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Various sized ZnS nanocrystals were prepared by treatment under H,S atmosphere. Resonance
Raman spectra indicate that the electron—phonon coupling increases with increasing the size

of ZnS. Surface and interfacial defects are formed during the treatment processes. Blue, green
and orange emissions are observed for these ZnS. The blue emission (430 nm) from ZnS without
treatment is attributed to surface states. ZnS sintered at 873 K displays orange luminescence
(620 nm) while ZnS treated at 1173 K shows green emission (515 nm). The green luminescence is
assigned to the electron transfer from sulfur vacancies to interstitial sulfur states, and the orange
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emission is caused by the recombination between interstitial zinc states and zinc vacancies.
The lifetimes of the orange emission are much slower than that of the green luminescence and
sensitively dependent on the treatment temperature. Controlling defect formation makes

ZnS a potential material for photoelectrical applications.

1. Introduction

Tailoring the color output of nanomaterials is very important
for their applications as light emitting displays, field emitters,'->
lasers, sensors® and optoelectronic devices to multiplexed bio-
logical labeling.*” Zinc sulfide (ZnS) is a suitable semiconductor
as a host matrix for a wide variety of dopants on account of its
wide energy band gap. The luminescence properties of ZnS
particles have been tuned by doping with various transition
metals and rare-earth metals.>'! For example, 7ZnS:Cu?™,
ZnS:Eu’", and ZnS:Mn?" nanocrystals show blue (460 nm),
green (518 nm) and orange emission (590 nm), respectively.'?

With the fast development of nanotechnology, ZnS unique
nanostructures, such as nanowires, nanobelts and nanotubes,
have been successfully synthesized.'> ZnS nanostructures
exhibit various optical properties, because the optical properties
are sensitive to size, shape, crystal structure, and defects.'* A
near-UV emission band at about 400 nm is observed from ZnS
> nanobelts,'® nanoribbons,'>!7 and multiangular
branched nanostructures.'® ZnS nanobelts'® and nanoribbons'”
exhibit a blue emission band around 450 nm. Moreover, ZnS
nanobelts,'*! nanotubes?? and nanoribbons'”-**?* can show
a green emission centered at about 520 nm. More interestingly,
the novel hierarchical ZnS/SiO, nanowires heterostructures
show a strong orange emission at about 558 nm and a weak
emission at about 720 nm,?® and the ZnS nanotowers display

nanowires,'
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two strong emission bands located at 394 nm and 592 nm.?® In
summary, various emission features, including the near-UV,
blue, green and orange emission bands, have been observed for
ZnS with nanostructures. These researches show the possibility
of tuning various emission characteristics from pure ZnS
nanocrystals with different defect properties.

The origins of the various photoluminescence (PL) bands
from ZnS are rarely studied, though much effort has been made
to investigate the optical features. The luminescence features
of ZnS are commonly assigned to surface states,””?® sulfur
vacancies,””* zinc vacancies,>' >* elemental sulfur species®®
or impurities”’36 in ZnS. However, it is still unclear what are
the luminescent sites contributing to each of the lumines-
cence bands.

In the present work, ZnS samples with blue, green or orange
luminescence were successfully prepared just through post-
treatment of ZnS nanoparticles in H,S atmosphere. The
origins of the various luminescence bands were studied with
photoluminescence excitation (PLE) spectra and time-resolved
photoluminescence spectra. Changes in energy levels and
quantity of defect states were also discussed for ZnS samples
during heat treatment processes.

2. Experimental methods
2.1 Sample preparation

ZnS nanoparticles were synthesized in water by dropwise
addition of 0.05 M Na,S to 0.05 M Zn(CH;COO),-2H,0 at
room temperature. After the white precipitate was stirred for
24 h, it was filtered and washed three times with deionized
water and anhydrous ethanol, respectively. Finally, the sample
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was dried at 353 K in vacuum. The obtained sample was
denoted as “ZnS-P”. The ZnS-P was then sintered at high
temperature ranging from 873 K to 1173 K for 2 h, and the
obtained samples were denoted as “ZnS-T”. During the whole
treatment process, the tubular furnace was purged continuously
with 5% H»S gas in Ar.

ZnS films on quartz disk were prepared as follows in order
to do PL measurements at cryogenic temperatures. 6 mg ZnS
was suspended in 0.5 mL water and sonicated for 15 min. 200 pL
of this suspension was dropped onto a 15-mm diameter quartz
disk and dried slowly in air. A homogeneous film of ZnS on
the quartz disk was obtained with this method. It is difficult to
estimate the precise dependence of the PL efficiency on the
ZnS structure because of the inhomogeneous distribution of
the particle density in the film samples. However, we can
discuss the photoexcited carrier dynamics from the PL spectral
shapes and lifetimes.

