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Enhanced transient photovoltaic characteristics of core—shell
ZnSe/ZnS/L-Cys quantum-dot-sensitized TiO, thin-film*

Kui-Ying Li(Z=2% %), Lun Ren({E48), and Tong-De Shen(7k [F]4#)
State Key Laboratory of Metastable Materials Science & Technology, Yanshan University, Qinhuangdao 066004, China
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Photoanodic properties greatly determine the overall performance of quantum-dot-sensitized solar cells (QDSCs). In
the present report, the microdynamic behaviors of carriers in the nanocomposite thin-film, a ZnSe QD-sensitized meso-
porous La-doped nano-TiO, thin-film, as a potential candidate for photoanode, are probed via nanosecond transient pho-
tovoltaic (TPV) spectroscopy. The results confirm that the L-Cys ligand has a dual function serving as a stabilizer and
molecular linker. Large quantities of interface states are located at the energy level with a photoelectric threshold of
1.58 eV and a quantum well (QW) depth of 0.67 eV. This QW depth is approximately 0.14 eV deeper than the depth of QW
buried in the ZnSe QDs, and a deeper QW results in a higher quantum confinement energy. A strong quantum confinement
effect of the interface state may be responsible for the excellent TPV characteristics of the photoanode. For example, the
peak intensity of the TPV response of the QD-sensitized thin-film lasts a long time, from 9.40 x 10~7 s t0 2.96 x 10~* s,
and the end time of the PTV response of the QD-sensitized thin-film is extended by approximately an order of magnitude
compared with those of the TiO, substrate and the QDs. The TPV characteristics of the QD-sensitized thin-film change
from p-type to n-type for the QDs before and after sensitizing. These properties strongly depend on the extended diffusion
length of the photogenerated carries and the reduced recombination rate of photogenerated electron-hole pairs, resulting in
prolonged carrier lifetime and an increased level of electron injection into the TiO;thin-film substrate.

Keywords: sensitization, core—shell ZnSe quantum dots, mesoporous TiO» thin-film, time-resolution photo-

voltage
PACS: 73.63.-b, 78.20.—¢, 73.63.Kv, 78.56.—a

1. Introduction

In the past 20 years, quantum dots-sensitized solar cells
(QDSCs) have aroused much scientific interest in the field
of optical and solar energy.!'=3! Quantum-dot (QD) sensitiz-
ers possess unique properties, such as a multi-exciton effect,
quantum confinement effect, high excitation coefficient, and
low cost.!?l The theoretical conversion efficiency of a QDSC
is much higher than those of silicon and dye-sensitized solar
cells.'*l However, this high efficiency has not been experimen-
tally achieved.>8! Thus, experimentally improving the effi-
ciency is a challenge. In recent years, research on QDSCs has
mainly concentrated on their photovoltaic conversion and elec-
trochemical properties.[°~131 The study of the transport mech-
anism of photoinduced free charge carriers (FCCs) in the pho-
toanode consisting of a wide bandgap semiconductor and QD
sensitizer is important because the photoanode is a key compo-
nent for determining the overall performance of QDSC.[!4-17]
In the present paper, a mesoporous La-doped nano-TiO» thin
film is used as a substrate material of the photoanode because
it has a direct wide bandgap of more than 3.0 eV. Some out-
standing properties of the thin film material, such as a large
specific surface area and porosity, competent skeleton struc-
ture, and particularly good photoelectric features of anatase ti-
tanium dioxide, were found in our previous studies.!'!°1 In
particular, self-assembled core—shell ZnSe/ZnS/L-Cys QDs,
which were prepared at room temperature by an aqueous syn-
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thesis technique, show superior photoelectronic characteris-
tics and low biotoxicity when compared with other nanocrys-
talline group II/IV semiconductors.?%2!1 Therefore, the ZnSe
QDs are used as a sensitizer for the photoanode in our experi-
ments. Some scientific questions arise. How does an effective
molecular link form between the ZnSe QDs and mesoporous
TiO; thin film? Does a more efficient transport channel exist
for photoinduced FCCs? Additionally, what is the transport
mechanism of photoinduced FCCs in the ZnSe QD-sensitized
mesoporous nano-TiO; thin film? Here, we intend to an-
swer these questions experimentally using a chemical bath
deposition (CBD) processing method, TPV and steady-state
surface photovoltaic (SPV) techniques, Fourier transform in-
frared (FT-IR) spectroscopy and ultraviolet-visible (UV-VIS)
absorption spectroscopy. Transient photovoltaic (TPV) spec-
troscopy is a non-invasive micro-test method, which is used
for exploring microdynamic behaviors of FCCs in semicon-
ductors, such as separation rate of electron-hole pairs and life-
time of FCCs. (%]

