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  1.     Introduction 

 Colloidal quantum dots (QDs) have 
received considerable attention owing to 
their size-tunable bandgap over a wide 
range of energies, high photoluminescence 
quantum yield, low-cost solution process-
ability, and their widely tunable absorption 
and emission. [ 1 ]  Because of these features, 
QDs have been actively investigated for 
use in optoelectronic devices ranging 
from solar cells, light emitting devices, [ 2 ]  
chemical sensing, [ 3 ]  and biomedical fl uo-
rescence labels. [ 4 ]  Among these potential 
applications, the realization of low-cost 
and high effi ciency solar cells has been of 
particular interest due to their potential 
in meeting increasing social demands for 
clean and sustainable energy resources. 
Although much progress over the past 
few years has been made in the QD-based 
solar cells (QDSC), [ 5 ]  nonetheless the 
power conversion effi ciency (PCE) typi-

cally lags behind dye-sensitized solar cells [ 6 ]  and perovskite solar 
cells. [ 7 ]  One of the main reasons responsible for the low PCE 
of solid-state QDSCs [ 8 ]  is because the signifi cant fraction of the 
photon energy is lost during the charge transfer process, at least 
partly due to the mismatched energy offset between the lowest 
unoccupied molecular orbital (LUMO) of the low-bandgap 
semiconductor QD donor and the wide-bandgap semiconductor 
acceptor (e.g., TiO 2 ). Thus, it is necessary to form appropriate 
energy level diagram between electron donor and acceptor in 
virtue of adjusting either particle size or compositions. [ 8b ,   9 ]  So 
far, the understanding of the factors such as the effi cient charge 
generation, separation, transfer, and electron–hole recombina-
tion [ 10 ]  that limit their performances has greatly improved. [ 11 ]  For 
example, advanced time-resolved spectroscopies [ 12 ]  have been 
adopted to explore the photophysical mechanisms. However, to 
the best of our knowledge, the type of QD semiconductors that 
have been exploited for the third-generation thin-fi lm solar cells 
is limited so far and more endeavors are still needed to under-
stand the in-depth underlying physics within or at the interface 
of QDs/TiO 2  bulk heterojunction (BHJ). 

 Since the fi rst demonstration of QDSC, [ 13 ]  in which quantum 
dot semiconductors harvest visible light energy and a wide-
bandgap semiconductor (e.g., TiO 2 ) acts as electron extraction 
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media in a photoactive layer, [ 5c ]  there have been numerous 
attempts to improve the device performance by either opti-
mizing the device architecture or synthesizing new materials. 
Size quantization effect allows one to tune the visible response 
and vary the band energies to match the sun’s wide spectrum, 
thus proving driving forces to initiate charge injection from 
excited QDs into electrode surfaces. [ 14 ]  So far, emphasis has 
been placed on small bandgap semiconductor QDs such as 
CdS, PbS, CdSe, PbSe, etc, and exploiting their synthetic strat-
egies and the photophysical properties. [ 10b ,   15 ]  Since the very 
initial initiative for the development of solar cells is to explore 
environmentally clean alternate energy resources whereas cur-
rently QDSCs are mainly focused on highly toxic cadmium and 
lead chalcogenides, therefore, on one hand, it becomes neces-
sary to synthesize new semiconductor quantum dot materials. 
To date, researchers have largely restricted their QDs within rel-
ative narrow limits, such as II–VI, [ 16 ]  IV–VI, [ 10b ,   17 ]  carbon [ 18 ]  and 
silicon [ 19 ]  semiconductors, the exploring of Pb and/or Cd-free 
and relatively green QDs (e.g., neodymium chalcogenide) have 
been rarely touched so far. 

 In order to explore and develop new QD materials and 
also better understand the underlying working principles of 
these photovoltaic devices, herein, we target at and report 
the fi rst synthesis of the less toxic rare earth chalcogenides 

Nd 2 (S, Se, Te) 3  QDs via a simple and low-cost hydrothermal 
method to expand the range of quantum dot semiconduc-
tors in the quest of acquiring better energy level matching 
and reducing energy offset in all-solid-state QDs BHJs. Then, 
the structure, morphology, and composition of the prepared 
QD materials are characterized using transmission electron 
microscopy (TEM), X-ray diffraction (XRD), inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES), energy 
dispersive X-ray spectroscopy (EDS), and X-ray photoelectron 
spectroscopy (XPS), etc. Finally, the applications to photovoltaic 
devices of these three different types of QDs are proposed 
and in order to expound these differences, the optical proper-
ties, energy level diagram, and charge transfer dynamics of the 
novel Nd 2 (S, Se, Te) 3  QDs within the solid-state solar cells, etc., 
are separately studied.  

  2.     Results and Discussion 

 The prepared colloidal Nd 2 (S, Se, Te) 3  QDs are characterized 
by TEM and high-resolution TEM (HR-TEM). The morpholo-
gies of the prepared QDs are shown in  Figure    1  . An estimated 
distance spacing of 0.322, 0.290, and 0.313 nm was roughly 
evaluated from the lattice fringes for Nd 2 (S, Se, Te) 3  QDs, 
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 Figure 1.    Structural characterizations of Nd 2 (S, Se, Te) 3  QDs. a) The TEM images of Nd 2 S 3 , b) Nd 2 Se 3  , c) Nd 2 Te 3  QDs, and d) the histogram of the 
size distributions of the colloidal QDs. The insets highlight the HR-TEM images of Nd 2 (S, Se, Te) 3  QDs, respectively.
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respectively. These observed  d -spacing values are consistent 
with cubic structure of Nd 2 (S, Se, Te) 3  QDs. [ 20 ]  The statistical 
size distributions of Nd 2 (S, Se, Te) 3  QDs are roughly calcu-
lated by counting from at least 20 HR-TEM images and the 
results are displayed in Figure  1 d. The diameter of Nd 2 (S, Se, 
Te) 3  QDs falls within the narrow nanometer domain of about 
2–3.5, 5–7, and 3–4.5 nm, respectively and the corresponding 
average diameters are 2.9 (33%), 5.9 (48%), and 4.2 (37%) nm 
for Nd 2 S 3 , Nd 2 Se 3 , and Nd 2 Te 3  QDs, respectively.  

