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Improved carrier transport in Mn:ZnSe quantum dots sensitized
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Mn:ZnSe/ZnS/L-Cys core-shell quantum dots (QDs) sensitized La-doped nano-TiO; thin film (QDSTF) was prepared.
X-ray photoelectron spectroscopy (XPS), nanosecond transient photovoltaic (TPV), and steady state surface photovoltaic
(SPV) technologies were used for probing the photoelectron behaviors in the Mn-doped QDSTF. The results revealed that
the Mn-doped QDSTF had a p-type TPV characteristic. The bottom of the conduction band of the QDs as a sensitizer was
just 0.86 eV above that of the La-doped nano-TiO» thin film, while the acceptor level of the doped Mn2* ions was located
at about 0.39 eV below and near the bottom of the conduction band of the QDs. The intensity of the SPV response of the
Mn-doped QDSTF at a specific wavelength was ~2.1 times higher than that of the undoped QDSTF. The region of the
SPV response of the Mn-doped QDSTF was extended by 191 nm to almost the whole visible region as compared with the
undoped QDSTF one. And the region of the TPV response of the Mn-doped QDSTF was also obviously wider than that of
the undoped QDSTEF. These PV characteristics of the Mn-doped QDSTF may be due to the prolonged lifetime and extended
diffusion length of photogenerated free charge carriers injected into the sensitized La-doped nano-TiO, thin film.
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1. Introduction

Quantum dots (QDs) have been widely studied over

1-9]

two decades! because of their unique electron struc-

ture characteristics such as tunability of the band gap,!'®!!]
size-dependent extinction coefficient,!'?! and multiple exci-
ton effect.[!3] As a new material, various QDs are now be-

(141 photonic

(7]

ing used in the fields of fluorescence labeling,

(15,161 photoelectron and microelectron devices,

[18

crystals,
and the third generation solar cells.['®] At present, QDs sen-
sitized solar cells (QDSSCs) have displayed potential appli-
cations especially in the renewable energy fields, and a big
room for improvement in the photovoltaic (PV) conversion
efficiency. Up to now, the study of II/VI group QDSSCs
mainly focuses on broadening the visible light absorption
range, and increasing the practical conversion efficiency close
to the limit conversion efficiency of solar cells sensitized by
the QDs. 19271

In our previous works, the self-assembled core-shell
CdTe/CdS/ligand, CdSe/CdS/ligand, and ZnSe/ZnS/ligand
QDs
respectively.!

were prepared via
28-31

the aqueous synthesis way,
1 The results revealed that the ligand and the
shell layer played not negligible roles in the gradual energy
band structure of these QDs. For examples, the ligand not
only improved the stability of the QDs, but also may change
the transport mechanism and adjust the transmission channel
of photogenerated free charge carriers (FCCs) in these QDs.

The outer-layer-ligand of these QDs as sensitizer played a

DOI: 10.1088/1674-1056/ab7742

molecular linker role between the QDs and nano-TiO; sub-
strate, except for those functions mentioned above. The shell
layer such as CdS or ZnS in these QDs should be responsi-
ble for the obvious quantum confinement effect in these quan-
tum systems, mainly because the energy band of the shell
layer was located in between those of the core and the outer
layer ligand. The study confirmed that ZnSe QDs-sensitized
nano-TiO; thin film (QDSTF) may become a potential can-
didate of photoanode, and the photoanodic properties proba-
bly determined the overall performance of QDSSCs, because
the ZnSe QDs sensitizer has better surface photovoltaic (SPV)
characteristics and lower toxicity than other members of I1I/VI
semiconductors.3?! Moreover, some characteristic of the pho-
toanode was closely related to the extended diffusion length of
photogenerated FCCs and increased level of electron injection
into the nano-TiO, substrate from the QDs sensitizer.33!

