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We investigate the influence of an electric field on
photoluminescence (PL) spectra of CdSe nanoparticles of 1.6
and 2.8 nm in size. The electric field was varied in the range 0—
4 x 109 V/m. In PL spectra, bands corresponding to the exciton,
defect, impurity, or surface transitions are observed. Under the
action of the electric field, the intensity of the exciton PL bands
of CdSe nanoparticles of various sizes decreases. In the electric
field lower than 1.8 x 108 V/m, there occur a decrease of the
intensity of the exciton band for nanoparticles 2.8 nm in size
and the intensification of the defect-impurity one, which can
be explained by the transfer of charge carriers between various
radiation centers. In the electric field higher than 1.8 x 108 V/m,
one observes an abrupt decrease of the intensity of luminescence,
which probably represents a result of the extraction of carriers
beyond the limits of the region of radiative recombination under
the action of the electric field.

1. Introduction

Large progress in the field of low-dimension structures
opens possibilities for both the miniaturization and
development of devices with basically new functional
possibilities  for  nanoelectronics, optoelectronics,
communication facilities, new information technologies,
measuring technique, etc. [1, 2]. The application of
nanotechnologies is believed to solve the main problems
of current semiconductor electronics, among them the
increase of the effectiveness of computation systems,
rise of information capacity, quality of information
display systems with simultaneous decrease of power
consumption, enhancement of sensor devices, etc. The
further development of the technologies of information
reading and recording stimulates a great interest in the
investigation of the uncontrolled turning on and off
of radiative transitions in semiconductor nanoparticles
[3], especially from the standpoint of recent papers
[2, 4, 5] concerning the development of single-electron
transistors.

In order to create new-generation devices, it’s
especially important to find the ways to control the
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transitions of carriers both from one center to another
and to centers located on the surface. That’s why
it’s necessary to develop the possibilities allowing one
to control the processes with participation of charge
carriers by means of various external influences such
as the optical or other excitation and, first of all,
the excitation by an electric field. The problem of
the controlled transfer of carriers between several
competitive transitions represents one of the most urgent
problems in optoelectronics, because the redistribution
of charge carriers between states will allow one to
enhance the potentialities of the devices created on the
base of these elements or to structurally simplify them.

2. Experimental Technique

CdSe nanocrystals were grown using the chemical
method in a two-phase water/toluene system [6, 7]. As
the sources of Se?~ and Cd?* ions, we used, respectively,
sodium selenosulfate NasSeSOs and a water solution
of cadmium nitrilotriacetate. The reaction ran in the
presence of a complexing component, methanol, and a
surfactant. The formation of nanoparticles in the water
phase was followed by their transition to toluene. After
the completion of synthesis, the colloid solution was
dried under pumping-out for the purpose of obtaining
a powder of nanoparticles. In the process of synthesis,
the average size of nanoparticles in the ensemble was
roughly determined by the colour of the solution. A
more exact control of the size and dispersion (Ad/d)
of nanoparticles was performed by the absorption
spectra [7]. In the present paper, we investigate CdSe
nanoparticles of red (sample 1) and yellow (sample 2)
colors.

The transmission and PL spectra were obtained with
a KSVU-23 setup (7' = 300 K). Absorption spectra were
obtained from the ratio of the transmission spectra of the
colloid solution of CdSe nanoparticles and pure toluene.
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Fig. 1. Spectra of optical absorption (1) and photoluminescence
(2) of sample 1. Dotted line — individual bands obtained by the

decomposition of the PL spectrum into components

The excitation of PL was performed with the help of the
radiation of an LGI-21 nitrogen laser (Aexe = 337.1 nm).

Luminescent investigations in the case of the
simultaneous action of the electric field and the optical
excitation were performed for samples produced in the
form of an optically transparent capacitor (OTC) [8].
The active layer of OTC consisted of a mixture of CdSe
nanoparticles and a dielectric binder (¢ = 4, n = 0.985
Pa-s) in the volume ratio 1:7. The thickness of the
OTC active layer (D) ~100 pm. The amplitude of the
sinusoidal electric field (a frequency of 50 Hz) was varied
in the range 0-550 V.

The electric field in a particle F; was estimated by
the formula [9]

U 361

FEi ==
! D 2¢q +52—C(62—€1)’

(1)

where U is the voltage applied to OTC; D is the
thickness of the suspension layer; 1 and e represent
relative permittivities of the dielectric binder and CdSe
nanoparticles; C' is the volume concentration of the
luminophor in the dielectric (the part of volume occupied
by nanoparticles). The electric field in a nanoparticle
amounted to 0 — 4x105 V/m (U = 0+ 550 V, D = 100
pm, 1 =4, g0 = 9.4, C = 0.125).