 In order to determine the fi nal concentration of each element, 
we tested transparent solution of the QDs using ICP-AES. By 
linear fi t of the ICP peak intensity of standard liquid, the rela-
tionship between the peak intensity and the concentration is 
revealed in  Figure    2  . The fi nal residual concentrations of the 
elements are shown in Table S1 in the Supporting Information. 
After equivalent mathematical conversion, the fi nal atomic 
ratios of Nd:S, Nd:Se, and Nd:Te for the three optimized QDs 
are determined to be 2:3.1, 2:3.2, and 2:2.9, respectively. This 
is in good agreement with those obtained from the EDS anal-
ysis (Figure S1, Supporting Information). That is, the atomic 
ratios of Nd:S, Nd:Se, and Nd:Te are calculated to be 2:3.13, 
2:3.4, and 2:3.3, respectively.  

 To investigate the valence states of the composing elements 
and the fi nal composition of QDs, XPS measurements were 
performed. As shown in  Figure    3  a, all of the QDs exhibit the 
3d band of Nd clearly, which consists of the 3d5/2and 3d3/2 
peaks and satellites. The asymmetric 3d5/2 and 3d3/2 profi les 
with shoulders are Gauss-fi tted to locate the satellite peaks 
from the 3d main peaks. The observation of satellite peaks in 

Nd is attributed to predominant mixing of 4f levels. [ 21 ]  Mean-
while, the main components, i.e., Nd 3d5/2 (983.2 eV) and 
Nd 3d3/2 (1005.6 eV) peaks with a spin-orbit coupling (Δ) of 
23.4 eV, are comparable to those observed in the related sys-
tems. [ 22 ]  Therefore, the Nd 3d peaks are unanimously assigned 
to the ground fi nal state of Nd 3+  ion, which remain well 
described with a relatively pure 4f 3  valence confi guration. [ 23 ]  
Besides, Figure  3 b reveals that the 2p3/2 and 2p1/2 peaks lie 
in the range of 160–164 eV, suggesting its S 2−  state. [ 24 ]  The Se 
3d5/2, Te 3d5/2, and Te 3d3/2 binding energies are observed at 
54.4, 571.6, and 581.6 eV, respectively, which confi rms the exist-
ence of Se 2−  and Te 2−  (Figure  3 c,d). [ 5c ,   25 ]  Finally, the composition 
of the QDs could be determined as Nd 2 (S, Se, Te) 3 . It is worth 
mentioning that the Se 3d spectrum should have two peaks for 
Se 3d3/2 and 3d5/2. However, because of the comparable inten-
sity (4:6), the close peak positions (3d3/2 at 55.36 eV, 3d5/2 at 
54.49 eV) are so close to each other, [ 26 ]  that the two peaks are 
not easy to be distinguished from each other. In particular, the 
width of each peak is about 0.77 eV, which is close to the peak–
peak difference. As a result, the Se 3d3/2 and 3d5/2 peaks are 
prone to combine to a single peak, thus leading to a broader 
width (≈2.0 eV) in the current Se 3d spectrum. Similar XPS Se 
3d results are obtained in some related QDs. [ 9e ,   27 ]   

 As confi rmed by XRD ( Figure    4  ), the crystal structures of 
the Nd 2 S 3 , Nd 2 Se 3 , and Nd 2 Te 3  QDs have been assigned as 
cubic, cubic, and orthorhombic structures, respectively. These 
are consistent with the standard patterns of JCD 00-026-1450, 
00-019-0823, and 00-018-0866, respectively. Distance spacings 
obtained from XRD patterns, i.e.,  d  = 0.348, 0.278, and 0.298 nm 
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 Figure 2.    Linear fi ts of the ICP peak intensity for the standard liquid as a function of different concentrations of a) Nd, b) S , c) Se, and d) Te.
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corresponding to the characteristic (211), (310), and (400) 
peaks pattern, are in agreement with those from their indi-
vidual standard cards, i.e.,  d  = 0.322, 0.290, and 0.313 nm for 
Nd 2 (S, Se, Te) 3 , respectively.  

 The effect of the different molar ratio of the Nd to S, Se, and 
Te precursors on the optical properties of colloidal QDs in water 
was studied and the results are shown in  Figure    5  . As displayed 
in Figure  5 a, all QDs have exhibited a broad absorption band 
ranging from 300 to 600 nm and the band gaps of the QDs are 
dependent on the molar ratios. It is found that signifi cant red-
shifts of the absorption band edge occur with increasing the 
loading amounts of S, Se, and Te precursors. Similar trends are 
also observed with photoluminescence (PL) spectra under light 
excited at 400 nm as demonstrated in Figure  5 b. A signifi cant 
redshift of the PL is clearly shown with increasing the initial 
loading, the PL peak gradually shifts to a longer wavelength 
and a wide emission spectrum is expanded to the visible range 
of 410–600 nm. Such shifts to longer wavelengths could be 
ascribed to the increase in size of QDs as observed and dis-
cussed elsewhere. [ 14a ,   28 ]  But note that the surface structure 
such as surface defects or surface engineering by ligands could 
also take part in affecting PL characteristics, thus giving rise to 
similar phenomenon. [ 9e ,   29 ]  However, it is hard to experimentally 
distinguish whether the emission originates from the intrinsic 
electronic states that are related to the QD sizes, or from the 
defect states depending on the QD surface structures and/or 
ligand agents. This area awaits systematic effort to be invested 
in future such as density functional theory calculations. More-
over, the intensity of the emission peaks gradually falls off and 
the broad emission spectra gradually disappear after further 
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 Figure 3.    XPS spectra of the QDs. a) XPS spectra of Nd 3d for Nd 2 (S, Se, Te) 3  QDs, b) XPS spectrum of S 3d for Nd 2 S 3  QDs, c) XPS spectrum of 
Se 3d for Nd 2 Se 3  QDs, and d) XPS spectrum of Te 3d for Nd 2 Te 3  QDs.

