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Abstract Size-dependent photocurrent switching has been
investigated in chemical bath deposited CdSe quantum dot
(QD) films with band gaps 2.26, 2.09, and 1.81 eV (corre-
sponds to nanoparticles’ average diameter of 4, 5, and 10 nm).
CdSe films generate only anodic photocurrent (exhibit n-type
semiconductor behavior) in the solution which contains only
acceptor of photoholes (SO5>~ anions), whereas cathodic pho-
tocurrent (corresponding to p-type behavior) arises after im-
mersion of the films in polyselenide electrolyte (containing
Se,> /Se”” redox system). Appearance of the cathodic photo-
current is related to chemisorptions of Se?” and Senzf anions,
as revealed by the cadmium underpotential deposition (UPD).
Photocurrent switching from anodic to cathodic becomes
more pronounced with decreasing of CdSe nanoparticle size
because small quantum dots with their broadened band gaps
have more favorable conduction band energy for electron in-
jection to polyselenide anions. On the contrary, particle size
does not play a significant role for the injection of photoholes
into the electrolyte because the position of the valence band is
weakly size-dependent, and anodic photocurrent is deter-
mined primarily by the real surface area of the electrode,
which was found to be greater than the geometrical one by
1-2 orders of magnitude from cadmium UPD. Effective
charge separation at the highly developed CdSe-electrolyte
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interface contributes to high incident photon-to-current con-
version efficiency of photocurrent (IPCE ~40 %).
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Introduction

In recent decades, there has been a great interest in the study of
physical, chemical, and optical properties of semiconductor
nanocrystals (or quantum dots, QDs), in particular, cadmium
selenide CdSe [1-11]. It is caused by numerous potential ap-
plications of this semiconductor: photovoltaics [1-5],
photocatalysis [6-9], and optoelectronics [10, 11]. CdSe
QDs have been employed in three different types of quantum
dot solar cells: (i) quantum dot-sensitized solar cells, (ii) poly-
mer hybrid solar cells, and (iii) metal junction solar cells [12].
By changing the size of CdSe QDs, one can not only vary the
spectral sensitivity of solar cells but also improve their
efficiency.

Chemical bath deposited (CBD) CdSe QDs usually form
highly porous films which consist of a “network” of nanopar-
ticles, display a blue shift in absorption spectra, and splitting
of the bands into discrete levels as the QD size decreases [13,
14]. Such films possess a number of characteristics that dis-
tinguish them from the films obtained by other methods (e.g.,
using colloidal QDs). CBD CdSe films are characterized by an
intimate contact between neighboring nanocrystals, which
promotes charge transport over them [13]. At the same time,
the porosity of the films allows the majority of nanoparticles
to contact with the electrolyte. As a result, these films operate
due to charge separation at the semiconductor-electrolyte in-
terface rather than by a built-in space charge region as

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-016-3442-x&domain=pdf

J Solid State Electrochem

normally occurs in photoelectrochemical (PEC) cells with
bulk semiconductor [15, 16].

The type of PEC behavior of CdSe QDs is determined by
what charges are moving into the solution: if the components of
electrolyte capture photoholes, the anodic photocurrent is ob-
served (oxidation of a reducing agent in the solution) [15]. In
this case, photoelectrons move through the QDs into the con-
ductive substrate, which corresponds to the n-type behavior.
The cathodic photocurrent (p-type behavior) for the QDs is less
common, because holes are characterized by significantly lower
mobility, which increases the probability of recombination dur-
ing their transfer to the conductive substrate. Hodes and co-
workers have shown that treating of CdSe QDs surface in dilute
HCl changes their PEC behavior from n-type like to p-type like,
which is caused by surface modification-induced changes in the
kinetics of charge transfer to the polysulfide electrolyte [13, 15].
The surface photovoltage spectroscopy shows that the CdSe
QD films exhibit p-type properties after etching only in a humid
ambient, whereas in a dry ambient they are n-type-like [17].
This fact indicates that the dominating type of surface traps
(hole or electron) depends on the ambient. It was also suggested
that the change in the type of CdSe QDs PEC behavior can be
associated with enrichment of nanoparticles surface with sele-
nium atoms [17]. Nevertheless, factors affecting the photocur-
rent sign, as well as quantum efficiency of PEC processes in
CdSe QD films are still not completely clear.