We note that the lifetime of an electron in a
conduction band amounts to 10712-10719 s, the lifetime
at an impurity level is equal to 10791078 s [10,11], and,
according to our estimates for the investigated sizes,
an electron passes the distance from the center of a
nanoparticle to its surface during ~107'* s. Therefore,
we consider the electric field (a frequency of 50 Hz) in
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Fig. 2. Spectra of optical absorption (1) and photoluminescence (2)
of sample 2. Dotted line — the individual band and the summary
resultant of individual bands in the region of the PL spectrum 475

— 750 nm obtained by the decomposition into components

the course of analysis of the processes running in the
material to be constant.

3. Experimental Results and Discussion

Absorption spectra of colloid solutions of CdSe
nanoparticles in toluene are presented in Figs. 1 and
2 (curves I). As seen, there exists one peak with
the maximum at 523 nm in the spectrum of sample
1 (Fig. 1, curve I). The given peak corresponds to
the transition between the dimensionally quantized
energy levels of the valence and conduction bands. As
a rule, this transition is called the exciton one [12],
as the electron-hole pair formed after the absorption
of a quantum of light is similar to a Wannier—Mott
exciton in a bulk crystal by the spatial distribution of
charge carriers. As is well known, the bandgap (the
distance between the levels of an electron and a hole)
changes depending on the size of a nanoparticle due
to the quantum size effect [13]. Thus, the position of
the absorption maximum allows one to determine the
average size of nanoparticles in the ensemble d, while
the halfwidth determines the dispersion Ad/d [7, 14].
In the present paper, we use the empirical dependence
of the wavelength of the absorption maximum on the
size of nanoparticles [7], which allowed us to estimate
d = 28 nm and Ad/d = 20%. In the absorption
spectrum of the colloid solution of sample 2 (Fig.
2, curve I), one can see two absorption bands with
the maxima at 449 and 479 nm, which testifies to
the presence of two types of CdSe nanoparticles with
average sizes 1.6 and 2.0 nm, respectively, in the given
solution.
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Fig. 3. PL spectra of OTC (sample 1) for various voltages applied
to OTC (a) (1 -0, 2- 50, 83— 100, 4 — 150, 5 — 200, 6 — 250, 7 —
300, 8- 350, 9 — 400, 10— 450, 11— 500, 12— 550 V). Spectra 1-12
are distributed vertically for better visualization. Dependences of
the intensities of PL bands at various voltages applied to OTC (b)
(1 = Amax = 570 nm, 2 — Amax = 534 nm, 3 — Amax = 665 nm)

The PL spectrum of OTC produced from sample
1 has a form of a wide asymmetric band with the
maximum close to 550 nm (Fig. 1, curve 2). In
the spectrum, one observes a bend in the region
of 640 nm and a shoulder with the maximum at
665 nm, which indicates its nonelementary character.
In this connection, in the course of analysis, we
used a procedure of decomposition of the given
spectrum into individual bands proposed by Fock [15,
16]. The fact underlying the Alentsev—Fock method
[15] is that, in the case of variation of excitation
conditions, a luminescence spectrum is deformed due
to the change of the relative intensity of bands
corresponding to different luminescence centers. Using
several different luminescence spectra measured under
different conditions, one can extract each individual
band by means of calculations. In the present paper, PL
spectra were obtained for different values of the electric
field applied to OTC (PL spectra of sample 1 are given
in Fig. 3,a, those of sample 2 — in Fig. 4,a). According
to the performed analysis, the PL spectrum of sample
1 represents a result of the superposition of three bands
with A\jpee ~ 534, 570, and 665 nm indicated by a dotted
line in Fig. 1.

The PL spectrum of OTC produced from sample 2 is
given in Fig. 2, curve 2. As one can see from the figure,
the spectrum has two maxima. The first one (Apax ~ 457
nm) corresponds to a narrow band with the halfwidth
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Fig. 4. PL spectra of OTC (sample 2) for various voltages applied
to OTC (a) (1-0, 2- 50, 3— 100, 4 — 150, 5 - 200, 6 - 250, 7— 300,
8—350, 9— 400 B). Spectra 1-9 are distributed vertically for better
visualization. Dependence of the intensity of the PL band with the
maximum at 457 nm at various voltages applied to OTC (b)

AX = 8 nm. As the halfwidth of the given peak is
close to that of the corresponding absorption peak (Fig.
2, curve I), it can be considered as individual. The
other one (Apax ~ 540 nm) corresponds to a wide
band (AX = 67 nm) that probably represents the
superposition of at least five bands. In the given case,
the application of the Alentsev—Fock method doesn’t
allow us to unambiguously decompose the spectrum into
individual bands, but it gives a possibility to extract the
contribution of the band with Apa.x ~ 457 nm to the
total contour.