 Figure 4.    XRD patterns of the three optimized QDs and the corresponding 
standard patterns.
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increasing the loading amount of precursors, which is attrib-
uted to the expected Ostwald ripening accompanied by the 
introduction of unpredictable defect states during the growth 
of QDs, thus leading to the quenching of QD PL intensity. [ 30 ]  
Moreover, all of the UV–vis absorption spectra for colloidal 
Nd 2 (S, Se, Te) 3  QDs show a strong absorption peak centered at 
587 nm while two weak peaks are observed at 512 and 528 nm, 
which correspond to the direct excitation of the  4 I 9/2 → 4 G 5/2  
(587 nm),  4 I 9/2 → 4 G 9/2  (512 nm), and  4 I 9/2 → 4 G 7/2  (528 nm) tran-
sitions of the Nd 3+  ions, respectively. [ 31 ]  However, no obvious 
excitonic absorption peaks have been observed, even in dilute 
solutions. This phenomenon may be ascribed to the high 
degree of QD–QD electronic coupling, and defect states that are 
generally associated with disorder or imperfect QD surfaces, [ 32 ]  
which can bind excitons to compete with excitonic absorption 
and weaken excitonic absorption peaks. [ 33 ]  As newly devel-
oped QD materials, surface defect or disorder exists, a hint of 

which can be given from the XRD results and relatively still 
low quantum yield (Figure S3, Supporting Information). Sim-
ilar phenomenon has been observed in QD systems reported 
elsewhere. [ 32a ,   34 ]  Furthermore, Figure S2a in the Supporting 
Information shows the photograph of the QDs under natural 
light, exhibiting emission colors from opaque to dark brown, 
whereas Figure S2b in the Supporting Information displays 
the photograph of emission colors under 365 nm UV excita-
tion from bright blue to deep green, indicating a signifi cant 
bathochromic shift in the emission band that stems from the 
well-established size quantization effect by the dependence of 
the band gap on the particle size. Additionally, the infl uence of 
the precursor ratio in controlling the PL quantum yield (QY) of 
the three QDs is shown in Figure S3 in the Supporting Infor-
mation. In all cases, the QY decreases with the ratio of neo-
dymium to chalcogenide precursor (S, Se, or Te), indicating 
that the growth of all nanocrystals becomes a disadvantage 
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 Figure 5.    Optical properties of Nd 2 (S, Se, Te) 3  colloidal QDs. a) The UV–vis absorption spectra and b) PL emission spectra of Nd 2 (S, Se, Te) 3  QDs 
with different initial loadings of chalcogenide precursors.
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stage after forming the initial nucleation. Although the absorp-
tion band edges decrease with the molar ratio, which may lead 
to enhanced light absorption, however, their PL QYs become 
quite low and those absorbed photons tend to convert to heat 
without contributing to electric current. It is diffi cult to simulta-
neously achieve the maximum fl uorescence quantum yield and 
the largest absorption at this stage of development. Our results 
demonstrate that neither the QDs with the maximum absorp-
tion band edge nor the QDs with maximum emission intensity 
deliver the best photovoltaic performances. Instead, the QDs 
with modest absorption band edge and balanced QY (19.3%, 
24.2%, and 20.8% for Nd 2 S 3 , Nd 2 Se 3 , and Nd 2 Te 3 , respectively) 
deliver the best photovoltaic performances of the corresponding 
all-solid-state QDSCs. Finally, the external quantum effi ciency 
(EQE) measurements for the three optimized QDSCs were 
performed (Figure S4, Supporting Information). The EQE 
spectra closely match the corresponding absorption spectra for 
each QD. A notable shoulder peak located at about 580 nm is 
observed in the EQE spectra, which is attributed to the strong 
characteristic absorption of Nd species. The Nd 2 Se 3  QDSC dis-
plays wider EQE spectrum (up to 650 nm) and much higher 
EQE values than other QDs in the whole photoresponse range. 
This may be associated with its smaller bandgap and faster 
charge transfer rate as will be discussed below.  

 Next, the potential application of synthesized Nd 2 (S, Se, 
Te) 3  QDs to solar cells was demonstrated by fabricating 
QDSCs, in which Nd 2 (S, Se, Te) 3  QDs are used as elec-
tron donor and TiO 2  acts as electron acceptor, through a 
subsequent deposition or coating of QDs/TiO 2  BHJ, poly 
(3,4-ethylenedioxylenethiophene)-poly(4-stylene sulfonic acid) 
(PEDOT:PSS) and Pt electrode on fl uorine-doped tin oxide 
(FTO) substrate as demonstrated in  Figure    6  c. The morphol-
ogies of pure TiO 2  and TiO 2 /QDs BHJ fi lms are shown in 
Figure  6 a,b, respectively. It can be observed from Figure  6 a 
that the surface of the TiO 2  acceptor (particle diameter of about 
≈20–30 nm) clearly exhibits a loose and porous structure, 
which, on one hand, is prone to readily adsorb QDs in the 
porosity [ 35 ]  in virtue of intermolecular attractive forces [ 36 ] ; on the 
other hand, favors the p–n contact for BHJ and offers channels 
for Nd 2 (S, Se, Te) 3  QDs across the acceptor layer. It is worth 
mentioning that the GSH-modifi ed QDs can bring about –
COOH functional groups, which favors the QDs to anchor onto 
the TiO 2  surface. In contrast, the morphology of TiO 2 /QDs BHJ 
(Figure  6 b) indicates that the QDs have been uniformly pen-
etrated into or covered on the TiO 2  acceptor layer. To further 
characterize the structure of TiO 2 /QDs BHJ, the cross-sectional 
scanning electron microscope (SEM) image of BHJ is shown in 
Figure  6 e, in which different layers and their individual thick-
ness of FTO, BHJ can be clearly distinguished, and the thick-
ness of BHJ including n-TiO 2  and p-QDs is estimated to be 
about 250 nm. As highlighted in the insert of Figure  6 e, the 
porous structure of bare TiO 2  layer is clearly displayed. Besides, 
cross-sectional X-ray elemental mapping further confi rm that 
Nd 2 Se 3  QDs permeate well into the TiO 2  as shown in Figure S5 
in the Supporting Information. And it also reveals that the 
thickness of Nd 2 Se 3  QDs is about 400 nm, which is slightly 
thicker than that of TiO 2  and further confi rms that many QDs 
should have covered or deposited both on the TiO 2  surface and 
trapped into porous TiO 2  layer.  