It was reported that doped QDs can improve some perfor-
mances of QDSSC. 3 In order to explore the effect of doping
manganese in ZnSe QDs on the photoelectron characteristics
of the QDSTF, in the present paper, Mn-doped ZnSe QDs were
synthesized by a low temperature aqueous-phase method, and
then Mn:ZnSe QDSTF was prepared by a modified chemi-
cal bath deposition (CBD) method. The assisting role of the
La-doped mesoporous nano-TiO; substrate, for improving the
carrier transport environment of the Mn:ZnSe QDSTF, was
discussed in the paper. A series of photophysical phenom-
ena of the Mn-doped QDSTF were probed via nanosecond
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transient photovoltaic (TPV) and steady state SPV technolo-
gies, x-ray photoelectron spectroscopy (XPS), and UV-VIS
absorption spectrum, supplemented by Fourier transform in-
frared (FTIR) spectrum, scanning electron microscopy (SEM),
and laser Raman spectrum.

2. Experimental details
2.1. La-doped mesoporous nano-TiO; thin film prepara-

tion

First, La-doped mesoporous nano-TiO, powder was syn-
thesized by the sol—gel method, in which polyethylene glycol
was used as a template. >33 Figure S1 shows the adsorption—
desorption curves and the distribution of the pore diameter
of the as-prepared La-doped and undoped mesoporous TiO»
nanocrystals. And the relevant surface parameters are listed
in Table S1. Then, the La-doped nano-TiO, thin film was
prepared by a knife coating method."*”! Briefly, the La-doped
nano-TiO; slurry was formed by adding both the as-prepared
La-doped TiO; nanoparticles and an appropriate quantity of
a-turpentine into an ethyl cellulose ethanol solution. The
slurry was stirred in the air until achieving an appropriate vis-
cosity. Fluorine-doped tin oxide (FTO) glass was coated with
the prepared TiO, slurry by the knife coating method. The
coated FTO glass was calcined at 450 °C for 0.5 h. 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 (XRD)
pattern of the prepared La-doped nano-TiO, powders and the
La-doped nano-TiO; thin film with the thickness of approxi-
mately 21 um, which was determined using a step measuring
instrument.

2.2. Mn-doped ZnSe QDs synthesis and the QDSTF prepa-
ration

The modified aqueous synthesis of Mn-doped ZnSe QDs
capped by L-Cys, similar to Ref. [29], involved the reaction
between selenium-, zinc-, and manganese-precursors. First,
the selenium precursor was prepared by mixing selenium pow-
der with a NaBH4 solution under stirring until the reaction
was completed. The achieved selenium precursor with the
concentration of sodium hydrogen selenide (NaHSe) equal to
0.167 mol/L was saved under the protection of nitrogen. Then,
Zn(CH3COO),, L-Cys, and Mn(CH3COO), were dissolved
into deionized water with stirring and degassing with N, at
pH 11 for 30 min. And then, the as-prepared Se-precursor was
added to the above mixed solution. The Mn-doped ZnSe QDs
solution was obtained after the mixed solution of selenium-,
zinc- and manganese-precursors reacted at the room tempera-
ture in the atmosphere of nitrogen for 3 h.

Mn-doped ZnSe QDs sensitized La-doped nano-TiO,
thin film was prepared by the CBD method.38! Briefly, the

TiO; thin film was placed at a certain angle in a beaker con-
taining the Mn-doped ZnSe QDs solution, and then transferred
with the beaker to an oil bath, deposited at 60 °C for 5 h. The
sensitized thin film was taken out and rinsed with deionized
water several times. Finally, the QDs sensitized thin film was
obtained after it was dried at 60 °C for 0.5 h.

2.3. Characterizations

XRD (Rigaku D/max-2500/PC, Japan) was used to
study the crystal structure of the as-prepared samples. The
Brunauer—-Emmett-Teller (BET) method (ASAP2020 HDSS,
USA) was used for detecting the specific surface area and
porous structure of the as-prepared samples. XPS (Thermo
ESCALAB 250 spectrometer with Al Ko excitation 1486 eV,
USA) was used to provide the information about the composi-
tion and valence state of the elements in the as-prepared QDs.
SEM (Hitachi S-4800, Japan) was used to study the micro-
morphology of the as-prepared samples. Raman spectroscopy
(Renishaw, England) was employed to inspect the molecular
structure in the as-prepared nano-TiO, thin films.