2.2 Characterization methods

The steady-state and time-resolved PL spectra at cryogenic
temperatures were carried out on a FLS920 fluorescence
spectrometer (Edinburgh Instruments). A 450 W Xe lamp
was used as the excitation source for the steady-state PL
spectra, while a pF920 microsecond flash lamp with a pulse
width of ~2 ps was the excitation light for the time-resolved
PL measurements. Low-temperature experiments of ZnS samples
were carried out inside a variable temperature Oxford cryostat
model OptistatDN (77 to 500 K).

Resonance Raman spectra were recorded on a home-
assembled UV Raman spectrograph using a Jobin-Yvon
T64000 triple-stage spectrograph with spectral resolution of
2 ecm™'. The laser line at 325 nm of a He-Cd laser was used as
an exciting source for the Raman spectroscopy. The powder
X-ray diffraction (XRD) patterns were recorded on a Rigaku
MiniFlex diffractometer with Cu Ko radiation source. 20
range is 20-80° at a step size of 0.02 and a scanning speed of
5°/min. The morphology of the ZnS samples were investigated
with a scanning electron microscope (SEM, FEI quanta 200F)
with accelerating voltage of 0.5-30 kV and a transmission
electron microscope (TEM, FEI Tecnai G2 Spirit). High-
resolution transmission electron microscopy (HRTEM) measure-
ments were also carried out using a FEI Tecnai G2 F30
transmission electron microscope.

3. Results and discussion
3.1 Structure and morphology of ZnS nanocrystals

Fig. 1 shows the X-ray diffraction patterns of ZnS samples
sintered at different temperatures (873-1173 K). The three
peaks at 28.52, 47.48, and 56.32° correspond to the 111, 220,
and 311 planes of cubic zinc sulfide, respectively. The typical
broadening of the three diffraction peaks for ZnS-P sample
indicates that the size of the ZnS particles is very small. After
the heat treatment processes, ZnS maintains the initial crystal
structure of the sphalerite and grows to the directions of (111),
(220) and (311). In the meantime, very weak diffraction peaks
are observed at 26.88, 30.48 and 51.70°, indicating that there is
a little fraction of ZnS in wurtzite structure. All ZnS-T samples

mainly exhibit the cubic structure, since the structure trans-
formation of pure ZnS always occurs above 1173 K.3%37

Fig. 2 shows TEM and SEM images of ZnS samples. The
particle size of ZnS-P sample is about 3 nm. The ZnS particles
grow larger and larger as the treatment temperature increasing.
The diameter of ZnS particles increases from about 50 nm to
about 500 nm with the treatment temperature increasing
from 873 K to 1173 K. The TEM images for the ZnS-873
and ZnS-973 have stripe patterns, which are composed of
alternations with light and shaded regions. TEM images
become homogeneous black contrast when the treatment
temperature was increased to over 1073 K. The stripe patterns
for the particles smaller than 200 nm are still very distinct
(Fig. 2d, inset). In addition, ZnS particles larger than 200 nm
are not spherical but full of edges after being sintered at
temperatures higher than 1073 K (Fig. 2i and j), further
demonstrating the high crystallinity of the ZnS-T samples.

Fig. 3 displays the representative HRTEM image of ZnS
nanoparticles with stripe pattern in ZnS-873. The corresponding
low magnification TEM image and fast fourier transform
pattern (FFT) are also shown. It should be mentioned that
TEM images of ZnS particles with homogeneous contrast
might indicate small quantity of defects. For the ZnS nano-
particles with stripe pattern images, stacking faults are
observed between the domain A and B while twin structures
are found between domain B and C. In the edge of the stacking
faults or between the two twin domains (see the interfaces
marked by long lines), dislocations accompany them. These
results suggest that the appearance of stripe pattern in
the TEM images is due to the presence of interfacial defect
structures. Therefore, a large amount of defects exist in
ZnS-873 and ZnS-973, while the total quantity of defects in
ZnS-1073 and ZnS-1173 decreases dramatically.