 Initially, we chose the QDs with different fl uorescence emis-
sion to fabricate solid-state QDSCs for photocurrent–voltage 
( J–V ) characterization as shown in Figure S6 in the Supporting 
Information and the photovoltaic parameters of QDSCs are 
summarized in Table S2 in the Supporting Information. 
Unfortunately, neither the QDs with the maximum absorp-
tion band edge nor the QDs with maximum emission inten-
sity deliver best photovoltaic performances. Instead, the QDs 
with modest absorption band edge and considerable emission 
intensity deliver the best photovoltaic performances. In detail, 
the optimized ratios of neodymium to chalcogenide precursors 
(S, Se, and Te) are found to be 1:0.675, 1:0.650, and 1:0.275, 
respectively. As mentioned above, with further increasing the 
precursor concentration, although the light harvest spectrum of 
the QDs is broadened, nonetheless the PL intensity is reduced 
quickly (Figure  5  and Figure S3, Supporting Information). 
Therefore, the solar energy absorbed by the QDs is ineffi ciently 
converted due to the undesired defect states introduced during 
the growth of nanocrystals. Therefore, the device performances 
of solid-state QDSCs based on the optimized QDs were exam-
ined for fi ve times (Figure  6 d) and the photovoltaic parameters 
are summarized in  Table    1  . Under the identical experimental 
conditions, the QDSCs made from Nd 2 Se 3  QDs exhibit the 
highest open-circuit voltage ( V  oc ) of 0.675 V and short-circuit 
current density ( J  sc ) of 8.30 mA cm −2 , thus demonstrating 
better performances than the other two types of solar cells, and 
achieve a decent PCE of 3.19%.  

 Notwithstanding, the three QDs exhibit similar band gap 
and the emission peak, now what is the driving force for such 
difference in the device performance?  V  OC  can be estimated 
according to the following relationship  [ 37 ] 

    | HOMO | | LUMO | InOC D A

2

V
kT

q

N

np
eff= − −

⎛
⎝⎜

⎞
⎠⎟

  (1) 

 where HOMO D  is the highest occupied molecular orbital 
(HOMO) of the donor, LUMO A  is the LUMO of the acceptor, 
 k  is the Boltzmann constant,  q  is the elementary charge,  T  is 
temperature,  N  eff  is the effective density of state, and  n ,  p  are 
the concentrations of electrons and holes, respectively. This 
relationship demonstrates that the  V  oc  is determined by the 
energy offset between HOMO D  and LUMO A . If the third term 
could be ignored, the more negative of C (i.e., HOMO) will give 
rise to a higher  V  oc . In this sense, Nd 2 Se 3  should have a higher 
value of  V  oc  than other two types of QDs and this is consistent 
with our measured results. Note that the photoexcited charge 
transfer at the interface is pertinent to the energy level forma-
tion between the donor and the acceptor. Moreover, it has been 
revealed that narrow energy difference between valence band 
(VB) of the donor (QDs herein) and the conduction band (CB) 
of the acceptor (TiO 2 ), i.e.,  E  DA , will suppress saturated dark 
current of the solar cells according to the relationship  [ 9b ] 

    
exp0 00

DAJ J
E

nkT
= −⎛

⎝⎜
⎞
⎠⎟   

(2)
 

 where  k  is the Boltzmann constant,  T  temperature,  J  0  the sat-
urated dark current density,  J  00  a factor for recombination of 
excitons (i.e., the bound electron–hole pairs), and  n  the diode 
ideality factor. As shown in Figure  8 b and Table  3 , the Nd 2 Se 3 /
TiO 2  not only shows a largest value of  E  DA  than its counterparts, 
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but also exhibits the longest PL lifetime (7199 ps) and fastest 
charge transfer rate (2.02 × 10 9  s −1 ), all of which favor the 
photocurrent generation and suppress saturated dark current. 

Although it is not straightforward to explain the increase of  J  sc  
from the viewpoint of optical characteristics, nonetheless the 
reduced electron–hole pair recombination, enhanced charge 
transfer rate together with narrower band gap can theoretically 
provide useful insight into the increased  J  sc .  

  Next, the energy level diagram of Nd 2 (S, Se, Te) 3  QDs/TiO 2  
will be separately explored by the cyclic voltammetry (CV) char-
acteristics, [ 38 ]  Mott–Schottky method along with UV–vis absorp-
tion spectra [ 39 ]  and UV photoelectron spectroscopy (UPS). CV 
is a promising and low-cost method to measure the absolute 
energy levels in semiconductor QDs, but is critically dependent 
on the medium where measurements are performed. Organic 
electrolyte such as tetrabutylammonium hexafl uorophosphate 
(TBAPF 6 ) is preferred due to their broad potential window 
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 Figure 6.    The morphologies and photovoltaic performances of nanostructured solid-state QDSCs. SEM images of a) pure TiO 2  and b) QDs/TiO 2  BHJ 
fi lms, c) schematic diagram of the structure of QDSCs, d) photocurrent–voltage ( J – V ) characteristics of solid-state QDSCs made from TiO 2 /Nd 2 (S, Se, Te) 3  
QDs, and e) Cross-sectional SEM image of QDs/TiO 2  BHJ. The insert highlights the cross-sectional SEM image of pure TiO 2  coated on FTO glass.

  Table 1.    Photoelectric properties of solid-state QDSCs based on dif-
ferent QDs. 