Therefore, the purposes of this study were as follows: (i) to
investigate the PEC behavior changes of CdSe QD films from
n-type like to p-type like caused by formation of Se-
terminated surface; (ii) to clarify the influence of CdSe nano-
particles size on photocurrent switching effect; (iii) to reveal
factors determining efficiency of PEC processes in the CBD
CdSe QD films.

Experimental section

Chemical deposition of CdSe QD films was carried out as
described in [13—15]. FTO conductive glass was used as sub-
strate for electrochemical measurements, and glass without
FTO—for optical absorption, X-ray diffraction (XRD),
Rutherford backscattering, Raman, and photoluminescence
(PL) experiments. The films were deposited from an aqueous
solution containing 80 mM Na,SeSO; (0.2 mol of black sele-
nium powder dissolved in 0.5 M Na,SOs5 at 65 °C), 80 mM
CdSOy, and 150-170 mM potassium nitrilotriacetate
N(CH,COOK); as a complexing agent. The pH of the solu-
tion was adjusted to 10.0 with 2 % KOH. CdSe film deposi-
tion was carried out in the dark at three different solution
temperatures 3, 30, and 80 °C. These films will be denoted
as CdSe(3), CdSe(30), and CdSe(80), respectively. According
to [13—15], an increase in temperature of the solution increases
the size of the CdSe particles, as well as the deposition rate. In
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order to obtain a comparable thickness of the films grown at
different temperatures, deposition time was chosen equal to
40, 18, and 14 h for deposition temperatures 3, 30, and 80 °C,
respectively. The thickness of prepared films according to
SEM was a few hundred nanometers.

SEM images of CdSe films surface were obtained on
Hitachi S 4800 field emission scanning electron microscope.
TEM studies of CdSe nanoparticles were performed on LEO-
906E transmission electron microscope. CdSe nanoparticles
were carefully scraped from FTO substrate, ultrasonically dis-
persed in distilled water, and transferred to copper grids cov-
ered with collodion film for TEM measurements.

Photoelectrochemical measurements were fulfilled in a
standard three electrode cell involving a platinum counter-
electrode and an Ag|AgCIKCl (sat.) electrode (+0.201 V vs
standard hydrogen electrode (SHE)) as the reference one. All
electrode potentials in the article are given with respect to
SHE. Electrode potential was controlled with an Elins P-8
(Russia) potentiostat. Photocurrent spectra were obtained
using a setup equipped with a high-intensity grating mono-
chromator (spectral resolution 1 nm), a 250 W halogen lamp,
and a light chopper. The spectral dependences of the incident
photon-to-current conversion efficiency (IPCE, Y) were cal-
culated from the photocurrent spectra and light intensity dis-
tribution at the monochromator output. Electrodes were illu-
minated from the conductive FTO substrate side to minimize
the light absorption by electrolyte solutions. All solutions used
were thoroughly purged with argon prior to and during the
electrochemical and photoelectrochemical experiments.

XRD analysis was carried out with a Bruker D8 Advance
diffractometer (Bragg-Brentano geometry, Cu K, emission,
0.5°/min). Raman and PL spectra were measured at room
temperature using a Nanofinder HE confocal spectrometer
(LOTIS TII, Belarus-Japan) with 532 and 473 nm solid-state
cw lasers as excitation sources. Incident optical power was
attenuated to ~20 uW to minimize a thermal impact. Back-
scattered light without analysis of its polarization was dis-
persed with a spectral resolution of 2.5 cm™' (0.1 nm) and
detected with a cooled CCD-matrix. Signal acquisition time
was equal to 120 s. The excitation spot diameter was about
1 pwm. Spectral calibration was done using a built-in gas-dis-
charge lamp providing accuracy better than 2.5 cm™" (0.1 nm).
Rutherford backscattering spectrometry (RBS) was carried
out using 1.3 MeV He" ions (scattering angle 6 = 170°).