2. Experimental details
2.1. Nano-TiO, thin film preparation

A mesoporous La-doped nano-TiO; thin film was man-
ufactured. Briefly, mesoporous La-doped TiO, nanoparticles
were prepared by sol-gel, a method in which polyethylene gly-
col (PEG) is used as a template.'?!->3] Figure S1 in Appendix A
shows the adsorption-desorption curves and distribution of the
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pore diameter of the prepared nano-TiO;. Then, the nano-
TiO; slurry was formed by adding both the as-prepared TiO;
nanoparticles and an appropriate quantity of ¢-turpentine into
an ethyl cellulose ethanol solution. The slurry was dispersed
under ultrasonication for 30 min and then exposed to air until
achieving an appropriate viscosity. Fluorine-doped tin oxide
(FTO) glass was coated with the prepared TiO, slurry by knife
coating.!?*! The coated FTO glass was calcined at 500 °C for
0.5 h after drying at 60 °C for 2 h in air. The first layer of
the mesoporous La-doped nano-TiO, thin film was obtained.
Multilayer films were obtained layer by layer in the same way.
Figure S2 displays the x-ray diffraction patterns of the pre-
pared nano-TiO, powders and thin film. The thickness of each
layer of the as-prepared substrate nano-TiO, thin film, which
was determined using a step measuring instrument, was ap-
proximately 3 um as shown in Fig. S3 in Appendix A.

2.2. QD-sensitized nano-TiO, thin film preparation

The ZnSe QD-sensitized mesoporous La-doped nano-
TiO, thin film was prepared by a CBD method. >3] Briefly,
both selenium and zinc precursor solutions of the ZnSe QD
sensitizer were prepared by using L-Cys as a ligand at room
temperature.!””) The Se and Zn precursors were mixed in a
volume ratio of 1 : 1. The as-prepared mesoporous La-doped
nano-TiO, thin film was first immersed in the mixed solution
for a specific time at a given temperature. Then, the ZnSe QD-
sensitized nano-TiO, thin film was obtained after the cleaned
thin film had been dried at 60 °C for 2 h.

2.3. Characterizations

The x-ray diffraction (XRD; Rigaku D/max-2500/PC,
Japan) and high-resolution transmission electron microscopy
(HRTEM; JEOL-2010 electron microscope, Tokyo, Japan)
were used to study the crystal structures and the average
particle size of QDs, respectively. Fourier transform in-
frared spectroscopy (EQYUBIXS5S; Bruker, Germany) was
used to investigate the vibrational modes and phases of
QDs. Ultraviolet-visible (UV-VIS) optical absorption spectra
(Lambda35, Perkin—Elmer, USA) of the sample were obtained
at room temperature.

Details of the TPV measurements were described

elsewhere. [22

I In brief, the samples were placed in a cell con-
sisting of a sandwich-like structure of gauze platinum elec-
trode/mica/sample/ITO electrode. The cell was excited by an
Nd:YAG laser (Polaris II, New Wave Research, Inc.) with a
5-ns pulse width and 1064-nm ground frequency, which was
adjusted using a double-frequency crystal to a wavelength of
355 nm and an intensity of 20 uJ. A photomultiplier was used
to collect the reference signal. A 500-MHz digital phosphor
oscilloscope (TDS 5054; Tektronix) was used to collect the
TPV signals. Details of the SPV measurements were also
described elsewhere.!'3! In brief, the SPV setup used here is

composed of a lock-in amplifier (SR830-DSP), a 500-W xenon

lamp — for which the frequency of light was regulated to
23 Hz with a light chopper (SR540) — as a light source, and a
sample cell with a sandwich-like structure of indium tin oxide
(ITO) electrode/sample/ITO electrode.