BHJs  V  oc  
[V]

 J  sc  
[mA cm −2 ]

FF 
[%]

 η  a)  
[%]

Nd 2 S 3 /TiO 2 0.631 ± 0.004 7.32 ± 0.13 53.2 ± 0.9 2.46 ± 0.03

Nd 2 Se 3 /TiO 2 0.675 ± 0.006 8.30 ± 0.09 57.1 ± 1.1 3.19 ± 0.04

Nd 2 Te 3 /TiO 2 0.651 ± 0.005 7.71 ± 0.23 53.5 ± 1.1 2.68 ± 0.05

    a)  η  =  J  sc   V  oc  FF/ P  in , where  P  in  = 100 mW cm −2  (AM 1.5).   
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available, which can provide very informative voltammograms 
about band edges and defect states for QDs. [ 16d ,   40 ]  As observed 
from the CV characteristics in  Figure    7  a, both the oxidation 
and reduction waves of the Nd 2 (S, Se, Te) 3  QD fi lms are clearly 
revealed, implying that the fi lms have the good capability to 
transport electrons and holes. All the electrochemical parameters 
are summarized in  Table    2  . Upon sweeping the fi lms cathodi-
cally, the CB energy levels of the Nd 2 (S, Se, Te) 3  QDs/TiO 2  fi lms 
are individually estimated to be −3.71, −3.89, −3.86 eV, respec-
tively. Meanwhile, upon anodic sweep, the VB energy levels cor-
responding to the peak potentials of Nd 2 (S, Se, Te) 3  QDs/TiO 2  
fi lms are determined to be −5.99, −6.09, and −6.07 eV, respec-
tively. The energy levels of HOMO (VB) and LUMO (CB edge) 
can be calculated using the following formula: HOMO (or 
LUMO) (eV) = −4.8−( E − E  1/2 ), where  E  is a peak point of the 
redox potential,  E  1/2  is the ferrocene potential against Ag/Ag +  
system ( E  1/2  vs Ag/Ag +  = 0.09 eV), which should be measured 
in the electrolyte solution using the same reference electrode, 
and −4.80 eV is the energy level in the vacuum.  

 Besides, Mott–Schottky plots together with UV–vis absorp-
tion spectra are used to separately estimate the CB and VB 
energy levels of the QDs fi lms as shown in Figure  7 b,c, respec-
tively. The electrochemical parameters including CB, VB, 
band gap determined by CV and Mott–Schottky method along 
with UV–vis absorption spectra are listed in Table  2 . It can be 

observed that the results obtained from the UV–vis absorption 
spectra and Mott–Schottky method are in reasonable agree-
ment with those determined from the CV characteristics, indi-
cating that our experiments are performed on a reliable and 
comparable basis. The energy offsets between the CB energy 
level of Nd 2 (S, Se, Te) 3  QDs and LUMO of TiO 2  as shown in 
Figure  7 d are 0.41, 0.31, and 0.34 eV, respectively. The results 
show that the relative positions of both VB and CB have 
changed as compared with pure TiO 2 , which are important for 
the intended desired charge transfer of BHJs and are discussed 
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 Figure 7.    The energy band of Nd 2 (S, Se, Te) 3  QDs. a) CV characteristics, b) Mott–Schottky curves, c) UV–vis absorption spectra, and d) energy level 
diagram of Nd 2 (S, Se, Te) 3  QDs.

  Table 2.    Electrochemical parameters of the Nd 2 (S, Se, Te) 3  QDs/TiO 2  
fi lms.  

Films red
a)E  

[ V ]/CB[eV]
OX

a)E
[V]/VB[eV])

g
a)E

[eV]
Flat-band 

potential[V]/CB b)  [eV]
g
b)E

[eV]
VB b)  
[V]

Nd 2 S 3 −1.00/−3.71 1.28/−5.99 2.28 −0.90/−3.81 2.41 −6.22

Nd 2 Se 3 −0.82/−3.89 1.38/−6.09 2.20 −0.73/−3.98 2.32 −6.30

Nd 2 Te 3 −0.85/−3.86 1.36/−6.07 2.21 −0.76/−3.95 2.39 −6.34

    a) Electrochemical parameters were obtained from CVs. The band gap was calculated 
from the difference between VB and CB values;  b) The CB values were determined 
by Mott–Schottky plots and the band gap was estimated from the UV–vis spec-
trum, then the VB values were derived from the difference between CB and band 
gap values.   
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below. Among the three types of QDs, Nd 2 Se 3  QDs have the 
smallest band gap and CB-LUMO energy offset. 

 Apart from the electrochemical methods, UPS was applied 
to separately explore the occupied electronic states of the QDs 
for comparison, thus allowing one to obtain the value of Fermi 
level and the VB level from the low-binding energy cutoff and 
energy cutoff, respectively. [ 32b ,   40,41 ]  The full UPS spectra and the 
energy differences are shown in  Figure    8  a, from which both 
Fermi level ( E  f ) and VB with respect to the vacuum level are 
derived. Figure  8 c,d displays the enlarged views of the cutoff 
regions, respectively, and the onset values are determined from 
the intersection of a linear extrapolation from the cutoff region to 
the baseline.  Table    3   summarizes the energies of the VB, Fermi 
level, and CB levels that are determined by CB = VB +  E  g  ( E  g  is 
the optical bandgap). The Nd 2 Se 3  QDs reveal a deeper VB level, 
i.e., −6.40 eV as compared to Nd 2 S 3  and Nd 2 Te 3  QDs. The band 
gap was determined from the UV–vis absorption spectrum 
(Figure  4 a) using the following relationship:  E  g  = 1240/ λ  eV, 
where  λ  is the onset absorption wavelength.  

 Next, we will demonstrate that the reduction of the ‘excess 
energy’ offset at donor/acceptor indeed enables more energetic 
electron transfer to the interface and leads to better charge col-
lection and correspondingly higher current density. [ 13,42 ]  The 
comparative studies of Nd 2 (S, Se, Te) 3  QD neat fi lms against 
Nd 2 (S, Se, Te) 3  QDs/TiO 2  blend fi lms enable the identifi -
cation of the role of QDs in the electron transfer at the BHJ 

interfaces. The time-resolved single-photon counting PL decays 
are shown in  Figure    9  a–c. Laser excitation of Nd 2 (S, Se, Te) 3  
QDs that were absorbed on TiO 2  results in electron(e)–hole 
(h) separation  ( reaction 1)  , followed by either recombination 
of the charge carriers  ( reaction 2)   or an additional deactivation 
pathway for the bleaching recovery, in which photogenerated 
electrons are injected into the TiO 2  nanoparticles  ( reaction 3)  

    Nd (S,Se, Te) + Nd (S,Se, Te) ( + )2 3 2 3hv h e→   ( reaction 1)  

    Nd (S,Se, Te) ( + ) Nd (S,Se, Te) +2 3 2 3h e hv→ ′   ( reaction 2)  

    Nd (S,Se, Te) ( ) + TiO Nd (S,Se, Te) +TiO ( )2 3 2 2 3 2e e→   ( reaction 3)    

 The bleaching revovery occurs with a range of heterogeneous 
kinetics but can be fi tted to a sum of two-exponential function 
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 Figure 8.    a) Full UPS spectra of Nd 2 S 3 , Nd 2 Se 3 , and Nd 2 Te 3  QDs, b) energy level diagram of the QDs, c) magnifi ed views of the low-binding-energy 
cutoff, and d) high-binding -energy cutoff regions.