Fig. 4 displays Resonance Raman spectra of ZnS excited by
a 325 nm laser. The spectrum of ZnS-P sample shows Raman
peaks at 276, 347, 435, 486, 568 and 697 cm™! (Fig. 4c). As
reported by Kumar ez al.,*® these Raman peaks are assigned as
surface optical (SO) phonon, LO, (LO + TA), 2TO — TA),
2TO and 2LO modes of ZnS nanoparticles with size smaller
than 3 nm. For the ZnS samples sintered at high temperatures,
six main peaks at 347, 697, 1045, 1393, 1740, and 2090 cm™!
are identified as the first-order (1LO) to the sixth-order (6LO)
optical phonons peaks, respectively. The appearance of the
multiple Resonance Raman peaks indicates that these ZnS
samples have a large value of Huang-Rhys parameter and a
good optical quality.***°

Electron—phonon coupling is an important issue in semi-
conductor materials, because it has significant influence on the
optical and electrical properties of semiconductors, such as the
phonon replicas of excitons and the energy relaxation rate of
excited carriers in the luminescence spectra. The 2LO/1LO
ratio is the parameter to specify the strength of the electron—
phonon interaction.*!**> The intensity ratios of 2LO/1LO are
about 0.2, 1.2, 1.5, 2.7 and 3.2 for ZnS-P, ZnS-873, ZnS-973,
ZnS-1073 and ZnS-1173 nanocrystals, respectively. The value
of the ratio was found to increase with the size of ZnS
nanoparticles. Although our smallest sample is still larger than
the exciton radius (2.5 nm) of the ZnS bulk material,*’ we
report here the correlation of the increasing electron—phonon
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Fig. 1 XRD patterns of ZnS sintered at various temperatures.
“Asterisk” denotes the wurtzite phase of ZnS.

interaction with increasing nanocrystal size. This phenomenon
is observed in pure ZnS particles for the first time. The
enhancement of electron—phonon coupling when increasing
the nanocrystal size is mainly associated with the Frohlich
interaction. The different strength of electron—phonon coupling
may induce different optical features of ZnS nanocrystals.

Four abnormal weak peaks situated at 276, 623, 975 and
1322 cm™ ! are also observed in the Resonance Raman spectra
apart from those strong higher-order LO peaks, and they are
attributed to surface optical phonon scattering (Fig. 4b). The
Resonance Raman scattering is highly sensitive and can detect
the weak surface phonon signal *** Luo ez al.* also observed
the surface optical phonon scattering from hollow ZnS micro-
spheres, and the defects on the surface of the hollow ZnS
microspheres are considered as the origin of the SO modes.
Therefore, the SO modes may be attributed to the surface and
interfacial defects of ZnS generated during heat treatment
processes.

The crystallinity of the ZnS sample increases with the heat
treatment, when the structure of the ZnS maintains the cubic
structure. ZnS particles grow larger through the agglomeration
of particles during the heat treatment. The electron—phonon
coupling increases with increasing nanocrystal size of the ZnS
samples. The HRTEM results and the SO modes in Resonance
Raman spectra indicate that the surface and interfacial defects
are formed in ZnS during the agglomeration processes. More-
over, the point defects in ZnS crystals and that associated with

stacking fault and twin structures may vary considerably for
ZnS sintered at different temperatures, because the following
reactions may take place during the heat treatment processes

of ZnS in H,S atmosphere:!'*>327-2
Zn(s) + H>S(g) — ZnS(s) + Ha(g) (M
2H,S(g) — Sa(s) + 2Hi(g) @
ZnS(s) + Ha(g) — Zn(s) + HxS(g) 3

The preparation of ZnS nanostructures via thermal evaporation
method is always based on the reactions (1) and (3).!3**27-%
Reaction (1) can occur automatically for it is thermodynamically
favourable. But reaction (3) is a strongly endothermic reaction
and might only occur at very high temperatures. Importantly,
reaction (2) is also thermodynamically unfavourable. The
thermal decomposition of H,S can only occur with tempera-
tures above 1073 K.**® As a result, reactions (2) and (3) can
only occur when treatment temperatures are higher than 1073 K.
This is due to H, produced from reaction (2). Therefore, when
treatment temperatures are lower than 973 K, only reaction (1)
occurs. However, reactions (1) to (3) happen simultaneously
when the treatment temperatures are higher than 1073 K.

Reaction (1) can eliminate the sulfur vacancies in ZnS.
Interstitial sulfur atoms are formed through the decomposition
of H,S, as shown in reaction (2). And sulfur vacancies appear
in ZnS because of reaction (3). As a result, ZnS-873 and
7ZnS-973 may contain little sulfur vacancies while interstitial
sulfur and sulfur vacancies might coexist in ZnS-1073 and
ZnS-1173 particles. The ZnS nanocrystals with different defect
states and different strength of electron—phonon coupling may
exhibit various PL characteristics.