3. Results and discussion
3.1. FT-IR absorption spectrum analysis

The FT-IR absorption spectra of pure L-Cys, the self-
assembled core—shell ZnSe/ZnS/L-Cys QDs, the nano-TiO,
thin film, and the ZnSe QD-sensitized nano-TiO; thin film are
displayed in Fig. 1. The thickness of the nano-TiO; thin film
with a three-layer structure is approximately 9 pm as shown
in Fig. S3 in Appendix A. This thin film is sensitized by the
QDs at 60 °C for 5.0 h. The cross-section of the nano-TiO,
thin film before and after sensitizing is schematically shown
in Fig. 1(a). Comparing the IR absorption spectra of the QD-
sensitized thin film with those of the pure L-Cys, some absorp-
tion peaks that are marked by black numbers are apparent as
seen in Fig. 1.

However, those peaks marked by red numbers either dis-
appear or weaken in the IR adsorption spectrum of the QD-
sensitized thin film. In particular, the stretching vibration
band of the S—H bond disappears at 2557 cm~!, whereas the
stretching vibration band of the C—S bond at 635 cm™! weak-
ens and shifts to a higher frequency. The former suggests
that the S—H bonds in the L-Cys ligand are broken during the
formation of the QDs; the latter is caused by the formation
of Zn-S bonds between the ZnSe core and L-Cys as seen in
Fig. 1(b). Moreover, the symmetric and asymmetric stretching
vibrations of the -CH, groups at 3156 cm ™! and 2986 cm ',
respectively, for L-Cys do not appear in the IR spectrum of
the QD-sensitized thin film. This implies that a new chemical
bond may be formed between the core—shell ZnSe/ZnS/L-Cys
QDs and the TiO, thin film substrate as described in the case
1 in Fig. 1(b). The stretching vibration bands of the carboxyl
groups at 1600 cm~! and 1548 cm~! for L-Cys weaken or dis-
appear in the IR spectrum of the QD-sensitized thin film. This
indicates that other chemical bonds probably form between the
oxygen atoms of the -COOR groups and unsaturated Ti atoms
at surface of the TiO, thin film as illustrated in the case 2 in
Fig. 1(b). In addition, both the twisting vibration band of the
Ti—O-Ti bond and the stretching vibration band of the Ti-O
bond appear in region I in Fig. 1. In addition, the absorp-
tion band that appears in region II in Fig. 1 may be attributed
to the interaction between the unsaturated Ti atoms and H,O
molecules adsorbed on the surface.>”] Consequently, both the
QDs and the substrate nano-TiO, are not a simple stacking.
The L-Cys ligand not only acts as a stabilizer of the core—shell
QDs but also plays a role in molecularly linking the ZnSe QDs
with nano-TiO; thin film to form an effective nanocomposite
film.
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Fig. 1. (color online) FT-IR absorption spectra of pure L-Cys, self-assembled core—shell ZnSe/ZnS/L-Cys QDs, mesoporous La-doped nano-TiO;
thin film, and ZnSe QD-sensitized nano-TiO, thin film. Inset (a) shows the cross-section of TiO; thin film before and after sensitizing. Inset (b)
illustrates a possible pattern of molecular linking at the phase interface of the core—shell ZnSe/ZnS/L-Cys QDs and TiO, thin film.[?7]

3.2. UV-VIS adsorption spectrum analysis

Room-temperature UV-VIS adsorption spectra of the as-prepared nano-TiO» thin film, ZnSe QDs, and ZnSe QD-sensitized
nano-TiO; thin film are shown in Figs. 2(a)-2(c), respectively. The exciton absorption peaks of the three samples appear respec-
tively at 330 nm, 368 nm, and 370 nm as arrowed in Figs. 2(a)-2(c).
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Fig. 2. (color online) Room-temperature UV-VIS absorption spectra of (a) as-prepared nano-TiO, thin film with three layers, (b)
ZnSe QDs, and (c) ZnSe QD-sensitized nano-TiO, thin film at the sensitized temperature of 60 °C for 5.0 h. The corresponding Tauc
relations are illustrated as plots in insets.
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The values of optical bandgap, E,, of these samples
are estimated using the Tauc relation shown in the insets of
Fig. 2,122 je., E, values of the nano-TiO, thin film, the
ZnSe QDs, and the ZnSe QD-sensitized nano-TiO; thin film
are 3.16 eV, 2.75 eV, and 2.20 eV, respectively.