Results and discussion
XRD and optical characterization of CdSe films
CdSe films obtained at different deposition bath temperatures

are characterized by a different color—from yellow to black-
brown. Absorption spectra are shown in Fig. 1. There is a clear
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Fig.1 Absorption spectra of the CdSe films deposited at 3, 30, and 80 °C

blue shift of the absorption edge with decreasing of deposition
temperature. These results are fully consistent with previous
studies [13—15] and are caused by synthesis of CdSe nanopar-
ticles with different sizes and hence with different band gaps.
It should also be noted that CdSe(80) demonstrates a pro-
nounced light scattering.

SEM images of surface of prepared CdSe films are present-
ed in Figs. 2a—c. The films are quite uniform, and sponge-like
structure of CdSe(30) film can be seen. TEM images on
Figs. 2d—f show that the films are composed of polydisperse
nanoparticles. CdSe nanoparticles of several nanometers in
diameter are predominant for CdSe(3) and CdSe(30) films,
whereas for CdSe(80) significantly larger particles can be dis-
tinguished—10 nm and bigger. Nevertheless, it should be not-
ed, that quantitative determination of nanoparticle diameter
from TEM images is pretty difficult. Apparently, it is caused
by the intimate contact of nanoparticles deposited by CBD
which results in a continuous net of crystallites (aggregates)
strongly bonded with each other. From one hand, it makes

Fig.2 SEM images of CdSe film
surface (a—c) and TEM images of
CdSe QDs. a, d CdSe(3). b, e
CdSe(30). ¢, f CdSe(80)

hard to distinguish a separate nanoparticle, but from the other
hand, it provides an efficient transport of photogenerated
charge carriers through the film. Thus, we have made a quan-
titative estimation of average diameter of nanoparticles pre-
pared at different deposition temperature on the basis of pho-
tocurrent spectroscopy data (see below).

X-ray analysis shows that crystallinity of the CdSe films
increases with the temperature of their deposition, as can be
seen by an increase in the intensity of reflections and reduction
of their width (Fig. 3a). It is known that cadmium selenide can
crystallize both in hexagonal and cubic modifications [18]. In
our case, the large width of the reflections for CdSe(3) and
CdSe(30) does not allow determining the type of their crystal
structure for sure, whereas CdSe(80) is clearly related to the
hexagonal crystal modification.

Raman spectra of the films (Fig. 3b) have a band at
207 cm ', which corresponds to a scattering by longitudinal
optical (LO) phonons in CdSe [18], as well as two of its
overtones (2LO and 3LO). The increase of CdSe films depo-
sition temperature leads to a gradual reduction in the width of
the CdSe LO band (from 17 to 12 cmﬁl), which is in agree-
ment with improvement of crystallinity mentioned above. It
may seem strange that there is no increase in the CdSe LO
band intensity. However, this fact is naturally explained by a
decrease of the band gap of CdSe, and an increase in the
difference between its value and the photon energy
(2.33 eV) used for excitation in Raman measurements. A sim-
ilar effect was observed for the CdS nanoparticles with in-
creasing of their size [19, 20].

