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ABSTRACT

ZnS quantum dots (QDs) have limited application potential in QD sensitized solar cells
because of their wide band gap, which does not allow absorption of sunlight in the visible and
infrared regions. Introducing intermediate energy levels in the QDs is one way to expand the
absorption window into the visible region. We show that this effect is achieved in Mn doped
ZnS QDs. Mn doped ZnS QDs were synthesized by laser ablation in water and solution-based
method. The structural, optical, and magnetic properties of the ZnS:Mn QDs have been
examined by x-ray diffraction (XRD), transmission electron microscope (TEM),
photoluminescence emission (PL) and excitation (PLE), and magnetic susceptibility
measurements. The average particle size of cubic phase ZnS:Mn estimated from the XRD and
TEM is about 3 nm. The QDs show two PL peaks near 450 nm and 600 nm, which are attributed
to the defect related emission of ZnS and emission of Mn>" in a ZnS host, respectively. The PLE
spectra exhibit near band edge absorption of ZnS at 350 nm and the absorption of Mn”" internal
energy levels around 468 nm. The latter is due to the transitions of the 3d° electronic states of
Mn?" from the ground state °A; to excited states *A; and ‘E and plays an important role in
improving the absorption of the material in the visible region. ZnS:Mn QDs coated on Zn,SnO4
nanowires show greatly improved sensitization in the visible region as demonstrated by incident
photon to electron conversion efficiency experiments. Our study also shows that the

characteristics of the solar cells performance can be tuned with the Mn concentration.



INTRODUCTION

Over the years, much attention has been paid to Mn-doped ZnS semiconductors and
quantum dots (QDs) for their novel optical properties (1-7). The optical properties of these
materials can be tuned owing to quantum confinement effect, which leads to size-dependent band
gap energy in QDs and is the basis for QD sensitized solar cell technology (8). Bulk ZnS has a
wide band-gap energy of 3.68 eV, which limits its ability to absorb visible light (9-12). ZnS
QDs have even wider band gaps than the bulk and are unsuitable for QD sensitized solar cell
applications. Since ZnS is an environmentally benign and earth abundant material, it is desirable
to find means to modify its energy levels such that it becomes a good absorber of solar energy.
One way to approach this is by introducing intermediate energy levels in the band gap through
doping. The intermediate/impurity states can significantly change the electronic structure and
transitions among various energy levels (1). The doped Mn®" ions act as recombination centers
for the excited electron-hole pairs due to strong interactions of its 3d electrons with the s-p
electrons of the ZnS hosts and show characteristic orange luminescence (13). The orange
luminescence near 590 nm is attributed to the spin forbidden 4T1—6A1 transition of the 3d states of
Mn*" on the substitutional Zn sites, where Mn*"is coordinated by four S* nearest neighbors (14,
15). At higher Mn concentrations, this orange luminescence becomes progressively quenched,
which gives rise to a red emission band (16). Although the origin of the red emission band is not
well understood, the concentration quenching is most likely due to dipole-dipole interaction or
exchange coupling between the Mn®" ions (17). It may also be facilitated by trapped states like
those formed on the surfaces of the QDs (18). It is of both fundamental and technological
interest to explore these effects for QD sensitized solar cells as the increased overlap between the

wave functions and coupling among various centers in a QD may lead to either enhancement or



quenching of the luminescence (19). The lifetimes of the relevant excited states can be altered
by these interactions and also by spin selection rules in the magnetically doped ZnS, which may
be another way to control the photovoltaic characteristics, in addition to tuning the absorption
windows.

In addition to solution based methods, there are several ways to make QDs using
deposition-based methods such as successive ionic layer adsorption and reaction (SILAR),
chemical bath deposition (CBD), and atomic layer deposition (ALD) (see references in 20-21).
In recent years, the preparation of nanoparticles using laser ablation in liquids has been explored
(22-25) although this method has been studied to a much lesser extent for QD synthesis (26-28).
In our previous study, we have succeeded in QD preparation in a one-step synthesis process
using pulsed laser ablation in liquid (20).

In this work, we report the properties of Mn doped ZnS QDs prepared by laser ablation in
water as well as by a solution based method. The as-prepared the ZnS:Mn QDs were
subsequently used to make ligand-free QD sensitized Zn,SnO4 nanowire solar cells. Incident
photon to electron conversion efficiency (IPCE) measurements show improved performance in
the visible region for the doped samples, consistent with enhanced absorption seen in the

photoluminescence excitation spectra.