quantum confinement effect may occur in the ZnSe QDs be-

A strong

cause their crystallite size (2.25 nm), which is estimated by the
Scherrer formula, is far smaller than the Bohr radius of bulk
ZnSe (4.5 nm).?%39 The dependence of QD size on both pH
value and reaction temperature is displayed in Fig. S4 in Ap-
pendix A. Thus, the bandgap of the ZnSe QDs should be larger
than that of bulk ZnSe (2.69 eV). Obviously, the absorption
range of the QD-sensitized nano-TiO; thin film is broadened
to include the range from UV light to visible light compared
with that of the nano-TiO; thin film. Meanwhile, the absorp-
tion intensity of the former is much stronger than that of the
latter as shown in Fig. 2. According to Ref. [31], the quantum
confinement energy, AE,, can be obtained from the following
equation: )
h
AE, = 8m* x D2’

where m* is the reduced mass (m; = 0.17mg and m;, = 0.6my),

)]

my is the electron rest mass, /4 is the Planck constant, and D is
the average diameter of the QDs determined by the Scherrer
formula.!'”! The AE, value of the ZnSe QDs is 0.529 eV.

3.3. TPV and SPV spectra analysis

According to Ref. [22], SPV technologies can also be
used effectively to obtain the information about photoelectron
behaviors at surfaces and phase interfaces, because the tech-
niques are by no means sensitive only to surfaces. Rather,
they are sensitive to the entire surface SCRs by super- or
sub-bandgap absorption, even to buried interfaces located any-
where in the sample, as long as they can be reached by pho-
tons. The TPV spectra of the nano-TiO, thin film, the ZnSe
QDs, and the QD-sensitized nano-TiO, thin film are shown
in Fig. 3. The home-build setup for the TPV spectroscopy
measurements is illustrated in Fig. 3(a), where the sample is
illuminated by a laser with a wavelength of 355 nm and an in-
tensity of 20 pJ. According to Ref. [32], a semiconductor ex-
hibits p-type TPV characteristics when the polarity of the TPV
response of the semiconductor is negative. The p-type TPV
characteristics result from the movement of negative charges,
which arise from electron-hole pairs created by the illumina-
tion of the laser pulse, from the bulk to the surface of the
semiconductor on the illuminated side. Conversely, a semi-
conductor possesses n-type TPV characteristics when the po-

larity of the TPV response of the semiconductor is positive.

Three variables in the preparation process of the nanocompos-
ite film, i.e., the layer of TiO; thin film substrate, the sensi-
tized temperature, and the sensitized time, are the major fac-
tors affecting the time-resolved photovoltaic characteristics of
the nanocomposite film as seen in Figs. 3(b)-3(d). Of them,
however, the sensitized time is the most important one because
it shows more notable influences on both the intensity and the
range of the PTV response than the other two. A similar re-
sult is confirmed by the UV-VIS absorption spectra of these
samples as shown in Fig. S5 (see Appendix A). The scanning
electron microscopy images of the QD-sensitized nano-TiO,
thin film obtained at different sensitized times are shown in
Fig. S6. Here, we focus on discussing the TPV and SPV char-
acteristics of the as-prepared QD-sensitized thin film, which
has a three-layer nano-TiO, coating and is sensitized at 60 °C
for 5.0 h, according to the test results above. In addition, the
time period of the PTV response for each sample in Fig. 3 can
be divided into three regions. Specifically, the absolute value
of the intensity of the TPV response increases with time going
by in range 1; the peak intensity of the PTV response is gen-
erally unchanged over time in range 2; and the absolute value
of the intensity of the TPV response decreases with time in-
creasing in range 3. In a normal case, the separation rate of
photogenerated electron-hole pairs is faster than their recom-
bination rate before reaching the peak intensity of the TPV
response. In contrast, the recombination rate is faster than the
separation rate after reaching the peak according to Ref. [32].