As can be seen from Fig. 3c, PL spectra of the CdSe films
deposited at low temperatures (CdSe(3) and CdSe(30)) have
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two bands. The position of the high-energy band enables one
to associate it with the interband radiative recombination in
the cadmium selenide nanoparticles, while the low-energy
band corresponds to the radiative recombination through en-
ergy levels in the band gap of CdSe [21]. Raising the CdSe
films deposition temperature from 3 to 80 °C leads to a shift of
the interband radiative recombination band from 560 to
650 nm, which is in a qualitative agreement with the absor-
bance spectra (Fig. 1) and indicates a weakening of the quan-
tum confinement in the CdSe nanoparticles. The disappear-
ance of the low-energy component in the CdSe(80) PL spectra
indicates the decrease of CdSe structural disorder with eleva-
tion of the deposition bath temperature correlating with a de-
crease in the spectral band width of interband radiative recom-
bination, an increase in its intensity, as well as with the results
of Raman and XRD analyzes.

Photoelectrochemical properties of CdSe films in Na,SO;
solution

CdSe QD films generate in Na,SOj3 solution only anodic pho-
tocurrent under actinic illumination because this solution con-
tains an effective acceptor of photoholes (sulfite anions),
whereas there is no acceptor of photoelectrons (oxygen was
removed by Ar purging). Thus, cadmium selenide demon-
strates photoelectrochemical properties of n-type semiconduc-
tor: photoelectrons move through the nanoparticles into the
conductive FTO substrate while photoholes oxidize sulfite
anions.

Electron quantum-confinement effect for CdSe QD films is
observed in the IPCE spectra (Fig. 4a). It is evident from the
increase of the band gap (E,) from 1.81 to 2.26 eV when the
deposition temperature decreases from 80 to 3 °C (Table 1).
The E, values were determined by extrapolation of the linear
part of the (Yirv)>~hv plot (direct optical transitions, Fig. 4b).
As can be seen from Table 1, the nanoparticles average diam-
eter (d) for CdSe(80) film estimated from E, value [22, 23]
increases more than twofold as compared to CdSe(3).
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The deposition temperature affects not only the band gap of
CdSe but also the value of IPCE (Fig. 4a). It was unexpected
result that the maximum IPCE values are observed for
CdSe(30), and minimal—for CdSe(80) films. The impact of
various factors (particle size, film thickness, the depth of light
penetration, etc.) on IPCE was analyzed earlier taking into
account their influence on recombination as photocurrent loss
mechanism [14, 15]. However, it will be demonstrated below
that in our case there is an additional important factor affecting
IPCE value—real surface area of CdSe film.

Photopolarization curves show that the anodic photocur-
rent saturates with the increase of anodic polarization of elec-
trode, and the potential of photocurrent onset (£,,,) takes more
positive values with the increase in size of CdSe QDs
(Fig. 5a). The observed E,,(d) dependence can be explained
in the following way. If the anodic photocurrent flows, the
photoelectrons are transferred to the FTO substrate. Under
the electrochemical polarization this process is possible if
the Fermi level of the conductive glass is more positive than
the electron quasi-Fermi level (Eg,) of CdSe, which is usually
considered as located close to conduction band edge (E.).
Hence, while shifting the Fermi level of the FTO substrate
up during the cathodic scan of electrode potential, one should
observe the disappearance of photocurrent when it reaches £,
of CdSe nanoparticles [24]. Therefore, the observed cathodic
shift of E,, with decrease of CdSe QD size indicates shift of
their E, to a higher energy. We have used the E,, values to
estimate the position of the conduction band edge of CdSe
nanoparticles depending on their size. For CdSe(3) nanopar-
ticles with 4 nm average diameter, the conduction band poten-
tial was estimated to be —0.75 V (Fig.5b). The conduction
band shifts to positive potentials with the increase of particles
size (—0.57 V for 5 nm particles and —0.23 V for 10 nm par-
ticles). The position of the valence band (E,) was determined
based on the £, and E, values. Figure 5b shows clearly that the
reduction of particles size influences on the position of E,
much stronger than on E,. In other words, most of the band
gap increase is due to the shift of the conduction band edge to
more negative potentials. This situation is typical for CdSe
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[25, 26], as well as for CdS [27], CdTe [28], and ZnO [29]
QDs and is naturally attributed to a significant difference in
the effective masses of electrons and holes.