EXPERIMENTAL

ZnS:Mn QDs with various doping concentration (0 — 5 %) have been synthesized by both
wet chemical co-precipitation method and pulsed laser ablation in water. Appropriate amounts
of Zn(CH3COO),*2H,O and Mn(CH3COO),*2H,O were dissolved in deionized water with

stirring at room temperature. Deionized water solution of Na,S was then added to the above



solution with vigorous stirring. The resulting white precipitate was collected through a filter
paper, centrifuged and washed with water and ethanol. The precipitate was dried at 120 °C
overnight. To obtain the target for pulsed laser ablation, the white powders were pressed into a
pellet and annealed at 900 °C for 8 hrs. A YAG:Nd laser (wavelength: 266 nm) with a repetition
rate of 10 Hz was used in the experiment. The laser beam was focused by a lens with focal
length of 5 cm, which was placed immediately in front of a fused quartz bowl, onto a ZnS:Mn
target submerged in deionized water inside of the bowl. The laser fluence of 1 J/em® on the
ZnS:Mn target surface was applied. The laser ablation was carried out for several hours for
enough samples to be collected from the water.

The samples were characterized with x-ray diffraction (XRD) by dropping QD solution
onto clean silicon substrate and drying at room temperature. Transmission electron microscopy
(TEM) images of ZnS:Mn QDs dropped on carbon-coated copper grids were obtained with a FEI
Tecnai G2 F20 TEM operated at an acceleration voltage of 200 kV. Photoluminescence (PL)
measurements were performed at room temperature with a tunable femtosecond laser as the
excitation source and the PL was collected through a 2 m scanning monochromator using a high
gain Si detector and lock-in amplifier locked to the laser repetition rate. The photoluminescence
excitation (PLE) spectra were determined at room temperature on a FSP920-combined Time
Resolved and Steady State Fluorescence Spectrometer (Edinburgh Instruments), equipped with a
450 W Xe lamp, TM300 excitation monochromator, double TM300 emission monochromators
and thermo-electric cooled red sensitive PMT. The spectral resolution is about 0.05 nm in UV-
VIS.

Zn,SnO4 nanowires were synthesized on gold-coated (3 nm) Si substrates following a

procedure published elsewhere (29). This process was able to reliably reproduce nanowire films



of roughly 20 um thick. The nanowires were then transferred to FTO substrates following a
printing procedure (29) and annealed at 500°C for 4 hours to transform the precursor on FTO
into a Zn,SnOy film.

The annealed FTO substrates with the nanowires were placed in a suspension of ZnS:Mn
QDs in water and allowed to soak for 24 hours. Immediately upon removal from the QD
suspension, the substrates were dried with N, gas and secured against a Cu,S counter electrode
containing a polysulfide electrolyte (0.25 M Na,S and 0.1 M NaOH in 18 MQ water). Cu,S
counter electrodes were fabricated following a procedure published elsewhere (21). IPCE was
measured immediately after device fabrication. Data was obtained using a monochromatic light
source consisting of a 50 W tungsten halogen lamp and a monochromator. The light beam was
modulated by a chopper and a lock-in amplifier (Stanford Research SR830). All measurements
were made in the dark. Magnetic susceptibility of the QDs was measured on a physical property

measurement system (PPMS) from Quantum Design.

RESULTS AND DISCUSSION

We have found that samples made with both methods are of similar average particle size
(about 3 nm). And both methods are effective in doping Mn into the ZnS QDs. Figure la and 1b
are the TEM image and particle size distribution, respectively, of ZnS:Mn (3 at.%) QDs prepared
by laser ablation in water. The Mn concentration was determined with energy dispersive x-ray
spectroscopy (EDS) and magnetic susceptibility measurements. The particle size distribution
was obtained by measuring the diameter of 100 particles from representative TEM images. The
particles are nearly spherical and the size distribution is reasonably narrow with a mean diameter

of 2.9 nm. An XRD pattern of the QDs is shown in Fig. 2. All peaks of ZnS:Mn QDs can be



identified as those of Zinc Blende ZnS. The three diffraction peaks are positioned at 26 = 28.5°,
48.3°, and 56.3° and correspond to the (111), (220), and (311) planes, respectively, of the cubic
ZnS. No peaks corresponding to Mn compounds or oxides were observed. The average size of
the ZnS:Mn QDs, estimated from the full width at half height of diffraction peaks using Debye—
Scherrer formula, is 2.8 nm. This result is in agreement with that from the TEM images.

All doped samples show paramagnetic behavior. The magnetic susceptibility as a
function of temperature for the ZnS:Mn (3 at.%) measured with a PPMS is shown in Fig. 3. The
inverse of the magnetic susceptibility versus temperature is shown in the inset. From a linear fit
of the experimental data to the Curie-Weiss law, a paramagnetic Curie temperature of 6 = -3.2 K
is obtained, suggesting antiferromagnetic interaction between the Mn moments in the QDs. The
Curie constant obtained from the linear fit shows that the Mn”*" concentration of the sample is
indeed 3%. The paramagnetic Curie temperature 6 is negative for all samples and its magnitude
increases with the Mn concentration, consistent with increased antiferromagnetic coupling
between the Mn moments. At 5 at.%, 6 =-5.3 K.