In our experiment, SPV and TPV spectra of the as-
prepared samples were detected by self-assembling devices,
respectively. Details for the SPV and TPV measurements were
described elsewhere.?>4°1 SPV and TPV techniques can be
used to obtain information on photoelectron behaviors at sur-
faces and phase interfaces because these techniques are by no
means only sensitive to surfaces. Instead, they are sensitive
to the entire surface space charge regions (SCRs) by super-
or sub-band gap absorption, and even to buried interfaces lo-
cated anywhere in the detected sample, as long as they can be
reached by photons.[#!]

3. Results and discussion
3.1. XPS analysis of Mn-doped ZnSe QDs

Figure 1 shows XPS of the as-prepared Mn-doped ZnSe
QDs. The full XPS spectrum is displayed in Fig. 1(a). The
characteristic peaks of C, Zn, Se, S, and Mn elements are dis-
played in Figs. 1(b)-1(f), respectively. Specifically, the two
peaks that were loacted at 284.6 eV and 288.13 eV in Fig. 1(b)
were related to the C—C and C=0 bonds, respectively.[*>+4]
The binding energy of Zn 2p;/, appeared at 1021.9 eV in
Fig. 1(c), which was 0.5 eV higher than its standard peak po-
sition (1021.4 eV). This implied that the binding energy of
the inner electron in Zn element of the QDs was increased.
Therefore, the QDs were formed by core-ZnSe, shell-ZnS, and
outlayer-ligand according to the results in Figs. 1(c)-1(e) and
Refs. [45,46]. More importantly, the characteristic peak of Mn
2p3/, was located at 641.8 eV in Fig. 1(f), which was in a good
agreement with that of MnSe molecule.*”) This means that
the Mn element was doped in Mn?* ion form, which partly re-
placed the vacancy of Zn>* ion and formed MnSe with Se?*
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ion. The XPS results of the Mn-doped ZnSe QDs were consis-
tent with that of the XRD pattern of the sample in Fig. S3. Ac-
cording to Refs. [48,49], the valence band maximum (VBM)
of a sample can be determined by the abscissa for the largest
external tangent of the band of the VB spectrum. Therefore,
the VBM of the as-prepared Mn:ZnSe/ZnS/L-Cys QDs was
1.34 eV as seen in Fig. 1(g), i.e., the energy level of the top
of the valence band of the as-prepared QDs was 1.34 V (vs.
H/H»).
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Fig. 1. XPS of as-prepared Mn-doped ZnSe/ZnS/L-Cys QDs. (a) Full
spectrum; (b)—(f) qualitative elementary analysis of the QDs; (g) va-

lence band spectrum of the QDs. Binding energy calibration is based
on C Is at 284.6 eV.
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3.2. Microstructure of the QDs-sensitized nano-TiO, thin
film

Figure 2 shows the SEM image of the mesoporous La-
doped nano-TiO; thin film before and after sensitized by the
Mn:ZnSe/ZnS/L-Cys QDs. The La-doped nano-TiO; sub-
strate with the three-layer structure of approximately 21 um
was chosen according to our previous work.>°! The aggrega-
tion of the La-doped nano-TiO; particles at the substrate sur-
face displayed the average size of 0.5 pm as shown in Fig. 2(a).
The substrate thin film provided a good adsorption environ-
ment to the Mn-doped QDs sensitizer as shown in Fig. Sl
and Table S1. The effect of La on the crystallization of nano-
TiO, was measured in our previous work.3!! From Ref. [51],