3.2 Optical properties of ZnS nanocrystals

Fig. 5a shows emission spectra of ZnS samples at room
temperature. Only a blue emission band centered at about
430 nm is clearly observed for ZnS-P sample. The blue emission
can be attributed to the surface states.*’*® ZnS-873 sample
sintered at 873 K only shows the wide orange emission band

d) e)

Fig.2 TEM images of ZnS-P (a), ZnS-873 (b), ZnS-973 (c), ZnS-1073 (d), ZnS-1173 (e) and SEM images of ZnS-P (f), ZnS-873 (g), ZnS-973 (h),

ZnS-1073 (i), ZnS-1173 (j) samples.
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Fig. 3 TEM (a) and HRTEM (b) images of one representative nanoparticle with stripe pattern in ZnS-873. The inserted image is the

corresponding fast fourier transform pattern (FFT) of domain C.
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Fig. 4 Resonance Raman spectra of ZnS sintered at various
temperatures.

centered at about 620 nm while the blue emission at around
430 nm disappears. The orange emission band grows stronger
with the treatment temperature further increasing to 973 K.
The full-width at half-maximum of the emission band in
ZnS-973 increases clearly due to the widening from 500 to
600 nm, indicating that a new emission band appears in this
range. Accordingly, a new green emission band centered at
around 515 nm is observed when the treatment temperature
was raised to 1073 K. The green emission band grows very
intense and the orange emission band becomes very weak
in comparison as the treatment temperature increasing to
1173 K. It should be mentioned that the emission intensity
increases considerably with the treatment temperature greater
than 1073 K. Therefore, various emission properties can be
obtained by simply changing the treatment temperatures of
ZnS samples.

Fig. 5b shows the emission spectra of ZnS films at 77 K.
Similar to the results at room temperature, the ZnS-P sample
displays the blue emission band at about 430 nm, and the
ZnS-1073 and ZnS-1173 samples exhibit the green emission
band at 515 nm and the orange emission band at 620 nm.
Interestingly, the green and orange emission bands are also
observed simultaneously in ZnS-873 and ZnS-973 samples. This
phenomenon is distinctly different from the emission charac-
teristics at room temperature. It reflects different measurement-
temperature dependence of the green and orange emission bands
in ZnS samples. This indicates the different properties of defects
associated with the green and orange PL.

Fig. 6 displays the measurement-temperature dependence of
PL intensities of the green and orange emission bands. It
should be mentioned that the PL intensity was obtained after
the measurement-temperature staying at the temperature for
more than 20 min to ensure the accuracy of the measurement-
temperature. In addition, the temperature accuracy can reach
0.1 K with the Oxford cryostat. The luminescence intensity for the
green emission in ZnS-873 and ZnS-973 and the orange emission
in all samples decreases monotonically with an increasing
measured temperature. This trend is because of the increase in
the nonradiative recombination probability of electrons and holes
with increasing measurement-temperature. Amazingly, the
measurement-temperature dependence of the green emission
intensity of ZnS-1073 and ZnS-1173 samples shows the totally
different behaviors (Fig. 6a). That is, the intensity of the green
emission band shows a clear increase with increasing temperature
in the temperature range from 150 K to 200 K. This phenomenon
has been widely studied in ZnO nanocrystals in recent years,*->
and is referred to as negative thermal quenching (NTQ).

He et al.*® demonstrate that the surface states play a very
important role in the optical properties of ZnO nanostructures
and the NTQ is interpreted in terms of a multiple trapping-
detrapping process by surface states. Therefore, the NTQ,
which is only observed for the ZnS-1073 and ZnS-1173
samples, may be due to the unique energy levels of defects in
7ZnS-1073 and ZnS-1173. Meanwhile, the concentration of
defect states is suitable for the observation of NTQ in the
ZnS-1073 and ZnS-1173 samples.

Fig. 7 shows the photoluminescence excitation spectra for
the various visible emission bands at 77 K. The excitation
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Fig. 5 Emission spectra of ZnS excited by 325 nm light at room
temperature (a) and at 77 K (b).
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Fig. 6 Measurement-temperature dependence of emission intensity
of the green (a) and orange (b) emission bands in ZnS.

features for the blue emission band in ZnS-P sample only
exhibit the interband excitation band, which appears at 335 nm.
But the interband excitation band of ZnS-T samples appears
at 325 nm. The red shift from 325 nm to 335 nm indicates that
a large amount of defect states exist near the edge of the energy
band in ZnS-P and contribute to the blue emission band.