Figure 4 shows the room temperature PL spectra of ZnS:Mn QDs with excitation
wavelength A = 310 nm. The spectra were taken on QDs suspended in methanol since it was
difficult to get PL signals in water suspension. The plots are normalized to the broad peak near
450 nm. This wide blue band around 400-500 nm is typical of ZnS resulting from radiative
recombination due to the presence of surface defects and Zn/S vacancies (30, 31). The PL
spectra show a second peak near 600 nm. As mentioned in the Introduction, this is a
characteristic emission of Mn>" ions in ZnS and associated with the internal 4T1 - 6A1 transition.
It is also a proof that the Mn”" substitutes for Zn”" in the ZnS lattice. Its intensity relative to that

at 450 nm increases with the Mn concentration as expected. Since it is known that the presence



of Mn”" on the surface of ZnS nanoparticles stabilizes near band edge emission in the ultraviolet
region (30), the absence of the PL peak near 350 nm is a further evidence that the Mn dopants
are distributed inside the ZnS QDs, instead of on the surfaces.

The absorption spectra of three ZnS:Mn samples (0, 0.5 and 5 at.%) are shown in the
inset of Fig. 5. All samples show absorption peaks due to the band edge absorption around 300
nm, which is consistent with quantum confinement effect on the band gap of ZnS QDs. The
average particle size determined from the peak position of the 0.5 at.% sample is about 3.2 nm
(32). The slight difference in the peak position of the samples is due to their size difference and
not due to the Mn concentration. The PLE spectrum of the 0.5 at.% QDs is shown in Fig. 5. The
PLE measurement was monitored at 610 nm. A strong peak appears near 350 nm and is due to
the excitations from the ZnS QD host (3, 30) that is followed by energy transfer to the Mn. It is
known that the PLE peak of the nanoparticles is located at the longer wavelength side of the
absorption band, because the excitation is concentrated around the absorption edge where the
absorption index is fairly low and the dispersion small (33,34). The strong main peak near 350
nm is accompanied by a small shoulder at 300 nm. The nature of the shoulder is not well
understood at present. There are reports claiming that the shoulder may be due to particle size
distribution (35), absorption by high level excited Mn”>" internal states (33), or organic
molecules/polymers capping the ZnS QDs (36). We can rule out the last as a possible
mechanism from the way the samples were prepared, in which there was no organic molecules
involved.

Figure 5 shows, in addition, a weak peak at 468 nm, which is attributed to the excitation
transition of the 3d° electrons from the ground state 6A1 to the excited states 4A1 and ‘E (37).

This excitation peak is often missed in PLE measurements due to the emissions that occur at



about the same wavelengths. However, its presence is well established here and elsewhere
(3,33) and plays a critical role in enriching the absorption window of our solar cells as will be
discussed below. Although not obviously seen in Fig. 5 due to the relatively weak signals, the
excitations from the ground state °A; to “To(*D) (A = 430 nm), to *T»(*G) (A = 498 nm), and to
*T, (A = 535 nm) (38), which are typically observed together with the one at A = 468 nm, should
also contribute to the enhanced absorption in the solar cells. A representative schematic diagram
of the energy levels is shown in Figure 6. The band gap and energy levels of the conduction
band (CB) and valence band (VB) edges of ZnS are adopted from Ref. 39 and adjusted for
particle size of 3.2 nm (32). The positions of the energy levels of the crystal-field-split internal
Mn®" states relative to that of ZnS are not precisely known. It also depends on which model,
local internal Mn*" states versus 3d bands formed by the Mn electrons (40), is used. We have
adopted the former in this paper as it is appropriate to describe the PL/PLE spectra. The
estimated positions shown in Fig. 6 are derived from the available literature (30,40,41) and
consistent with the experiments including those presented here. It represents the best depiction
of the energy levels of Mn doped ZnS to date. We have also included the energy levels of the
CB and VB edges of Zn,SnO4 anode (21). The energy levels of the defect states of ZnS are not
the focus of this study, and their relative positions in ZnS are only for illustration and should not
be considered accurate.