it can be inferred that the La-doping not only affects the sur-
face photovoltaic character of nano-TiO;, but also may im-
prove the photogenerated carriers’ transport in the prepared
QDSTF. The micromorphology of the thin film sensitized by
the Mn-doped QDs was superior to the substrate thin film in
terms of the smoothness and the filling degree in Fig. 2(b).
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Fig. 2. SEM images of the mesoporous La-doped nano-TiO; thin film
before sensitized (a) and after sensitized (b) by the Mn-doped ZnSe
QDs. The inset in (a) gives the thickness of the nano-TiO; thin film with
3 layers. Film thicknesses were recorded by XP-2 Stylus Profilometer
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Fig. 3. Raman spectra of the nano-TiO, thin film before and after sen-
sitized by the Mn-doped ZnSe QDs. Inset is the Raman spectrum of
crystalline ZnSe. Laser: 532 nm edge (mode: regular).

Laser Raman spectra of the thin films before and after
sensitized by the Mn-doped QDs are shown in Fig. 3. Ac-
cording to Ref. [52], anatase TiO, has six Raman vibration
modes (Ajg +2Bg + 3E,). Five of them appeared in the Ra-
man spectrum of the substrate La-doped nano-TiO, thin film
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in Fig. 3. This implied that the crystalline phase of the sub-
strate thin film was mainly composed of anatase TiO;. The
anatase structure has better photoelectric property than the ru-
tile phase.[*3*! Tt is noted that a Raman shift of the QDs sensi-
tized thin film appeared at 253 cm~! in Fig. 3. But, the Raman
spectrum of the unsensitized thin film did not show the Raman
shift at 253 cm~! in Fig. 3. According to Ref. [55], the Raman
shift was attributed to the longitudinal optical (1LO) vibration
mode of ZnSe as seen in the inset of Fig. 3. The result con-
firmed that the Mn-doped ZnSe QDs had been adsorbed on the
substrate thin film.

FTIR spectra of the as-prepared La-doped nano-TiO; thin
film, undoped QDSTF, Mn-doped QDSTF, and pure L-Cys
ligand are shown in Fig. 4. The peak located at 1634 cm™!
was identified to the stretching vibration of H-O-H bond of
the adsorbed water molecules.®! The peak at 1065 cm™~! was
due to the stretching vibration of H-O—H bond.’”! As com-
pared to the undoped QDSTF, the peak of the Mn-doped QD-
STF disappeared at 1065 cm ™!, which implied that the doped
Mn may inhibit the stretching vibration of H-O-H bond in the
L-Cys ligand. The narrow peak at 2552 cm~! resulted from
the stretching vibration of —SH groups, which appeared in the
FTIR spectrum of the pure L-Cys ligand, but disappeared in
that of the two prepared QDs-sensitized thin films. The result
suggested that the S—H bonds were broken during the forma-
tion of the two samples, and a ZnS shell layer was produced
between the core-ZnSe and the outlayer ligand. This was in

agreement with the results of XPS of the QDs in Fig. 1. In
addition, the XRD pattern of the QDs in Fig. S3 confirmed
the presence of the quasicrystal phase of ZnS in the QDs. Be-
sides, the stretching vibration of -COOH at 1600 cm ™! dis-
appeared in the spectra of the two QDSTFs. This was proba-
bly because the -COOH groups in the outlayer ligand of the
QDs formed O-Ti—O chemical bonds with the dangling bonds
on the surface of the nano-TiO, thin film. Therefore, the L-
Cys ligand not only was a stabilizer of the QDs, but played a
role of molecular linker between the QDs and the nano-TiO,
thin film. For clarity, the wavenumbers corresponding to the
main chemical bond vibrations of the four samples in Fig. 4
are listed in Table 1.
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Fig. 4. FTIR spectra of the pure ligand L-Cys, the La-doped nano-TiO,
thin film, the undoped QDSTF, and the Mn-doped QDSTF.

Table 1. Wavenumbers (cm™~') corresponding to some chemical bond vibrations extracted from the FTIR spectra of the four samples.

