d.) 3’sA619€MbCL 30HA eKCUMOHHUX CMAHI8 8 3a00POHEHIl 30HI K8AHMOBOI MOUKU
OioKCUOY MUumaty.

Ilpeocmasneno mexauizm QOpMy8aHHs CHEKMpie ONMUYHOZO NOSIUHAHHA 8 HAHOCUCMEMAX, W0 Micmamo
HaHokpucmanu Oiokcudy mumany. Bcmawnoeneno, wo onmuuyne NOIUHAHHA HAHOKPUCMANA AHAMA3Y, AKe
CnOCMepi2anocs 8 YMOBAX eKCNEPUMEHmy, 3YMOGIEHO NOA60I0 eKCUMOHY 6 HaHnoKpucmaii. 3a 0onomozoio
8apiayilino20 pPO3PAXYHKY €HepeemuiHo20 CHeKmpa eKCUMOHA 8 HAHOKPUCMANT BUSHAYEHO HNONONCEHHS NiKy
NO2IUHAKHA HAHOKpUcmana anamasy. Lletl nix no2aunans ciabko i0pisHACMbCsL 610 NIKY NOTUHAHHSL, OMPUMAHO20
6 eKCNepUMeHmanbHitl pobomi.

Knrwouosi cnosa: nanoxpucmanu 0iokcudy mumany, eKCUMOHHUN CIAH, NIK NO2AUHAHHS, MEXAHI3M ONMUYHO2O0
NO2NUHAHHS
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