Figure 7 shows the IPCE spectra of ligand-free ZnS:Mn QDs of various doping
concentrations coated on Zn,SnOs nanowires. One of the most important results of this
investigation is that the onset wavelength of the Mn doped samples is significantly red shifted.
While the undoped sample does not have much IPCE intensity for A > 400 nm, the onset of IPCE

for the doped QDs occurs near 550 nm. This is consistent with the PLE data of ZnS:Mn



discussed above. Keep in mind the excitation wavelength from the ground state °A; to the first
excited state *T; is A = 535 nm. At the wavelength of 400 nm, the IPCE value increases from
0.18 % of the undoped sample to 0.85 % for the sample doped with 0.5 at.% Mn. It further
increases to 2.25 % at 3 at.% Mn doping. The process can be understood with the aid of Fig. 6
as follows. For the undoped ZnS, the absorption occurs mainly for A <300 nm. The Mn doping
widens the absorption window to longer wavelengths due to the addition of the Mn®" internal
energy levels. Electrons photoexcited to the various excited states of Mn®" can be injected into
the Zn,SnOy4 electrode because their energy levels are all higher than the CB edge of Zn,SnOs.
Note, the injection can go via two possible routes, either directly from the respective excited
states where the electrons are excited to, or from the first excited state *T, after the photoexcited
electrons relax to *T;.

Upon further increasing the Mn concentration to 5 at.%, the IPCE efficiency increases to
4.5 % at 400 nm. However, the efficiency decreases at longer wavelengths (see Fig. 7). The
IPCE values for A > 465 nm is lower than both 0.5 and 3 at.%. The reason is given below. At
high enough Mn doping level, concentration quenching of the luminescence occurs. In fact,
concentration quenching of the 600 nm emission is known to occur and is accompanied by the
appearance of a red emission band at about 700-720 nm (16). Indeed, we have observed the red
emission band at 700 nm in the 5 at.% sample as shown in the inset of Fig. 7, which is not seen
in the two samples doped at lower Mn concentrations. This suggests a pathway for the excited
electrons in 4T1 state to recombine radiatively with the holes via the states related to the red
emission, which leads to reduced injection of electrons from 4T1 to the Zn,SnO4 conduction
band. Although the nature of the 3d states related to the red emission is not well understood,

several possible mechanisms may be responsible for the concentration quenching, i.e., dipole-



dipole interaction, exchange coupling between the Mn®" ions, or via trapped states like those
formed on the surfaces of the QDs (17-18). Noticing the high IPCE efficiency of the 5 at.%
sample from 400 to 450 nm, the electron injection from the higher excited states of the Mn**
internal levels (e.g., ‘A1, “E and *T»(*D)) should not be affected by the concentration quenching,
rather the high level of Mn doping results in the high efficiency. Our data do not allow us to
make assessment on whether the IPCE enhancement over this wavelength region is purely due to
high Mn content or impacted by exchange coupling between Mn”" ions. It remains an interesting

subject to be investigated further.

CONCLUSIONS

In this study, ZnS:Mn QDs have been investigated for QD sensitized photovoltaic solar
cells. Structural, optical and magnetic properties of the ZnS:Mn QDs suggest Mn*" ions
substitute for Zn in cubic ZnS and produce characteristic orange emission near 600 nm. The
ZnS:Mn QDs have been attached to Zn,SnO4 nanowires without ligand molecules to make QD
sensitized solar cells. IPCE measurements show that the conversation efficiency is improved due
to widened absorption window into the visible region, which are shown to benefit from the
transitions between Mn”" internal energy levels. The wavelength dependence of the solar cells
performance can be tuned with the Mn concentration via the interactions between the Mn”" ions.
Our study suggests that introducing intermediate energy levels in wide band gap QDs is an
effective method to expand the absorption window into the visible region to improve the device

performance of QD sensitized solar cells.
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Figures captions:

Fig. 1 (a) TEM image of ZnS:Mn (3 at.%) QDs prepared by laser ablation in water. Inset shows
a magnified image of a QD. Circles are guide to the eyes. (b) Histogram of particle size

distribution.

Fig. 2 XRD pattern of the ZnS:Mn (3 at.%) QDs prepared by laser ablation in water.

Fig. 3 Magnetic susceptibility versus temperature for ZnS:Mn (3 at.%) QDs prepared by laser

ablation in water. Inset shows the inverse magnetic susceptibility vs temperature.

Fig. 4 Room temperature PL spectra of ZnS:Mn QDs of various Mn concentrations. 3 at.%
sample was prepared by laser ablation and the rest by the co-precipitation method. Inset shows

the PL of 0.5 at.% sample for clarity.

Fig. 5 PLE spectrum of ZnS:Mn (0.5 at.%) QDs prepared by the co-precipitation method. The
spectrum was monitored at A = 610 nm. Inset shows the absorption spectra for three samples (0,

0.5 and 5 at.%).

Fig. 6 Energy levels of Mn®" (3d”) ions in ZnS QDs (for particle diameter d = 3.2 nm) and that of
Zn28n04.

Fig. 7 IPCE spectra of ZnS:Mn QDs of different Mn concentrations attached to Zn,SnO,4 without
ligands. 3 at.% sample was prepared by laser ablation and the rest by the co-precipitation

method.
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