Vibration mode L-Cys ligand Mn-doped QDSTF Undoped QDSTF TiO; thin film
Us—H 2552 - —
VD _H 1634 1634 1634 1634
VEoo 1600 _ B
ScH2 1400 - -
vy Py 1065 1065 -

v: stretching vibration; §: bending vibration; superscript as denotes asymmetry; superscript awm denotes adsorbed water molecules.

3.3. Photoelectron characteristics analysis

Room temperature UV-VIS absorption spectra of three
types of nano-TiO; thin films are shown in Figs. 5(a)-5(c). An
obvious redshift of the absorption band edges was displayed,
from the absorption peak of the La-doped nano-TiO; thin film
at 366 nm in Fig. 5(a) to that of the QDs-sensitized nano-TiO»
thin film at 414 nm in Fig. 5(b), and to that of the Mn-doped
QDs-sensitized nano-TiO» thin film at 450 nm (c;) in Fig. 5(c).
The optical band gaps, E; yv—_vis, were estimated by using the
Tauc relation, 8!
listed in Table 2. The optical band gaps of the three thin films

as seen in the insets of Figs. 5(a)-5(c) and

were 2.84 eV, 2.33 eV, and 1.71 eV, respectively, as shown
in the insets of Fig. 5. That is, their band-to-band absorp-

tion edges were respectively 437 nm, 532 nm, and 725 nm,

resulting in the absorption range of visible light gradually ex-
tended following the above sequence. The shoulder peak at
502 nm (c¢;) in Fig. 5(c) may be closely related to the dopant
Mn. Obviously, the wide absorption range for sunlight should
be advantageous to the Mn-doped QDSTF as a photoanode.
Figure 6 shows the TPV spectroscopy of the as-prepared
samples. It is interesting that the polarity of the TPV response
of the undoped ZnSe QDs and the undoped QDSTF was pos-
itive, i.e., a positive TPV response, as shown in curves a; and
b in Figs. 6(a) and 6(b). Conversely, the negative polarity
of the TPV response of the Mn-doped ZnSe QDs and Mn-
doped QDSTF was shown in curves a; and b, in Figs. 6(a)
and 6(b). According to the literature, ! these Mn-doped sam-
ples had a p-type TPV characteristic because of their negative
TPV response upon illuminating. The p-type TPV character-
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istic resulted from the movement of negative charges, which
arised from the electron—hole pairs caused by the illumination
of laser pulse, from bulk to surface of the nanoparticles on the
illuminated side. However, it was the opposite situation for
these undoped samples. Therefore, it can be suggested that

Mn dopant in the QDs probably contributed to change the di-
rection of the photogenerated FCCs transport in the QDs and
the QDs-sensitized thin film, on the basis of the change of the
polarity of the TPV response of the sample before and after
doping Mn element in Fig. 6.

(b)
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Fig. 5. Room-temperature UV-VIS absorption spectra of (a) the as-prepared La-doped nano-TiO; thin film, (b) undoped QDSTEF, and (c)
Mn-doped QDSTF. The corresponding Tauc relations are illustrated in the insets.
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Fig. 6. TPV spectroscopy of (a) the undoped ZnSe QDs (a;), the Mn-doped ZnSe QDs (a;); (b) the undoped QDSTF (b;), and the Mn-doped
QDSTF (b;). Inset in (b) illustrates the home-build setup for TPV spectrum measurement, where the sample was illuminated by a laser with a

wavelength of 355 nm and an intensity of 20 pJ.