Note that the obtained E. and E, values are anodically
shifted by appr. 0.5 V in comparison with the values provided
by theoretical calculations [30] and experimental findings (ul-
traviolet photoelectron emission spectroscopy [31-33], cyclic
voltammetry in non-aqueous solutions [34-36]). Such dis-
crepancy could be explained by (i) impact of recombination
[24], (i) influence of specific adsorption of ions and dipoles of
solvent [31], and (iii) non-negligible difference between E,
and Ef, for CdSe QDs. Nevertheless, the obtained constancy
in E, position regardless of the CdSe QD size is in a good
agreement with the above-cited works [30-36].

The energy level corresponding to standard redox potential
of the SO,> /S0, redox system (—0.47 V, pH 9.3) is located
far enough from the valence band of CdSe (even if E,, and E,,
have more negative potentials in comparison with the data
presented in Fig. 5b). Thus, the size of the nanoparticles
should have no influence on the rate of photoelectrochemical
oxidation process, as the photoholes generated in the valence
band have a sufficient energy for injection into electrolyte
from particles of any size. Therefore, we can assume that high
quantum efficiency for the anodic photoelectrochemical pro-
cess which takes place on the surface of nanocrystalline CdSe
films can be achieved not by means of the band-edge tuning of
cadmium selenide quantum dot particles but primarily due to
an effective charge separation at the semiconductor-electrolyte
interface. Thereby, we need to have information about the real
surface area of photoelectrodes and an appropriate method for
its evaluation.

Table 1 Band gap (E,), average particle diameter (d), and onset
potential (E,,) for CdSe QDs deposited at different temperatures

QD film Ey eV d, nm Eon, V

0.1 M Nast3
CdSe(3) 2.26 4 -0.75
CdSe(30) 2.09 5 -0.57
CdSe(80) 1.81 10 -0.23

Cadmium underpotential deposition on CdSe QD films

To estimate the real surface area of the CdSe QD films, the
cadmium UPD process was used. Classically, UPD involves
deposition of a less noble element (most often, metal) on a
more noble substrate and is limited to the formation of 2D
atomic layers (monolayers) [37-39]. The phenomenon of Cd
UPD on CdSe is well-documented [40—43]. It involves the
deposition of Cd atomic layers on Se atoms in the crystal
lattice of CdSe at a potential prior to (under) that required
for deposition of the Cd on itself and is widely used for the
electrosynthesis of CdSe in the electrochemical atomic layer
epitaxy (ECALE) method [44]. Since UPD is a surface-
limited process, the passed electrical charge makes it possible
to estimate the real electrode surface area (roughness factor—
/) assuming the formation of cadmium adatoms monolayer
[45].

Cyclic voltammograms (CVA) of Cd** cathodic reduction
and anodic oxidation of metal (Cd®) for the CdSe(30) elec-
trode are shown in Fig. 6. CVA for CdSe(3) and CdSe(80) are
qualitatively similar.

The equilibrium redox potential £(Cd**/Cd%) calculated
according to the Nernst equation is —0.48 V. There is no ca-
thodic current in the solution which contains no Cd** cations
(0.1 M Na,SQOy, pH 4) in the studied potential range (Fig. 6,
curve 1). Therefore, the cathodic current observed during the
cathodic scan at £ > E(Cd**/Cd°) is associated with the cad-
mium UPD process.

The formation of metal phase occurs at £ < —0.60 V (Fig. 6,
curves 3, 4), i.e., is characterized by a sufficiently large
(0.12 V) overvoltage. Bulk cadmium is oxidized at the anodic
scan of potential giving the characteristic anodic current peak.
It should be noted that in contrast to the bulk metal, cadmium
adatoms are not oxidized during the anodic scan (Fig. 6, curve
2), i.e., the UPD is irreversible. Thus, the cadmium UPD on
the CdSe QD electrodes can be carried out only once. As a
result, CdSe surface becomes enriched with cadmium atoms
(Cd-terminated surface).