  Table 3.    Energy-cutoff values from UPS measurements and the energy 
level values with respect to vacuum level.  

QDs  E  fcutoff  
[eV]

VB cuttoff  
[eV]

E f  
[eV]

VB 
[eV]

Nd 2 S 3 15.89 0.58 −5.33 −5.91

Nd 2 Se 3 15.72 0.90 −5.50 −6.40

Nd 2 Te 3 15.85 0.72 −5.37 −6.09
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(Equation  ( 3)  ), which was found to be satisfactory in determina-
tion of emission lifetimes 

    ( ) [ exp( / ) exp( / )] ( )1 1 2 2I t a t a t F tτ τ= − + − ⊗   (3) 

 where  F ( t ) is the impulse response function (IRF),  a  is the 
amplitude, and  τ  is the time constant.  F ( t ) is related with half 
width at half-maximum (HWHM) of the pulse duration and 
then fi tted to the data points in order to numerically simulate 
the measured fl uorescence dynamics. These values were then 
used to estimate the average lifetime τ  of Nd 2 (S, Se, Te) 3  
emission decay using Eq.  ( 4)  

    

1 1
2

2 2
2

1 1 1 2

a a

a a
τ τ τ

τ τ
=

+
+   

(4)
   

 The electron transfer (or injection) rate constant can be 
obtained from Eq.  ( 5)   as follows 

    
1 1

et
Nd (S,Se,Te) /TiO Nd (S,Se,Te)2 3 2 2 3

k
τ τ

= −   (5)   

 The average fl uorescence life times τ  of the different neat 
QD fi lms are individually determined to be 5.7, 7.2, and 6.3 ns 

for Nd 2 (S, Se, Te) 3  QDs, respectively, as shown in  Table    4  . After 
QDs were incorporated into and interfaced with the electron 
extraction TiO 2  layer, the PL emission is greatly quenched after 
about 500 ps and the PL lifetimes were substantially shortened, 
indicating that there exists a strong photoexcited charge carrier 
transfer at the interface of the BHJs. And the fi tted PL lifetimes 
 τ  heterojuction  (i.e.,  τ  Nd2(S,  Se, Te) + TiO2 ) were determined to be 
821, 495, and 751 ps for Nd 2 S 3 /TiO 2 , Nd 2 Se 3 /TiO 2 , and Nd 2 Te 3 /
TiO 2 , respectively. Correspondingly, according to the Eq.  ( 5)  , the 
charge transfer rate  k  ct  can be estimated to be 1.22, 2.02, and 
1.33 × 10 9  s −1  for Nd 2 S 3 /TiO 2 , Nd 2 Se 3 /TiO 2 , and Nd 2 Te 3 /TiO 2  
BHJs, respectively, indicating that much faster charge carrier 
transfer occurs at the Nd 2 Se 3 /TiO 2  interface than Nd 2 S 3 /TiO 2  
and Nd 2 Te 3 /TiO 2  interfaces. 

  In order to further enquire into the photoexcited charge 
transfer dynamics and electron injection rate from QDs to TiO 2  
substrate, the femtosecond transient absorption spectroscopy 
was applied to investigate the electron injection and recombina-
tion dynamics. As shown in Figure  9 d, the positive singal probed 
at 570 nm is ascribed to the photoinduced excited state absorp-
tions (PA) originating from the so-called state-fi lling effects. [ 43 ]  
analysis of the PA transients would provide detailed insight 
into the photoexcited electron dynamics. It can be observed that 
all the fi lms exhibit a prominent symmetrical peak near zero 

 Figure 9.    a–c) Normalized femtosecond transient absorption decays of pure Nd 2 (S, Se, Te) 3  QD neat fi lms (open circle) and Nd 2 (S, Se, Te) 3  QD/TiO 2  
blend fi lms (solid circle), and d) highlights comparative plots of normalized femtosecond transient absorption (TA) decays of the three blend fi lms.
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delay, which is assigned to the prominent contributions from 
the electronic hyperpolarizability. Subsequently, a fast decay 
with decay time  τ  vib  that originates from the vibronic relaxa-
tions of the QDs is clearly shown in the time domain ≈1–5 ps. 
Finally, a long tail dominates the contribution in long time 
delay, which can be ascribed to the charge transfer at the inter-
face. Therefore, we decompose the PA signals of these fi lms 
into three dynamically distinct components. All these transients 
were fi tted with a biexponential function (Supporting Informa-
tion), [ 44 ]  and the fi tted constants were sumarized in Table S3 
in the Supporting Information. Using the lifetime values, 
electron-transfer rates were calculated using Equation  ( 5)   
and listed in Table  3 . We found that the charge transfer rates 
 k  ct  are 1.25, 2.50, and 2.00 × 10 9  s −1  for Nd 2 S 3 , Nd 2 Se 3 , and 
Nd 2 Te 3  QD BHJs, respectively, which are in reasonable agree-
ment with the time-resolved PL results. Consequently, Nd 2 Se 3 /
TiO 2  BHJ with the smallest but still large enough CB–CB offset 
to break the Coulomb attraction (typically ≈0.1–0.5 eV) leads to 
the fastest charge transfer. The reduction of the ‘excess’ energy 
offset should be responsible for the shorter electron transfer 
lifetime at the interface of BHJ. The orgin of the decrease in 
the transfer lifetime with reducing the energy offset can be 
explained by the fact that the energy offset is located in Marcus 
“inverted” region, [ 45 ]  in which the electron transfer becomes 
much faster due to the decreased energy offset. [ 8b ]  Since hole 
extraction from QD to the PEDOT:PSS layer should be equally 
important to the electron transfer from the QD to TiO 2 , here 
time-integrated PL spectra were carried out to explore the elec-
tron and hole transfer at the interface (Figure S7, Supporting 
Information). The PL intensities are greatly reduced in both 
TiO 2 /QDs and QDs/PEDOT:PSS blend fi lms as compared with 
pure QDs. This suggests that a higher degree of the photo-
induced electron/hole transfer has occurred in the BHJs.  