According to Ref. [60], the time range of the TPV re-
sponse depends on the proportion of the thickness of SCR to
the length of the photogenerated FCCs drift in SCR, and/or
on the diffusion distance of the electron—hole pairs. There-

fore, the diffusion length of the photogenerated electron-hole

pairs in the Mn-doped QDSTF should be much larger than that
in the undoped QDSTF, because the start time of the TPV re-
sponse was ahead from 8.36 x 1078 st07.53 x 1073 s, and the
end time was prolonged from 2.70 x 1073 s to 6.10 x 1073 s

as compared the former to the latter, as shown in Fig. 6. In
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a normal situation, the separation rate of electron—hole pairs
is faster than their recombination rate before achieving the ex-
trema of TPV responses. By contrast, the recombination rate is
faster than the separation rate after the extrema is achieved ac-
cording to Ref. [60]. Therefore, the range of the TPV response
of each sample in Fig. 6 can be divided into three regions I, II,
and III. Take the Mn-doped QDSTF as an example, the TPV
response disappeared in region I of curve b, in Fig. 6(b) be-
cause photogenerated FCCs would not be produced until the
time illuminated by the laser pulse reached 7.53 x 1078 s.
The absolute intensity of the negative TPV response in region
II of curve b, in Fig. 6(b) increased before the illumination
time reached 3.62 x 1077 s, where the intensity of the neg-
ative TPV response was up to the maximum of 5.42 mV. In
addition, an inflection point (IF) appeared at 2.8 x 107 s in
region III of curve b, in Fig. 6(b). This may be due to the
change in the proportion of the thickness of SCR to the diffu-
sion length of electron—hole pairs in the process of photogen-
erated FCCs transport.!°!l We propose that the inflection point
may be closely related to a boundary that was crossed during
charge migration from one SCR to another. In other words,
the slope of the band in region III of curve b, in Fig. 6(b) may
be changed when those photogenerated FCCs with negative
charge moved from one SCR to another. Clearly, the recombi-
nation rate of the electron—hole pairs was faster than their sep-
aration rate after the maximum was achieved, resulting in the
decreased intensity of the negative TPV response with time,
as shown in region III of curve b, in Fig. 6(b). In addition, a
horizontal area (¢-region) appeared in region III of curve b; in

Fig. 6(b). This phenomenon implied that the lifetime of some
photogenerated FCCs was prolonged, because the separation
rate of the electron—hole pairs was equal to their recombina-
tion rate in this region. The intensity of the negative TPV re-
sponse of the Mn-doped QDSTF was lower than that of the
undoped QDSTEF, as compared curve b, with b; in Fig. 6(b).
It seems that the photogenerated FCCs’ amount of the former
may be less than that of the latter. Consequently, Mn dopant in
the QDs helped to change the direction of the photogenerated
FCCs transport in the samples, and to prolong the photogen-
erated FCCs’ lifetime in spite of decreasing photogenerated
FCCs’ amount to a certain extent. For clarity, some relevant
parameters extracted by the TPV spectroscopy of the samples
are listed in Table 2.

8 Top illumination
knee 1 knee 3 knee 4
: FTO substrate
(Top electrode)
61 {
= ." sample
= HE
z P L
g aF i :
o P
%* H ~.\knee 5
= Mn-doped QDSTF V
= ol i ped Q
[aF H
n i :
ﬁun‘doped QDSTF ™=
330 nm 515 nm. 717 nm'.
' 1 1 5 1 1
300 400 500 600 700 800
Wavelength /nm

Fig. 7. SPV spectroscopy of the Mn-doped QDSTF and the undoped
QDSTF. Inset illustrates the home-build setup for SPV spectrum mea-
surement, in which the experiment irradiation was generated by using a
500 W Xe-arc lamp.

Table 2. Relevant parameters extracted from the UV-VIS absorption spectrum, SPV spectroscopy, and TPV spectroscopy of the
as-prepared undoped ZnSe QDs-sensitized nano-TiO, thin film and the as-prepared Mn:ZnSe QDs-sensitized nano-TiO; thin film.