First, it is interesting that the QD-sensitized nano-TiO;
photoanode shows n-type TPV characteristics, unlike the ZnSe
QDs but similar to the TiO, thin film, based on the results in
Fig. 3. This phenomenon implies that the transport directions
of photogenerated FCCs in the QDs are opposite before and
after sensitizing, resulting in increased free electron transfer
from the QDs to the thin film substrate via a new effective
channel that is formed between them. This may be a primary
cause of the higher intensity of the TPV response of the QD-
sensitized nano-TiO, thin film than those of the QDs and the
nano-TiO; thin film as shown in Fig. 3. In other words, the
level of photogenerated FCCs with negative charge injection
into the photoanode is greatly improved by the sensitization of
the QDs. Second, the start time of the arising TPV response of
the three samples occurs at 7.06 x 1073 s in Fig. 3. However,
the end time of region 1 of the QD-sensitized nano-TiO, thin
film is extended from 3.87 x 1077 s to 9.40 x 107 s for the
TiO; thin film. Third, the PTV response of the QD-sensitized
thin film disappears at 1.85 x 1072 s in region 3, which is ex-
tended by approximately an order of magnitude more than
those of the nano-TiO; thin film and the QDs as shown in
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Fig. 3. This result can be ascribed to the prolonged lifetime
of photogenerated FCCs in the QD-sensitized thin film. Es-
pecially, the peak intensities of the TPV responses of the QD-
sensitized thin films last a long time from 9.40 x 10~/ s to
2.96 x 10~* s. However, the intensities of the TPV responses
of both the nano-TiO; thin film and the QDs immediately de-

crease over time after reaching their respective peaks in Fig. 3.
These excellent time-resolved PV characteristics of the QD-
sensitized thin film may be attributed to both a prolonged dif-
fusion length of photogenerated FCCs and reduced recombi-
nation rate of photogenerated electron-hole pairs in the QD-

sensitized thin film.
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Fig. 3. (color online) TPV spectra of the as-prepared nano-TiO; thin film with three layers, ZnSe QDs, and ZnSe QD-sensitized nano-TiO, thin
film obtained at the sensitized temperature of 60 °C for 5.0 h. Inset (a) illustrates the home-build setup for TPV spectrum measurement, where the
sample is illuminated by a laser with a wavelength of 355 nm and an intensity of 20 pJ. Inset (b) shows the TPV spectra of the ZnSe QD-sensitized
nano-TiO; thin film with various layers of the substrate thin film. Inset (c) shows the TPV spectra of the ZnSe QD-sensitized nano-TiO; thin film
obtained at different sensitized temperatures. Inset (d) is the TPV spectra of the ZnSe QD-sensitized nano-TiO, thin film obtained at different
sensitized times. Capital L in each of insets (b)—(d) represents the number of nano-TiO, coating layers.

To further confirm the results above, figure 4 shows the
SPV spectra of the nano-TiO, thin film, the ZnSe QDs, and
the QD-sensitized nano-TiO; thin film. The home-built setup
of SPV detection is illustrated in Fig. 4(a). Like the results in
Figs. 3(b)-3(d), the sensitized time is a key factor affecting the
SPV characteristics of the QD-sensitized nano-TiO, thin film
as shown in Figs. 4(b)—4(d). In addition, the QD-sensitized
film displays the highest intensity and the widest range of the
SPV response in the three samples. Importantly, some unique
SPV characteristics of the QD-sensitized nano-TiO, thin film
are shown in Fig. 4. The SPV response of the nano-TiO, thin
film appears in a range of 300 nm—-387 nm. The corresponding

photoelectric threshold, E; Tio, thin film,spv, 18 3.20 eV, which

is in good agreement with the optical bandgap, Eg, (3.16 eV).
The photoelectric threshold of the SPV response can be de-
termined by the abscissa for the largest external tangent of
the band. According to our previous research,>!l knees 1,
2, and 3, which are marked in the SPV spectrum of the self-
assembled core—shell ZnSe QDs in Fig. 4, are related to the
band-band transitions of the ZnSe core, ZnS shell, and outer
layer L-Cys ligand, respectively. Their photoelectric thresh-
olds are Eg znse core,spv (1.85 €V), Eg 745 shent,spv (2.10 €V),
and Eg outer—layer—L—Cys spv (2.73 €V, which is consistent with
E, ), respectively. The quantum confinement effect of the
ZnSe QDs is confirmed by those results in Figs. S4 and S7 in
Appendix A. That is, the photoelectric threshold of the core-
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ZnSe, Eq 7nse core,sPV, closely related to its optical bandgap,
changes with the grain size of the QDs. The abbreviation
QW,; in Fig. 4 represents a quantum well that is buried in a
certain interface space charge region. A formula was previ-
ously proposed by us,?!! i.e., the depth of QWj, to calculate
AEw;, which is determined by the difference between the pho-
ton energy (Eqwi) corresponding to QW; and the photoelec-
tric threshold (Eg; spv) of the peak closest to QW; on the long

wavelength side of the SPV spectrum:
2

Therefore, the estimated value of AEw, where = Eqwi —

AEy; = Eqwi — Egj spv.

