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THE EFFECT OF SHALLOW
IMPURITIES ON THE LIGHT ABSORPTION
BY THE NANOCRYSTALS CdS

The energy of quantum transitions of exciton-impurity states in a heterosystem with nanocrys-
tals is calculated. The absorption spectra associated with the indicated transitions are ana-
lyzed. It is qualitatively shown that broad luminescence bands in the red region are related to
the impurity acceptor states, and the high narrow ones in the violet region to pure excitonic
states and excitonic states interacting with the ion of a donor. The satisfactory quantitative
agreement of our calculations with experimental data for high energy luminescence bands is

obtained.
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1. Introduction

Important tasks of scientists and technologists in ma-
terials science are the search for new materials that
can be applied in nanoelectronics. The most produc-
tive way in this direction is the use of heterosys-
tems with various nanoobjects: quantum dots (QDs),
quantum wires (QDs), quantum wells (QWs), and
their combination. Based on these systems, there is
a significant number of devices, whose main charac-
teristic is the low power consumption and high per-
formance.

The main task of physicists is to develop effective
models for forecasting and managing the properties
of QD, detecting and fixing these properties, as well
as the development of a methodology that will allow
one to get the assigned high-quality objects with pre-
defined characteristics.

Today, high-quality QDs can be produced, but
there is no guarantee of the absence of various defects
in them. In a single nanocrystal, at least one impurity
atom can be present. Moreover, the impurities can
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passivate the torn ties on the QD surface. In addi-
tion, the impurities can be purposefully injected into
a nanoobject by the doping. Therefore, the impurities
may be in the QD and affect its properties. In this
connection, there are a number of theoretical works
[1-9], in which the energy spectra of donors and ac-
ceptors are determined as functions of the nanocrystal
parameters.

The most informative and relatively simple meth-
ods that give a possibility to study the electronic
structure of QDs in practice are experiments deal-
ing with the photoluminescence and absorption of
light. These data are the basis, on which we can test
the theoretical models relating to the energy struc-
ture of nanocrystals and to the linear or nonlinear
absorption of electromagnetic waves.

There is a significant number of experimental works
on the luminescence and the absorption of electro-
magnetic waves by nanocrystals [10-15]. The authors
of these and other papers obtained the dependences
of the luminescence intensity on the average size of
nanocrystals and the wavelength. Many researchers
are attracted by the heterostructures of QD CdS. It
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turned out that they can be used in biological indica-
tors, in light-emitting diodes with a high coefficient
of usefulness actions, etc.

The aims of this work are

e calculation of the electron transition energy into
the exciton and exciton-donor states and the deter-
mination of the light absorption coefficient connected
with those transitions;

e analysis of obtained theoretical results and their
comparison with experimental data on the photolu-
minescence in the visible spectral range for the het-
erosystem with nanocrystals CdS.

2. Formulation of the Problem.

The Solution of the Schrédinger Equation
for an Exciton and Exciton-Impurity
Complexes in the QD

The heterosystem with a spherical semiconductor
nanocrystal with radius a, which is placed in a dielec-
tric matrix, is considered. Let the size of a nanocrys-
tal be such that, to solve the Schrdédinger equa-
tion for electrons or holes, we can use the effective
mass method. We suppose that the effective masses
of quasiparticles are isotropic in each component of
the heterosystem. The electron and heavy hole ef-
fective masses in the nanocrystal are me;1, mp;1; and
Me;2, Mp:2 in the matrix, respectively. The dielectric
permittivity of the QD and matrix are €; and &g,
respectively. We suppose that, at the center of the
QD, charged or neutral impurities of the donor or
acceptor type can be present. Those impurities can
cause the formation of impurity-exciton complexes of
various kinds: Dt — X (positive charged ion of the
donor impurity DT and exciton X); A~ — X (neg-
ative charged ion of the acceptor impurity A~ and
exciton); DY — X (neutral donor impurity D° and
exciton X); and A — X (neutral acceptor impurity
and exciton). Those complexes are manifested in the
optical spectra.

The Hamiltonian of electrons (holes) for the com-
plexes DT — X and A~ — X (in the atom system of
units) takes the form . .

elr r|+5rh ’
e—Th {r

Ay = i+ iy -
where € = (1 + €2)/2 (Table),
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is the Hamiltonian of donors or acceptors,
0, r e <a,

Uty () = | Ugsy o Ti5) > (3)

is the confinement potential,

1
V+ U (r N ) (4)
e
is the Hamiltonian of one hole or electron. The Schro-
dinger equation with Hamiltonian (1) is solved by the

variational method. The trial variational wave func-
tion is chosen as

Ypr-x berm) = C{g*;§}¢{£}(r{z}) x

- 1
H{};} = —QV

AT -X

X (r {2}) exp [—a {m_x} Ire — rh|], (5)

AT =X
and v {Z} are exact solutions of the Schrédinger equa-

where C {D+_ X} is the normalization constant, ¢ {E}

tions
Hamom (ri5y) = By m b)) ()
g0 () = Eytgn ) (7)

The solutions of Eq. (6) are expressed as the prod-
ucts of spherical functions and Coulomb or Whittaker
functions [2—4, 7], and the solutions of Eq. (7) are the
products of spherical functions and Bessel functions.