Assuming that the surface concentration of cadmium
adatoms in the monolayer is about 10" at/cmz, we can esti-
mate the amount of charge required for its formation.

@ Springer
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Considering that the reduction of Cd** cation requires two
electrons, we can get a charge of 0.32 mC/cm®. The charges
under the cathodic potentiodynamic curves (calculated up to
the potential of the metal phase formation —0.60 V), and the
factors of electrode surface roughness fare shown in Table 2.
The obtained f'values suggest that the CBD CdSe films have
an extremely large real surface area, which is 1-2 orders of
magnitude (!) greater than the geometric surface area of the
electrode. The largest area of contact with electrolyte solution
is observed for CdSe(30) which correlates with the largest
anodic IPCE values for these films (Fig. 4a) and their globular
structure (Fig. 2b).

Cathodic photocurrent in polyselenide solution

It is well known that CdSe QDs have high quantum efficiency
and photocorrosion stability in the polysulfide electrolyte
[46]. Photocurrent switching for CdSe was observed in this
electrolyte after etching in dilute HCI [15, 17]. However, we
declined purposely to use this electrolyte because it was clear-
ly proved that the surface of CdSe changes its chemical

composition forming a CdS/CdSe heterojunction in this solu-
tion [12, 46].

For cathodic photocurrent investigation, we have used the
polyselenide electrolyte containing 0.02 M Se, 10 M NaOH,
0.2 M Na,SO;, and 0.1 M Na,SeSO;. Selenide (Se*”) and
polyselenide (Se,”>") are formed by the following reactions:

3Se + 60H ™~ = 25¢* + Se03>” + 3H,0,
(n—1)Se 4 Se*” = Se,” .

Concentrated alkali solution is necessary for efficient ele-
mental selenium disproportionation, as well as for suppressing
of the hydrolysis reactions. In this case, we are dealing with a
reversible redox system with both the acceptor of photoholes
(Se?) and photoelectrons acceptor (Se,?). 1t allows us to
study the effect of photocurrent switching (changing its sign).
Photocorrosion stability of CdSe QD electrodes in this elec-
trolyte is sufficiently high. It is essential to minimize the ef-
fects associated with nanoparticles photocorrosion, dissolv-
ing, and, consequently, changing of their size.

Na,SO; and Na,SeSO; were also added to the electrolyte.
Firstly, SO;* and SeSO5> anions along with Se* are effec-
tive photoholes scavengers. Secondly, sulfite removes traces
of molecular oxygen from the solution, and SO;* /SeSO;*
pair prevents precipitation of elemental selenium by its bind-
ing in selenosulfate.

There is a significant change in PEC behavior of the CdSe QD
films in polyselenide electrolyte as compared to Na,SO; solu-
tion. Photopolarization curves in Fig. 7 obtained by subtracting
the dark current from the total current observed under illumina-
tion demonstrate that the CdSe electrodes generate cathodic

Table 2  The charge of UPD deposited cadmium adatoms (Qypp) and
the roughness factor (f) for the CdSe films obtained at different
deposition bath temperatures; solution contains 0.01 M CdSO4 + 0.1 M
Na2804, pH 4

-400 200 0

E/mV
Fig. 6 Cyclic voltammograms for CdSe(30): / in the solution of 0.1 M
Na,SOy4 (pH 4); 2—4 in the solution of 0.01 M CdSO4 + 0.1 N Na,SO4

(pH 4). The solutions were saturated with Ar. 1-3 as-deposited, 4 after
selenization. Potential scan rate is 50 mV/s

-600
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QD film Ourp, mC/ cm? S