Sample Undoped QDSTF Mn-doped QDSTF

Eguv-_vis/eV 2.33 1.71
Egspv / eV 2 40 knee 1 knee 2 knee 3 knee 4 knee 5
3.10 2.29 2.11 2.03 1.73

Inax TPV/MV 7.81 5.49

Imax spv 3.15 7.03

Rrpy/s 8.36x1078 —2.70 x 1073 7.53x107% —6.10 x 1073

Rspy/nm 212-581 212-775

Eg uv_vis is the optical bandgap of the samples extracted from the UV-VIS absorption spectra; Eg spy is the photoelectric threshold of the SPV
spectroscopy of the samples at the specific wavelength, such as the wavelengths of knees 1-5; Inax Tpv represents the absolute maximum of TPV
response intensity of the samples illuminated by the laser pulse with a wavelength of 355 nm and an energy of 20 pJ; Iynax spv represents the
maximum of SPV response intensity of the samples at 330 nm; Rrpy is the region of TPV response of the samples; Rspy is the region of SPV

response of the samples.

SPV spectroscopy of La-doped TiO; nanoparticles and
undoped TiO, nanoparticles is displayed in Fig. S4. The pho-
toelectric threshold of main-band gap of both nano-TiO; parti-
cles above was 3.2 eV, according to the abscissa of the largest
external tangent of the band, which was strongly dependent on
the band-band transfer transition of the photogenerated carri-

ers in the anatase phase. However, a shoulder peak appeared

at the wavelength 422 nm in the SPV spectroscopy of the un-
doped TiO; nanoparticles in Fig. S4. The photoelectric thresh-
old of the shoulder peak was 2.8 eV, which may be related to
the band-band transfer transition of the photogenerated carri-
ers in the rutile phase. This result indicated that lanthanum
ion doping in nano-TiO, may inhibited the formation of rutile

phase, which was consistent with the result of Raman spec-
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trum in Fig. 3. The SPV spectroscopy of the as-prepared Mn-
doped and undoped QDSTFs is shown in Fig. 7. By com-
paring the SPV spectroscopy of the Mn-doped QDSTF with
that of the undoped QDSTF, two outstanding SPV character-
istics of the former may be found in Fig. 7. One was that
the intensity of the SPV response of the Mn-doped QDSTF at
330 nm was 7.03 nV, which was ~2.1 times higher than that
of the undoped QDSTEF. The other was that the region of the
SPV response of the Mn-doped QDSTF extended by 191 nm
to the long-wavelength region of visible light compared to the
undoped QDSTF one, and covered almost the whole visible
region. These SPV characteristics of the Mn-doped QDSTF
were consistent with the results of the TPV spectroscopy of
the samples in Fig. 6. This confirmed that the photovoltaic
characteristic of the QDSTF may be greatly improved through
doping proper Mn** ion into the ZnSe QDs sensitizer. Specif-
ically, the photoelectric threshold, Eg spy, of the Mn-doped
and undoped QDSTFs was 1.73 eV and 2.40 eV, respectively.
These photoelectric thresholds were basically consistent with
their respective optical bandgaps obtained by the UV-VIS ab-

.}T . 7
o))

)| e

FTO

sorption spectra as listed in Table 2. Knees 1-5 appeared in the
SPV spectroscopy of the Mn-doped QDSTF in Fig. 7. Knee
1 located at 330 nm was strongly dependent on the SPV re-
sponse of the La-doped nano-TiO, thin film; knees 2—4 had
been identified as the SPV response of the ligand L-Cys, the
shell-ZnS, and the core-ZnSe, respectively.[*?] As compared
with the undoped QDSTF, the SPV responses of knees 2—4 of
the Mn-doped QDSTF were red-shift, respectively. The pho-
toelectric threshold of knee 5 should be smaller than that of
knees 2—4 because the former was located at the longer wave-
length region as compared with the later three knees. There-
fore, the lowest excited state level corresponding to knee 5
may be related to the electron level of Mn 2ps ;> in Fig. 1(f). In
other words, the decreased photoelectric threshold of the Mn-
doped QDSTF may result from the acceptor level of doped
Mn?" ion near and below the bottom of the conduction band
of the ZnSe QDs sensitizer as illustrated in Fig. 8. For clar-
ity, some relevant parameters extracted from the SPV spec-
troscopy of the samples are listed in Table 2.