Eg core—7Znse,spv, is 0.53 eV, which is in good agreement with
the quantum confinement energy, AE;. The SPV spectrum of
the QD-sensitized nano-TiO; thin film shows a great change in
entire profile compared with those of the nano-TiO; thin film
and the QDs. Particularly, QW s of the QD-sensitized film
and knee 1 of the QDs both appear at a wavelength of 552 nm
(2.25 eV) in Fig. 4. The photoelectric threshold, E, 1 spy, of
knee 1’ is 1.58 eV. The estimated value of AEyw is 0.67 eV
according to Eq. (2).

This implies that the depth of QW / is 0.14 eV deeper
than that of QW; a deeper QW will result in a higher quantum
confinement energy. We suggest that knee 1’ in Fig. 4 depends
strongly on sub-bandgap transition that is related to some
interface states in the QD-sensitized thin film, as E, 1/ spy
(1.58 eV) is smaller than Eg core—znse,spv (1.85 €V). The strong
SPV response of knee 1’ indicates that these interface states,
such as cases 1 and 2 illustrated in Fig. 1(b), not only trap
many photogenerated carriers with negative charges from the
QD sensitizer but also greatly improve the level of electrons in-
jected into the photoanode. Similar inference can be obtained
by the cases of knees 2’ and 3’ in Fig. 4. However, knee 4’
is exactly located at a wavelength of 339.7 nm, which corre-
sponds to the peak intensity of the SPV response of the nano-
TiO; thin film, as seen in Fig. 4. Therefore, the sensitization
of the QDs plays a very important role in the transport process
of photogenerated FCCs of the nanocomposite film, because
of a considerable difference in those SPV spectra among the
composite film, the quantum dots, and the substrate nano-TiO,

in Fig 4.

Photon energy/eV
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Fig. 4. (color online) SPV spectra of the as-prepared nano-TiO, thin film with three layers, ZnSe QDs, and ZnSe QD-sensitized nano-TiO, thin film
obtained at the sensitized temperature of 60 °C for 5.0 h. Inset (a) shows a schematic diagram of the home-built setup for stationary SPV spectrum
measurements, in which light is generated using a 500-W Xenon lamp and regulated to 23 Hz with a light chopper. Inset (b) displays the SPV spectra
of the ZnSe QD-sensitized nano-TiO; thin film with various substrate thin film layers. Inset (c) presents the SPV spectra of the ZnSe QD-sensitized
nano-TiO, thin film obtained at different sensitized temperatures. Inset (d) exhibits the SPV spectra of the ZnSe QD-sensitized nano-TiO, thin film
obtained at different sensitized times. Capital L in each of insets (b)—(d) refers to the number of nano-TiO; coating layers.
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Table 1. Relevant parameters of samples.

Sample?®
I I III
Physical quantity®
A1/nm 330 368 370
EgAUV—VIS/eV 3.16 (Eg,a) 2.75 (Eg,b) 2.20 (Eg"c)
AE,leV - 0.53 -
A2/ nm 300-387 360-710 300770
ki ko k| ke ky kv ke
Egspv/eV 32 185 210 273 | 1.62 268 3.16 3.18
AE;/eV - 0.53 (AEy.1) 0.67 (AEy, 1)
tils 7.06 x 1078 7.06 x 1078 7.06 x 1078
) 3.87x 1078 2.51x 1078 9.40 x 1078
t3/s 0 0 9.40 x 1078-2.96 x 10~*
tals 3.10x 1073 3.10x 1073 1.85x 1072
TPV character n-type p-type n-type

2 I: Nano-TiO; thin-film; II: ZnSe QDs; III: ZnSe QDs sensitized nano-TiO; thin-film.
Y21: wavelength corresponding to exciton peak; A,: wavelength region of the SPV response; Eg uv_vis optical band gap obtained by the UV-VIS
spectra; Eg spy: photoelectric threshold of the SPV spectrum at specific wavelength; AE,: quantum confinement energy calculated by Eq. (1); AEw;:
depth of QW; calculated by Eq. (2); #;: start time of TPV response in range 1; #;: end time of the TPV response in range 1; #3: duration of range 2 in

TPV spectrum; #4: end time of range 3 in TPV spectrum. k; (123,172 3/, or 4/)° knees in SPV spectrum.