  3.     Conclusion 

 We have successfully prepared the Nd-VI QD sensitizers for 
the fi rst time, i.e., Nd 2 (S, Se, Te) 3  QDs, as a lighter absorber via 
solution-processed method, and their optical and photophysical 
properties were studied by spectroscopic and photoelectro-
chemical techniques. The composition and chemical status 
of the synthesized QDs have been analyzed using ICP-AES 

together with EDS and XPS, respectively. The sizes of the QDs 
were controlled by varying the ratios of Nd to chalcogenide 
precursors (e.g., S, Se, Te) and the optimum ratios were 
obtained by exploring the optical properties. The results show 
that both the absorption band and the emission band have been 
redshifted, thus leading to an improvement in light harvesting, 
and Nd 2 S 3 , Nd 2 Se 3 , and Nd 2 Te 3  QDs exhibit the most signifi -
cant redshift simultaneously without completely sacrifi cing 
PL intensity at the molar ratio of 1:0.675, 1:0.65, and 1: 0.275, 
respectively. The averaged diameters of the as-prepared QDs at 
the optimum ratios are 2.9, 5.9, and 4.2 nm for Nd 2 S 3 , Nd 2 Se 3 , 
and Nd 2 Te 3  QDs, respectively. The energy level diagram of the 
QDs was separately examined using UPS, CVs, and Mott–
Schottky method together with UV–vis absorption spectra, 
indicating that Nd 2 Se 3  QDs present much smaller energy offset 
between the CB energy level and LUMO of TiO 2  (0.31 eV only) 
than Nd 2 S 3  and Nd 2 Te 3  QDs do. Consequently, the electron 
transfer lifetime of Nd 2 Se 3  QDs (≈0.5 ns) becomes much faster 
than those of Nd 2 S 3  and Nd 2 Te 3  QDs. The potential of the wide 
adsorption QDs in photovoltaics was demonstrated by engi-
neering novel rare-earth chalcogenide QDs and a decent PCE of 
3.19% was achieved for Nd 2 Se 3  QDs.  

  4.     Experimental Section 
  Materials : Chemical reagents including tetrabutyl titanate, 

polyethylene glycol (PEG, molecular weight of 20 000), P25(Degussa), 
nitric acid, acetic acid, acetone, octyl polyethylene (OP) emulsifying 
agent (Triton X-100), neodymium nitrate hexahydrate, glutathione 
(GSH), isopropanol, sodium borohydride, sodium sulfi de, selenium,  
tellurium, absolute ethanol are analytic purity and purchased from 
Sigma-Aldrich Ltd., Hongkong, China. The PEDOT: PSS was provided 
by Aldrich. FTO glass (sheet resistance 8 Ω cm −2 ) was purchased from 
Hartford Glass Co., USA. 

  Preparation of n-Type-TiO2 Colloid : TiO 2  colloid was prepared by the 
procedures in a similar way as done in the previous works. [ 38b ,   39b ]  Briefl y, 
tetrabutyl titanate (10 mL) was added to distilled water (100 mL) under 
stirring, followed by a white precipitate immediately. The precipitate 
was fi ltered, washed with distilled water, and then transferred to a 
mixed solution (150 mL) containing nitric acid (1 mL) and acetic acid 
(10 mL) at 80 °C. Finally, the mixture was hydrothermally treated in an 
autoclave at 200 °C for 24 h to form a colloid of TiO 2 . Subsequently, 
the P25 (0.075 g) were added in TiO 2  colloid by repeating crystallization 
at 200 °C for 12 h. At last, the resultant slurry was concentrated by a 
thermal evaporation and PEG-20000 (0.5 g) and a few drops of the 
Triton X-100 emulsifi cation reagent were added and an even and stable 
n-type TiO 2  colloid was produced. 

  Preparation of S, Se, and Te Precursors : As for the Se precursor, a 
mixture of selenium powder (0.1 g) and absolute ethanol (20 mL) was 
prepared at room temperature. Subsequently, sodium borohydride 
(0.12 g) was quickly injected to the mixed solution under nitrogen 
atmosphere and under vigorous stirring a colorless Se precursor was 
formed; as for the preparation of Te precursor, tellurium (0.05 g) was 
dissolved into deionized water (25 mL) at room temperature, followed 
by quickly injecting sodium borohydride (0.25 g) into the mixed solution, 
and after vigorous stirring under nitrogen atmosphere, the colorless Te 
precursor was formed (NaHTe that exists in the form of HTe − ); as for 
the preparation of S precursor, sodium sulfi de (1.95 g) was completely 
dissolved into deionized water (250 mL) at room temperature under N 2  
atmosphere and then under vigorous stirring, the colorless S precursor 
was formed. 

  Preparation of GSH-modifi ed Nd 2 (S, Se, Te) 3  QDs : A series of aqueous 
colloidal Nd 2 (S, Se, Te) 3  QDs were prepared in the presence of GSH 
as stabilizing agent. [ 46 ]  Briefl y, 0.1  M  neodymium nitrate hexahydrate 

  Table 4.    Kinetic parameters obtained from fi ts to time-resolved PL and 
TA decays.  