According to the variational Ritz method, the min-
imized functional is equal to the ground-state energy
of each exciton-impurity complex.

The electron (hole) Hamiltonians of the heterosys-
tem with the impurity complexes D — X and A° — X
can be written as

T Tt et

A°—x
- ! - ! +€’f’} ) (8)
Pyl el T
where
N 1 1 1

Hpoy =—2V; Vi— +Urerrrey ;) (9)
{Ao},z 2 m{z} 5T{z},i {h}( {h} )
i=1,2, and ﬁ{h} is expressed by (4).
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Fig. 1. Energies of the exciton and the exciton-impurity com-
plexes in a QD. The squares represent experimentally defined
[10, 13| energies of quantum transitions of CdS nanocrystals
with average radii of 17 and 21.5 A

Crystal parameters

Crystal Me mp, € Uoe, eV Uo,h, eV
CdS 0.2 0.74 5.5 2.70 3.42
SiO2 1.0 1.00 3.9 - -

The Schrodinger equation with Hamiltonian (8) is
also solved by the Ritz variational method. The trial
wave function of the ground state is

w{fgifﬁ} (r{’e’}’r{i}’l’ (i) = C{gg:x} x

X

g w{gﬁ},l(rm,l)w{g},g(r{z},g)w{g} UM
{a{i’ﬁi‘}vl'r{i’}r{i}’l|a{ﬁ@;{}vz"{z}”{z}aﬂ’

(10)
where 23 71. (I‘{z}ﬂ) and w{g} (I'{};}) are exact so-

lutions of Egs. (6) and (7), which concern with the

electron and hole ground states, o po_y and
=t

X e

o (po_yy are variational parameters.

{AO—X}’

If there are no impurities or their influence is in-
significant in the QD, then the “pure” exciton states
may occur in the heterosystem. In this case, the
Hamiltonian of the system has the form:

; (11)

where H, and Hj, are defined by (4), and the varia-
tional wave function for the ground state is chosen as

Yx (e, t)=Cxe (ve) Yn (rn)exp Fax|re—rp|], (12)

where ax is a variational parameter.

The calculation of the corresponding energies is
carried out for the QD heterosystem CdS/SiOq, the
parameters of which are given in the Table.

Figure 1 shows the results of calculations of the
energies of the ground states of the exciton and
the every exciton-impurity complexes for different
radii of the QD. It can be seen that the Wannier—
Mott exciton energy is close to the energy of the
exciton-impurity complex DT — X for the entire
region of the change of the QD radius (10 A<
<a <60 A).

It is seen that the presence of impurities leads to
a decrease in the electron-hole pair energy, as com-
pared with the case of their absence. This means
that, in the presence of such impurities, the cre-
ation of exciton-impurity complexes is more energy-
efficient. The possible existence of such complexes in
the CdS QD was indicated in the experimental works
[10,13].

In order to compare the theoretical results with
the experimental data, we show the energy of quan-
tum transitions during luminescence of the CdS QD,
which was experimentally determined in [10, 13], in
Fig. 1. Based on the calculations, we can conclude
that the energies Fy = 3.05 eV and Fy = 2.75 eV can
be interpreted as those corresponding to the electron-
hole transition in case of their recombination in the
presence of a charged donor or in the absence of
it. The transition energy E3 = 2.25 €V can be related
to the presence of a neutral acceptor, which forms the
exciton complex A°— X, in the QD. For the transition
E4 =1.95 €V, it is of importance to find a satisfactory
theoretical explanation.

In order to determine the contribution of each of
the impurity complexes to the optical parameters, the
absorption coefficient of the heterosystem in the pres-
ence of various types of exciton-impurity complexes
in the QDs is also calculated.

3. Light Absorption
Coefficient of the Heterosystem with QDs

Let the heterosystem be irradiated by a monochro-
matic linearly polarized light at the frequency
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w = 2mc/X\ and with weak intensity (insufficient for
the manifestation of nonlinear effects). Accordingly,
the absorption coefficient of a nanoheterosystem with
QDs, which is due to interband direct transitions,
is determined at low temperatures by the formula
[16]:

(XQD

s Z| by | 91?0 (B — Ei—hw(N), (13)

)‘,]

where A = fyzﬁzc NF,, e is the electron charge, mg
is the free electron mass, ¢ is the electric constant, ¢
is the speed of light, N is the concentration of QDs,
n = /e, hw is the light quantum energy, E, ~ 23 eV
is Kane’s matrix element [16], and ; and t; are
the envelope wave functions of the initial i and fi-
nal j states. In what follows, we consider the two-
level system: FE; is the energy of the system pro-
vided that the electron is in the valence band, and
E; = E1 + hw.