According to the literature data [12, 14], the bands
with Apax ~ 534 nm (sample 1) and Apax ~ 457 nm
(sample 2, d = 1.6 nm) correspond to edge luminescence
which is also called as the “band to band” or exciton
transition. An exact interpretation of the long-wave PL
bands of sample 1 (Apax ~ 570 nm and Apax ~ 665
nm) isn’t presented in the literature, but a number of
authors [17,18] predicts the defect or impurity nature of
centers responsible for the radiation in the given region
or the participation of states localized at the surface in
the radiation process. The interpretation of the wide
PL band of sample 2 with Apax ~ 540 nm is more
complicated. According to the absorption spectrum (Fig.
2, curve 1), the given sample contains particles with two
different sizes, which allows one to assume two sets of
exciton and impurity bands, whose strong overlapping
results in the impossibility of both the unambiguous
decomposition of the given spectral region and the
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analysis of individual bands. Thus, the wide band in
the PL spectrum of sample 2 represents a result of the
superposition of the exciton PL band of nanoparticles
with the average size d = 2.0 nm as well as bands
corresponding to transitions with the participation of
defect, impurity, and surface states in nanoparticles of
both sizes.

Figure 3,b presents the dependences of the intensities
of PL bands with the maxima at 534, 570, and 665 nm
(sample 1), whereas Fig. 4,b — those of the band with
the maximum at 457 nm (sample 2) on the magnitude
of the applied voltage in the range 0-550 V. The
intensities of the PL bands were obtained by means of
the decomposition of each individual PL spectrum into
component bands. It’s worth noting that, in spite of large
electric field applied to the samples, we didn’t observe
the appearance of electroluminescence that could be
registered.

As one can see from Fig. 3,b and Fig. 4,b, all the
curves are well described with two linear regions: 0-250
and 250-550 V. In the range 0-250 V, the intensity of
the bands with Apnax ~ 534 and 457 nm corresponding
to exciton transitions decreases, whereas the intensity of
the defect bands with Apax ~ 570 and 665 nm rises.
In Fig. 5, one can see the intensities of each band
normalized to the corresponding value in the absence
of the electric field (as the band with Apax ~ 665 nm
(sample 1) has a much less intensity, its quantitative
analysis isn’t presented). The tangent of the slope angle
for the PL band with Ap.x ~ 534 nm amounts to
(=9 +4) x 107° 1/V, while, for the band with Ayax ~
570 nm, the tangent in the given region is equal to
(10 £ 3) x 1075 1/V. Thus, the rate of attenuation of
the band with Ap.x ~ 534 nm is close to the rate of
intensification of the band with Apn.x ~ 570 nm in the
corresponding region. Such a behavior of attenuation
corresponds to the mechanism of external luminescence
decay [19] conditioned by the transition of localized
carriers between radiation centers, which results in a
decrease of the radiation intensity at former centers and
increase at latter ones. Thus, the attenuation of the
exciton PL band and the intensification of the defect one
are probably conditioned by transitions of carriers from
the quantum well to the region of the recombination of
defect, impurity, and surface transitions. Or, in other
words, there occurs the transfer of carriers between
states under the action of the electric field. The tangent
of the slope angle of the exciton PL band with Apax ~
457 nm (sample 2) amounts to (—46 £ 4) x 1075 1/V
which is lower than the corresponding value of the
tangent of the slope angle (—944) x 107° 1/V of the
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Fig. 5. Dependences of the intensities of PL bands (1 — Amax = 534
nm, 2 — Amax = 570 nm, 3 — Amax = 457 nm) at various voltages
applied to OTC normalized to the intensity of the corresponding
band in the absence of the field

exciton band with Apax ~ 534 nm (sample 1). This fact
is caused by a less time of extraction of a carrier from
the region of radiative recombination.

In the case where the applied voltage is higher than
250 V (E = 1.8 x 10° V/m), one observes an abrupt
decrease of the intensity of all the considered PL bands
in samples 1 and 2, which probably represents a result of
the extraction of carriers beyond the limits of the region
of recombination under the action of the electric field.

Thus, the results presented in this paper testify to
the redistribution of carriers between the recombination
channels that correspond to the exciton and defect-
surface PL bands under the action of electric fields that
don’t exceed 1.8 x 10 V/m. This fact is probably caused
by the transfer of charge carriers from the quantum
well to defect-surface states. In addition, the behavior
of the dependence of the intensity of the exciton band
on the magnitude of the electric field is also determined
by the size of particles. The strength of the electric
field higher than 1.8 x 10° V/m results in an abrupt
decay of luminescence, which is probably caused by
the extraction of carriers beyond the limits of the
recombination region under the action of the field.