4. Conclusions

In summary, the ZnSe QD-sensitized nano-TiO, photoan-
ode exhibits excellent time-resolved and steady-state photo-
voltaic characteristics. The results reveal that the L-Cys ligand
acts as a molecular linker between the QD sensitizer and the
nano-TiO; thin film substrate mainly by the carboxy groups.
A new FCC transport channel, which is formed at the phase in-
terface, may be responsible for the transformation of the TPV
characteristics from p-type for the QDs to n-type for the QD-
sensitized thin film, and for the enhanced and widened photo-
voltaic responses of the nanocomposite thin film. The specific

microstructures of the interface states between the QDs and

of photogenerated FCCs. This greatly increases the level of
electron injection into the photoanode. In addition, the results
confirm that the formula, which was previously proposed by
us and was used for evaluating the QW depth in the surface
SCR of group II/IV core—shell QDs, also used to evaluate the
QW depth in the interface SCR of the nanocomposite film con-
sisting of core—shell ZnSe QDs and La-doped nano-TiO;.
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Appendix A: Supporting information
1.0
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Fig. S1. (color online) Curves of (a) adsorption volume versus relative pressure, and (b) dV /dlogD versus pore diameter of as-prepared La-
doped and undoped nano-TiO; particles. Each of the two samples has a good mesoporous structure proved by IV-type adsorption—desorption
curve. And La-doped nano-TiO, displays a larger specific surface area (163.3 m2/g) than that (32.3 m2/g) of undoped nano-TiO,. The data are

obtained based on BET method (ASAP 2020 HD88, USA).
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Fig. S2. (color online) X-ray diffraction (XRD) patterns of (a) as-prepared La-doped and undoped nano-TiO, particles and (b) La-doped
nano-TiO, particles and thin-film. XRD patterns are recorded on a Rigaku D/max-2500/PC (Japan).
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z/cm Fig. S4. (color online) XRD patterns of ZnSe QDs prepared (curve a) at

Fig. S3. (color online) Plots of film thickness versus measuring length 90 °C and pH 11, and ((curves b—f) at room temperature and pH 8-12.

range x of as-prepared mesoporous La-doped nano-TiO with various Inset shows pH-dependent grain size of QDs prepared at the room tem-

coating layers. Film thickness values are recorded on XP-2 Stylus Pro- perature. The results show that the shell-ZnS prefers to grow at both
filometer (USA). (111) and (220) faces of the QDs prepared at room temperature. The

grain size of the QDs prepared at the room temperature is smaller than
that at 90 °C, and increases with pH value increasing from 8 to 12.
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Fig. SS. (color online) Room-temperature UV-VIS absorption spectra of ZnSe QD-sensitized TiO, thin film prepared (a;) at various layers of
the substrate thin film, (b;) at different sensitized temperatures, and (c;) at different sensitized times. Plots of corresponding Tauc relation,
hv—(othv)?, are illustrated in panels (ay), (bs), and (c), respectively. E, is the optical bandgap. Capital L refers to the number of La-doped
nano-TiO; coating layers. The absorption spectra are recorded on Lambda35, Perkin—-Elmer (USA).
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Fig. S6. Scanning electron microscope (SEM) images of the as-prepared
ZnSe QDs-sensitized TiO; thin film with three-layer structure substrate at
the sensitized temperature of 60 °C for (a) 1.5 h, (b) 3.0 h, (c) 5.0 h, and
(d) 7.0 h, respectively. SEM images are recorded on Shimadzu, SSX-550

(Japan).
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Fig. S7. (color online) SPV spectra versus wavelength of ZnSe QDs at dif-
ferent pH values. Inset shows pH-dependent intensity of SPV response of
kneel that corresponds to the core-ZnSe. Curve of pH values and the grain
size of the QDs are displayed in the inset of Fig. S4.
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