We consider the heterogeneous expansion of ab-
sorption bands, which is related to the dispersion of
the dimensions of a QD in the matrix. In [17], it was
shown that the account for such a dispersion deter-
mines the final half-width of the absorption band. Let
the distribution of the QD dimensions be described
by the Gauss function

(a— a>2>
252 f

) 1 (
g(s,a,a) = €xp | —
sV2m

where a is the QD radius (variable), s is the half-
width of distribution (14), which is defined by the
mean radius @ and the value of o expressed in per-
centages: s = ao/100. With refard for all the approx-
imations described above, the absorption coefficient
of a heterosystem with the QD takes the form:

(14)

a()) = B)\/g (5., a) In1 (a) 5 (Ez (a) —

= E1 (a) = hw(})) da, (15)
where
Iy (a) = |(2 | ¥1)|? (16)

is the overlap integral, and B = 5 h In view of the
properties of the delta-function, we get

a(A) = B)\/g (s,a,a) Iz 1(a) x
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0 (a—agn)da
— E1(a) = hw(V)] ’

a=ao,n

(17)

Z L (E> (a)

da

where ag,, are simple zeros of the function F'(a) =

= (B3 (a) — E1 (@) — Aw()N)). Hence,
(s,a,a0n)121(a0n)
=B\ - (18)
> o) Br ) ho )],y
Now, we set specific ¢; and 1y in (18). If there

is no impurity in the QD, and when an exciton is
formed by the absorption of an electromagnetic wave,
then 91 = 0(re —rp) and Y2 = Px(re,ry). When
there is the ion of a donor or acceptor impurity in
the QD and when the light is absorbed, the com-
plex D¥ — X or A= — X is formed. Then 1; =
= §(r. —rp) and Yo = Y p+_x (re, 1) Let a neu-
AT =X
tral donor (acceptor) impurity be in the QD and let,
when light absorbed, a complex D° — X (A° — X)) be

formed. Then ¢1 = w{g},l (r{i},l) 5(1‘{21} - I‘{}eL}’Q),
o = ¢{£:§}(r{g}7r{2}717r{eﬁ}72). The overlapping
integrals were calculated for all these QD models, and
the absorption coefficients were determined according
to formula (18).

Figure 2 shows the plots of the wavelength depen-
dence of the relative light absorption coefficient for
the CdS/SiO2 heterosystem.

It is seen that each of the above-described light ab-
sorption mechanisms corresponds to different values

1.0
0.8;
0.6
§
3 0.4;

0.2}

0.0}
200

800 1000

Fig. 2. Dependence of the relative absorption coefficient for
each individual type of the exciton complex on the wavelength.
Curve I corresponds to the exciton absorption X, 2— D+ —X,
8- A" —X,4-D%— X, 5 A% — X. Average radius of the
QD is 17 A, o = 10%
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Fig. 3. Dependence of the relative absorption coefficient with
regard for all the absorption mechanisms described above. The
solid and dashed curves correspond to the average QD radii
equal to 17 and 21.5 A, respectively, o = 10%

>

400 600 800
A, nm

1000

Fig. 4. Dependence of the relative luminescence intensity for
CdS nanocrystals. The solid and dashed curves correspond to
the QD average radii 17 and 21.5 A [10, 13]
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Fig. 5. Relative absorption coefficient of light for nanocrystals

with an average radius of 17 A (solid) and 21.5 A (dashed);

o=10%

of absorption peaks and their positions on the scale
of wavelengths. For an average QD radius 17 A, the
presence of impurities leads to the displacement of all
absorption peaks toward long waves relative to the
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exciton band (curve 1). The absorption peaks due to
the presence of a neutral impurity D° or A° are ap-
proximately two times smaller than the absorption
peaks responsible for the presence of Dt or A~ ion
impurity ions.

If we take into account that all the above-mentio-
ned absorption mechanisms occur in the QD hetero-
system, then the absorption coefficient will have the
same form as in Fig. 3. The resulting graph is com-
pared with the corresponding luminescence graphs of
the experimental works [10, 13] (Fig. 4).

If we compare the calculated values (Fig. 3) and the
experimental ones (Fig. 4), then it is evident that not
all of the types of impurity-exciton complexes men-
tioned above were obviously observed in the experi-
ment. In this connection, we think that, in the ex-
perimental work dealing with the QD heterosystem,
there are impurities of the acceptor type that interact
with excitons. There are also pure homogeneous QDs,
where the exciton transitions are observed. To com-
pare experimental data, we calculated the absorption
in the case of a pure exciton X and an exciton that in-
teracts with the neutral acceptor A% — X. The results
are presented in Fig. 5.