CdSe(3) 44 14
CdSe(30) 40.1 125
CdSe(80) 2.7 8
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Fig.7 The dependences of photocurrent density on the electrode potential
for CdSe QD electrodes it the solution containing 0.02 M Se, 10 M NaOH,
0.2 M Na,S0s3, 0.1 M Na,SeSO;. 1 CdSe(3), 2 CdSe(30), and 3 CdSe(80).
Excitation light wavelength is 530 nm (J = 800 W/cm?). Potential scan
rate is 5 mV/s

photocurrent. P-type behavior means preferential photoelectron
injection into the electrolyte. The effect of photocurrent switching
is the most pronounced for CdSe(3) electrodes — in polyselenide
electrolyte these electrodes demonstrate only cathodic photocur-
rent with the largest IPCE (Fig. 7). Cathodic photocurrent for
CdSe(30) and CdSe(80) films is also dominant, but a minor
anodic photocurrent can be detected as well. Furthermore, if on
CdSe(3) cathodic photocurrent is registered immediately after
immersion into the polyselenide electrolyte, for CdSe(30), just
after the immersion of electrode into the electrolyte, a decreasing
anodic photocurrent is observed and switching to cathodic pho-
tocurrent occurs after 10 s of contact with the electrolyte; for
CdSe(80), photocurrent switching is observed only after 10—
15 min. Such delay in appearance of cathodic photocurrent
means that the presence of electron acceptor species in electrolyte
is not enough for electron injection into solution and surface
modification is necessary. It is logical to assume that photocurrent
switching is related to enrichment of CdSe surface with selenium
(Se-terminated surface). Se-terminated surface formation occurs
due to the chemisorption of Se*” and Se,> on the surface of
CdSe. This process is identical to the well known SILAR method
used for CdSe nanoparticles synthesis [47]. The obtained results
indicate a high rate of Se’” and Se,”” chemisorption on the CdSe
particles of a small size.

As a result of the formation of Se-terminated surface, the
concentration of selenium surface atoms on CdSe nanopatrticles
increases. In order to verify this claim, cadmium UPD was car-
ried out on the CdSe electrodes with Se-terminated surface.
CdSe films treated in polyselenide electrolyte for 10 s and
washed with 10 M alkali (to prevent hydrolysis) and distilled
water were immersed in a solution containing Cd** cations.
Charges corresponding to the cathodic peaks (Qypp) on CdSe
electrodes with Se-terminated surface are shown in Table 3. A
significant increase in Qupp Vvalues is observed for all CdSe
films after surface selenization. The observed increase in the real

Table 3 Band gap (E,), band gap decrease (AE,), the charge of UPD
deposited cadmium adatoms (Qypp) and the roughness factor ( /) for the
CdSe films with Se-terminated surface; solution for UPD experiments
contains 0.01 M CdSOy4 + 0.1 M Na,SO,, pH 4

QD film E,,eV AE,, eV Oupp, mC/em’ i

CdSe(3) 2.08 0.18 8.4 26
CdSe(30) 2.00 0.09 87.6 274
CdSe(80) 1.81 0 45 14

surface for selenized CdSe QD films can be attributed to an
increase in the concentration of selenium surface atoms on
CdSe nanocrystals, as well as to an increase in the size of QDs
due to the chemisorption of Se*” and Se,” .

An additional direct evidence of Se concentration increase
in the films after their treatment in the polyselenide electrolyte
was obtained using RBS. As it is seen in Fig. 8, immersion in
polyselenide electrolyte does not affect position of the Cd-
related high-energy peak indicating that no bulk selenium is
formed on the electrode surface. At the same time, one can
observe an enhancement of relative intensity of the Se-related
peak and its low-energy broadening, which points to increase
of selenium content in the film.

The growth of the CdSe QDs size as a result of selenization of
the films is also proved by the cathodic photocurrent spectra
(Fig. 9). The band gap estimated from the photocurrent spectra
after surface selenization is reduced by 0.18 eV for CdSe(3) and
0.09 eV for CdSe(30), remaining unchanged for CdSe(80)
(Table 3).