1. E.C. Scher, L. Manna, and A.P. Alivisatos, Phil. Trans. Roy.
Soc. Lond. A 361, 241 (2003).

2. D.L. Klein, R. Roth, A.K.L. Lim et al., Nature 389, 699
(1997).

3. M. Nirmal, B.O. Dabbousi, M.G. Bawendi et al., Lett. Nature
383, 802 (1996).

1191



Yu.Yu. BACHERIKOV, M.O. DAVYDENKO, S.V. OPTASYUK et al.

10.
11.
12.

13.

14.

15.
16.

17.

18.

M. Ahlskog, R. Tarkiainen, L. Roschier et al., Appl. Phys.
Lett. 77, 4037 (2000).

C. Thelander, M.H. Magnusson, K. Deppert et al., Appl. Phys.
Lett. 79, 2106 (2001).

A. Kasuya, R. Sivamohan, Yu. Barnakov et al., Nature Mater.
3, 99 (2004).

Yu.Yu. Bacherikov, M.O. Davydenko, A.M.Dmytruk et al.,
Semicond. Phys., Quantum Electr. Optoelectr. 9, 73 (2006).

LK. Vereshchagin, Electroluminescence of Crystals (Nauka,
Moscow, 1974) (in Russian).

H.K. Henisch, FElectroluminescence (Pergamon, New York,
1962).

R.N. Bhargava, J. of Luminesc. 70, 85 (1996).
C.J. Murphy, Anal. Chem. A-Pages 74, 520 A (2002).

N. Chestnoy, T.D. Harris, R. Hull et al., J. Phys. Chem. 90,
3393 (1986).

A.l. Ekimov, Al.L. Efros, and A.A. Onushchenko, Solid State
Commun. 56, 921 (1985).

C.B. Murray, D.J. Norris, and M.C. Bawendi, J. Am. Chem.
Soc. 115, 8706 (1993).

M.V. Fock, Trudy FIAN 59, 3 (1972).

E.E. Bukke, T.I. Voznesenskaya, N.P. Golubeva et al., Trudy
FIAN 59, 25 (1972).

H. Yang and P.H. Holloway, Appl. Phys. Lett. 82, 1965
(2003).

E. Lifshitz, I. Dag, I. Litvin et al., Chem. Phys. Lett. 288, 188
(1998).

1192

19. Yu.F. Vaksman and V.V. Serdyuk, Luminescence of Semi-
conductors (OGU, Odessa, 1982) (in Russian).

Received 03.05.07.
Translated from Ukrainian by H.G. Kalyuzhna

OOTOJJTIOMIHECHEHIIA HAHOYACTHUHOK CdSe
B EJIEKTPUYHOMY IIOJII

FO.FO. Bauepixos, M.O. Hasudenkro, C.B. Onmaciox,
L.M. Jmumpyx

Peszowme

B po6oTi 1ociiiizkeHo BIJIUB €JIEKTPUIHOIO II0JIs Ha CIIEKTPU ¢o-
romominecnennii (PJI) manouacturok CdSe posmipom 1,6 Ta 2,8
HM. Hanpy»keHiCTh €JIeKTPUYHOrO 1OJIsl 3MiHIOBaJIach B Mexkax 0—
4-10% B/m. B ciekrpax ®JI ciocrepirasiu cmyru, sKi BifmosizaoTs
E€KCUTOHHOMY TIePEXOy Ta JePeKTHUM, JTOMIIIIKOBUM YU ITOBEPXHE-
BUM ItepexogaM. I1i BIVINBOM €JIEKTPUYHOIO II0JIsi CIIOCTEPIra€Th-
cs1 3aracauus ekcuroHHnx cmyr PJI manouacrurok CdSe pisxoro
poaMmipy. st Hanpy»KeHOCTel eJIEKTPUYHOrO I0JIs, [0 He Iepe-
Bumtyiors 1,8 108 B/m, ans manouacTuHOK po3mipom 2,8 HM Bij-
OyBa€ThCsI 3aracaHHsi €eKCUTOHHOI CMYTH 1 PO3TOPSIHHS J1e(peKTHO-
JOMIIIKOBOT, 110 MOKe OyTH IOSICHEHO [I€PEKadyBaHHSM HOCITB 3a-
Py 3 OHUX [IEHTPIB BUIIPOMIHIOBaHH Ha iHIIi. {151 HAnpyKeHo-
creit Gimpmx 3a 1,8 - 10 B/M criocrepiraeThbes piske 3mMenImens
IHTEHCUBHOCTI JIIOMiHEeCHeHIIiT, 0 ¥MOBIPHO € HACJIAKOM BHUXOJLY
HOCIIB 32 MexKi 06/1acTi BUIIPOMIHIOBAJILHOI peKOMOIHAIIT i/ JTi€0
€JIEKTPUYIHOTO TIOJIS.
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