As one can see, we obtained a qualitative agree-
ment of the energies and half-widths for long-wave
bands and the quantitative agreement of these quan-
tities for exciton bands. The main maxima on the ex-
perimental curves are due to the recombination of
pure excitons, and the recombination with the partic-
ipation of a neutral acceptor gives a contribution to
the broad band. It should be noted that the lumines-
cence causes a Stokes shift [17-19]. Experimentally,
the luminescence maxima were observed at 435 nm
(average radius 17 A) and 480 nm (average radius
21.5 A). The maxima of the main exciton absorption
in our work for similar sizes correspond to 420 nm
and 450 nm. In other words, the experimental peaks
of luminescence are shifted to the long-wave region in
comparison with our absorption results of 15 nm and
30 nm, respectively. The resulting energy differences
are consistent with the Stokes shift data for QDs in
Cds [13,14,18,19].

As to the quantitative coincidence of the theory and
experiment in the region of 550-650 nm, certain dif-
ferences can be explained by the fact that the theory
did not involve the surface defect states that could
also contribute to a wide luminescence band. Along
with this, there may be other causes (in particular,
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phonon origin), which lead to the obtaining of wide
radiation bands of light.

4. Conclusions

Experimental works devoted to the study of the ab-
sorption and luminescence spectra of impurity CdS
nanocrystals [11-13] put a number of unresolved
problems before the researchers. In the proposed the-
oretical work, the influence of impurity atoms and
their ions of the donor and acceptor types on the ex-
citon excitation energy is studied. Thus, we consider
five types of the QD excitation: with the formation of
the Wannier—Mott exciton and four types of exciton-
impurity complexes (Dt — X, D — X, A~ — X,
AP — X).

The calculations have shown that, for the mean
CdS QD radii @ = 17 Aand 21.5 A, which ap-
pear in [13], the energies of the exciton formation
and the exciton-impurity complex with the donor ion
(Ep+_x) are quite close in magnitude. The energies
of the D°— X and A~ — X complexes for the same QD
radii are similar as well. For these energies, the condi-
tion EDO—X ~ EA——X < FEx =~ ED+—X holds. The
energy of the formation of the complex A° — X is the
smallest.

The dependence of the total absorption coefficient
of light on the wavelength for a heterosystem with
such types of electron excitation shows that the main
absorption band is characterized by two maxima
(“humps”). It is formed by the quantum transitions
of an electron with the formation of X, DT — X,
DY — X, and A — X. The long-wave wing of this
band appears during the formation of the complex
A% — X Tt is worth noting that the wavelength of
light, at which the maximum absorption coefficient
is realized at @ = 17 A, is close to the correspond-
ing wavelength of the maximum of the luminescence
intensity in work [13]. For QDs with an average ra-
dius of 21.5 A, the discrepancy between theory and
experiment is greater. This problem will be discussed
in our next work.
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B.1. Botinyx, P.A. Jlewxo, /].C. Kapnun

BIIJIMB MIJIKINX JTOMIIIIOK HA CIIEKTP
IIOTVIMHAHHA CBITJIA HAHOKPUCTAJIAMI CdS

Pesmowme

Y poboTi 069KCIEHO eHepTril KBAHTOBUX IIEPEXOIIB €KCUTOHHO-
JOMIIIKOBUX CTaHIB y I'e€TepOCHUCTeMi 3 HaHOKpHcTajgamu. Bu-
3HAYEHO €HEPril X IIEePEXO/IiB Ta IPOAHAJI30BAHO CIIEKTPH I10-
IJIMHAHHSA, [0 TOB’sI3aH1 13 3a3HaYeHUMHU IepexojaMu. SIKicHO
[IOKA3aHO, IO IMUPOKI CMyTH JoMiHecneHnil y 4epBoHiit 06ta-
cTi moB’g3aHi 3 JOMINIKOBUMHM aKI[ENITOPDHUMU CTaHAMH, & BU-
coki By3bKi y iosreToBiit 06aCcTi — 3 YUCTUMHU €KCUTOHHUMU
cTaHaM{ Ta €KCUTOHHHMU CTAHAMH, 110 B3aE€MO/IIOTH 3 10HOM
noHopa. OTpUMAHO 3a0BlJIbHE KiJIbKICHE Y3IO/XKEHHSI HAIIINX
0O4YNCIEHb 3 €KCHEPUMEHTAJIbHUMU JTaHUMU JIjIsi BUCOKOEHEP-
PEeTUYHUX CMYT JIFOMiHECIEHIIi1.
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