As can be seen from Fig. 9 (curve 1), the largest quantum
efficiency of cathodic photocurrent is observed for CdSe(3),
i.e., for QDs with minimal size. The equilibrium potential of
the Se,? /Se’” redox system measured on Pt-electrode is
—0.35 V. Therefore, E(Se,> /Se’") is located closely to the
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Fig. 8 Rutherford backscattering spectra of CdSe(3) film before (/) and
after (2) treatment in the polyselenide electrolyte
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Fig. 9 IPCE spectra of cathodic photocurrent for CdSe electrodes in
polyselenide electrolyte at applied potential of —0.5 V. I CdSe(3), 2
CdSe(30), and 3 CdSe(80)

conduction band edge of CdSe. Thus, small CdSe quantum
dots with their increased band gaps have more favorable con-
duction band energies for injecting photoelectrons to
polyselenide anions. In this case, we observe size-dependent
electron injection from CdSe quantum dots into electrolyte. A
similar situation was observed when the injection of photo-
electrons occurred from excited CdSe quantum dots into TiO,
nanoparticles [23].

Recombination losses of photogenerated charges in nano-
crystalline CdSe films occur at interparticle boundaries, as
well as are associated with possibility of indirect recombina-
tion by electron and hole injection into the electrolyte. The
latter one can take up to 3040 % of total efficiency [15]
and is related to the parallel passing of associated
photoelectrochemical oxidation and reduction reactions [16,
48, 49]. Change of photocurrent sign for CdSe(30) and
CdSe(80) electrodes occurs under electrochemical polariza-
tion (Fig. 7) and the potential of photocurrent switching
(Esw) correlates with the equilibrium potential of the Se,
7/Se”” redox system. A similar effect was observed earlier
for nanocrystalline BiOI electrodes [50]. It was shown [50]
that when electrode potential is equal to E,, photocurrent is
absent due to the recombination of photoholes and photoelec-
trons with the redox system components, and the value Ej,, is
determined by equality of exchange currents of anodic and
cathodic processes.

It should be noted, that photocurrent switching effect has
been already described in the literature for individual semi-
conductor electrodes [50, 51], as well as for semiconductor
heterostructures [52, 53]. This effect can be applied in novel
logical nanoswitchers [52].

Conclusions
Photoelectrochemical behavior of the chemical bath deposited

CdSe QD films was investigated. Varying of the deposition
bath temperature from 3 to 80 °C resulted in the change of

@ Springer

CdSe nanoparticles average diameter from 4 to 10 nm and the
band gap from 2.26 to 1.81 eV. In aqueous Na,SOj; solution
(without dissolved oxygen), the CdSe photoelectrodes gener-
ate only anodic photocurrent (n-type behavior), whereas a
gradual change of photocurrent from anodic to cathodic oc-
curs after immersion of the films in polyselenide electrolyte
containing Se,” /Se®” redox couple. The appearance of ca-
thodic photocurrent is related to Se-termination of the CdSe
surface as it was demonstrated by the cadmium underpotential
deposition on CdSe treated with the polyselenide electrolyte.
The effect of photocurrent switching depends on the particle
size and is most pronounced for CdSe QDs with the minimal
size (d = 4 nm) due to more favorable conduction band ener-
gies for injecting electrons into Se,>~ anions. On the contrary,
for photoholes injection in the electrolyte (anodic photocur-
rent) this fact is not important, because the position of the
valence band does not vary with the size of the particles.
Cadmium UPD on CdSe was used to evaluate in situ the
real surface area of the photoelectrodes, which has turned to
be 1-2 orders of magnitude higher than the geometrical sur-
face area. High quantum efficiency of photoelectrochemical
processes (IPCE ~40 %) in the nanocrystalline CdSe
photoelectrodes is provided by an effective charge separation
at the highly developed semiconductor-electrolyte interface.
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