Kinetic 
parameters

 a  1  a  2  τ  1  
[ps]

 τ  2  
[ps]

τ  
[ps]

 k  et  a)  
[×10 9  s −1 ]

 k  et  b)  
[×10 9  s −1 ]

Nd 2 S 3 0.64 0.51 970 ± 80 6555 ± 226 5680 1.22 1.25

Nd 2 S 3 /TiO 2 0.77 0.42 267 ± 24 1074 ± 108 821   

Nd 2 Se 3 0.67 0.57 950 ± 107 8078 ± 292 7199 2.02 2.50

Nd 2 Se 3 /TiO 2 0.85 0.23 149 ± 8 750 ± 13 495   

Nd 2 Te 3 0.58 0.39 1205 ± 276 7500 ± 386 6286 1.33 2.00

Nd 2 Te 3 /TiO 2 0.60 0.37 411 ± 25 982 ± 65 751   

    a)  k  et  is obtained from time-resolved PL results while;  b)  k  et  is derived from the TA 
decays of the BHJs by using Equation  ( 8)  .   
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(25 mL) acting as Nd precursor was fi rstly diluted to 100 mL in a three-
necked fl ask in the presence of GSH (60 µL), then the pH of the solution 
was adjusted to 3 by adding a few drops of 0.5  M  HNO 3 , followed 
by being degassed at 100 °C for 1 h. Then, the solution was heated to 
100 °C under nitrogen atmosphere for 20 min. After that, an appropriate 
and varied amount of S, Se, or Te precursor was rapidly injected into 
the hot solution, respectively, under vigorous stirring for 1 h and then 
Nd 2 (S, Se, Te) 3  colloidal QDs were formed. Finally, the mixture was 
hydrothermally treated at 200 °C for 12 h in an autoclave, followed by 
being purifi ed by precipitation twice in absolute alcohol and acetone, 
and dried under nitrogen fl ow and stored in solid form in a nitrogen-
fi lled glove box. 

  Device Fabrication : A layer of n-type TiO 2  fi lm with a thickness of 
250 nm was prepared by coating the TiO 2  colloid on FTO glass using a 
spin-coated technique, followed by sintering in air at 450 °C for 30 min. 
Then, the acceptor fi lm was soaked in a 25 mg mL −1  GSH-modifi ed 
Nd 2 (S, Se, Te) 3  QDs aqueous solution (identical concentration for all 
the three types of QDs and QDs with different sizes) for 12 h to uptake 
p-type QDs and dried under nitrogen fl ow. Next, PEDOT:PSS layer was 
spin-coated onto the BHJ. Finally, Pt electrodes were deposited on the 
top of the PEDOT:PSS layer by thermal evaporation under vacuum. 

  Characterizations : The microstructures of the Nd 2 (S, Se, Te) 3  QDs 
were characterized by means of HR-TEM (JEM-2010, JEOL Ltd.) 
working at 200 kV. Samples for HR-TEM were prepared by ultrasonically 
dispersing the samples, placing a small volume of this suspension on 
carbon-enhanced copper grids, and drying in air. The morphologies 
of the TiO 2  acceptor layer and the cross-section of QDs/TiO 2  BHJ 
were characterized by a fi eld emission SEM (FE-SEM, Hitachi S4800). 
The composition of the prepared QDs was monitored by ICP-AES, 
LeemanCo., USA, PROFILE SPEC and EDS. The crystalline structures of 
the samples were characterized by XRD patterns on a X-ray diffractometer 
(MiniFlex II, Rigaku Ltd., Japan) using Cu Kα radiation ( λ  = 0.154 nm) 
at 50 kV and 250 mA at room temperature. The PL spectrum was 
measured by using a spectrophotometer (FLS920, Edinburgh), in which 
a xenon lamp and a photomultiplier tube (R955, Hamamatsu) were 
used as excitation source and fl uorescence detector. UV–vis absorption 
spectra were recorded with a Varian Cary 300 spectrophotometer. The 
CV results were obtained using a BAS (Bioanalytical Systems, Inc.) 
100B instrument (BASi Inc., USA) at room temperature and at a scan 
rate of 100 mV s −1 . The Ag/Ag +  (0.01  M  of AgNO 3  + 0.1  M  TBAPF 6  in 
acetonitrile as supporting electrolyte), a platinized platinum (1.0 cm 2 ) 
and QDs-coated platinum were used as reference electrode, counter 
electrode, and working electrode, respectively. The three electrodes were 
immersed in 0.1  M  TBAPF 6  acetonitrile solution in a cell under nitrogen 
protection. The Mott–Schottky measurements were performed at the 
frequency of 1 kHz in the aqueous solution of 0.05  M  Na 2 SO 4  using a 
BAS 100B instrument and Ag/Ag +  electrode as the reference electrode. 
The UPS spectra measurements were performed at room temperature 
in an ultrahigh vacuum photoelectron spectrometer ESCALAB 250Xi Ver 
2 electron energy spectrometer with He–I radiation ( hv  = 21.22 eV) as 
UV source. The chamber pressure was kept within 2 × 10 −8  Pa during the 
UPS measurements. The QDs were spin-coated on to a gold substrate 
for UPS measurements. The  J – V  curves of the assembled QDSCs were 
recorded on an Electrochemical Workstation (Xe Lamp Oriel Sol3A Class 
AAA Solar Simulators 94023A, USA) under an irradiation of a simulated 
solar light from a 100 W xenon arc lamp in ambient atmosphere. The 
sweep speed of the  J–V  measurements is 0.5 mV s −1 . 

  Electron-Transfer Dynamics Measurement : Charge photogeneration 
dynamics of the BHJs were measured by the mode-locked Ti:sapphire 
laser (Coherent Mira 900) in combination with a regenerative amplifi er 
(Coherent Legend-F). Time-resolved photoluminescence was measured 
on a spectrometer (Bruker Optics 250IS/SM) with intensifi ed charge 
coupled device (CCD) detector (Andor, IStar740). The ultrafast light 
source with a temporal resolution of ≈120 fs was generated by a 
mode-locked titanium–sapphire laser operating at 800 nm. An optical 
parametric amplifi er (OPA-800CF-1, Spectra Physics) provided ultrashort 
laser pulses at desired wavelengths (≈120 fs, full width at half maximum). 
A continuum white light generated from a sapphire plate was directed into 

the excited sample and detected by a CCD detector. Ultrashort laser pulses 
at 400 nm were employed as the pump light for the sample excitation and 
the probe light for the absorption measurement. Transient absorption 
at various delay times could be measured by controlling the arrival time 
of each laser pulse at the sample. The laser system was operated at a 
repetition rate of 10 Hz, thus each pulse excited fully relaxed sample. 
Each data was obtained by averaging 100 individual measurements to 
improve the signal-to-noise ratio, and the typical detection sensitivity of 
the difference absorption (ΔOD) was better than 10 −4 .  
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