Ch —1.06
Mn?* o 20 |
240 4, 73
3.20
J_L 1.34
Mn:ZnSe QDs 3.00 —L

La-doped nano-TiO

Fig. 8. Schematic diagram of electronic migration and energy levels (eV) in the Mn:ZnSe QDs sensitized La-doped nano-TiO; thin film,
according to the results extracted from the XPS and the SPV spectroscopy of the as-prepared samples. The band gap of La-doped nano-TiOy

was extracted from Fig. S4.

4. Conclusions

In summary, the combination of the low temperature
aqueous-phase way and the modified CBD method was used
to prepare Mn:ZnSe/ZnS/L-Cys core-shell QDs sensitized La-
doped nano-TiO; thin film. Photoelectron characteristics and
microstructure of the Mn-doped QDSTF were probed via XPS
and transient and steady state PV technologies, supplemented
by FTIR spectrum, UV-VIS absorption spectrum, and laser
Raman spectrum. The results confirmed that Mn element was
doped into the ZnSe QDs in Mn?* ion form, which partly re-
placed the vacancy of Zn>* ion and formed MnSe with Se?~
ion at the low temperature. The ligand L-Cys not only was
a stabilizer of the Mn-doped ZnSe QDs sensitizer, but also
played a role of molecular linker between the sensitizer and
the substrate. The research revealed that the La-doped nano-

TiO, thin film provided bigger specific surface and porosity,

and was composed of anatase phase with better photoelectric
property rather than rutile phase, as compared with the un-
doped nano-TiO; thin film. The results verified that the bot-
tom of the conduction band of the Mn:ZnSe QDs as a sensi-
tizer was just 0.86 eV above that of the substrate thin film. And
the acceptor level of the doped Mn>* ion was located at about
0.39 eV below and near the bottom of the conduction band of
the QDs. The study confirmed that the Mn-doped QDSTF had
a p-type TPV characteristic unlike the undoped QDSTF. The
advantages of the Mn-doped QDSTF were strongly dependent
on the microstructures mentioned above. Specifically, the in-
tensity of the SPV response of the Mn-doped QDSTF at the
specific wavelength was approx. 2.1 times higher than that
of the undoped QDSTEF. The region of the SPV response of
the Mn-doped QDSTF was extended by 191 nm to almost the

whole visible region as compared with that of the undoped
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QDSTF. The region of the TPV response of the Mn-doped
QDSTF also was obviously wider than that of the undoped
QDSTF although the extreme of the TPV response of the for-
mer was lower than the latter. These outstanding PV charac-
teristics of the Mn-doped QDSTF probably were derived from
the prolonged lifetime and extended diffusion length of pho-
togenerated FCCs injected into the La-doped nano-TiO; sub-
strate from the Mn:ZnSe QDs sensitizer.

Supplementary material

The adsorption—desorption isotherm and the pore size dis-
tribution pattern of the as-prepared TiO, nanoparticles are
shown in Fig. S1. The results confirmed that the La-doped
nano-TiO, was a mesoporous material according to the IV-
type adsorption—desorption isotherm. The specific surface and
porosity of the material were obviously increased by doping
lanthanum element into the TiO, nanoparticles as listed in Ta-
ble S1. The result indicated that the nano-TiO, thin film de-
posited on FTO substrate was composed of anatase phase as
seen in Fig. S2. A small quantity of MnSe was produced in the
doped ZnSe QDs, and the shell-ZnS was formed at between
the core-ZnSe and the ligand, as shown in the XRD pattern of
the samples in Fig. S3. The result certified that the SPV char-
acteristic of the La-doped TiO, nanoparticles was distinctly
better than that of the undoped TiO; nanoparticles in Fig. S4.
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