ZnS-T samples all exhibit the interband excitation band at
325 nm (Fig. 7a) when the green emission band is concerned.
The excitation signal for ZnS-873 and ZnS-973 shows a rising
trend from 335 nm to 430 nm, suggesting that there is a large
quantity of defects contributing to the green emission. The
excitation signal in the range from 335 nm to 430 nm decreases
dramatically with increasing treatment temperature. When the
treatment temperature reaches 1173 K, the excitation signal in
the range from 335 nm to 430 nm is very weak with no rising
trend (Fig. 7¢), indicating that the total quantity of defects is
very small. As a result, the total amount of defect states is
suitable for the NTQ in ZnS-1073 and ZnS-1173 while too
many defects make trapped carriers relax mainly through
nonradiative processes in ZnS-873 and ZnS-973.

The excitation signal of orange emission in ZnS-873 and
ZnS-973 shows a continuous increase in the range from
330 nm to 520 nm similar to the excitation features of green
luminescence. The excitation signal becomes very weak in the
range from 335 nm to 400 nm for ZnS-1073 and ZnS-1173
(Fig. 7c). These results further confirm that a mass of defects
exist in ZnS-873 and ZnS-973 while the total quantity of

defects is very small in ZnS-1073 and ZnS-1173. The large
quantity of defects in ZnS-873 and ZnS-973 are assigned to
the surface and interfacial defects generated in ZnS samples
during treatment process.?® However, the treatment tempera-
tures above 1073 K make the ZnS particle get higher crystal-
linity. Consequently, ZnS-1073 and ZnS-1173 have much less
defects than ZnS-873 and ZnS-973.

3.3 Carrier dynamics of ZnS nanocrystals

Time-resolved PL spectra were measured at 77 K to obtain
more information about the origins of the various emission
bands. Time-resolved PL spectra of the ZnS-1173 sample
monitored at 520 nm and 630 nm are shown in Fig. 8. The
excitation wavelength changes from 300 nm to 420 nm with
the interval of 20 nm. The luminescence decays faster as the
excitation wavelength increases when the green emission is
monitored. Namely, the luminescence decay processes finish in
200 ps when the excitation wavelength is longer than 340 nm.
But when the excitation light is 300 nm or 320 nm, the green
emission decay processes do not finish in 400 ps.

On the other hand, the decay processes of the orange
emission are different. The decay rate decreases with increasing
excitation wavelength from 300 to 380 nm. Above 380 nm
however, the decay rate increases with increasing excitation
wavelength. Thus, the decay processes of the orange emission
band finish within 200 ps with 300 nm or 420 nm light as
excitation source. But it extends to 600 ps when the excitation
light is in the range from 340 nm to 400 nm. These results
suggest that many defect levels exist in the range from 3.10 eV
(400 nm) to 3.65 eV (340 nm) above the valence band. These
defect levels mainly contribute to the slow decay component
of the orange emission. The similar phenomenon is also
observed for the orange luminescence in ZnS-973 and ZnS-1073,
though the change trend is very small for ZnS-973 sample
(data not shown). However, the change of decay rates on
excitation wavelength for the orange luminescence in ZnS-873
is not observed. This is most-likely because the nonradiative
processes dominate the relaxation processes of the trapped
carriers in ZnS-873 and ZnS-973 for the greater quantity defects.

The 325 and 355 nm are selected as the excitation lines to
investigate the dynamic characteristics of the orange emission
in ZnS (Fig. 9), because the carrier dynamics are sensitive to
the excitation wavelength. Table 1 lists the fitted results of the
decay curves with the 325 nm excitation line. All samples
exhibit biexponential behavior with a fast decay in hundreds
of nanosecond and a slow decay in tens of microsecond. The
decay curve of ZnS-873 is well described with the fast lifetime
of 0.42 ps (85.5%) and the slow lifetime of 98.49 pus (14.5%).
The slow lifetime is shortened while the fast lifetime remains
unchanged with the treatment temperature increasing. In the
meantime, the relative content of the slow lifetime component
is decreasing. Consequently, the lifetimes for ZnS-1173 are
0.39 pus (96.3%) and 46.49 ps (3.7%).

Fig. 9b displays the decay profiles of the orange emission
excited by 355 nm. The corresponding fit results are displayed
in Table 2. A fast lifetime of 0.27 us (87.5%) and a slow one of
83.65 us (12.5%) are obtained in ZnS-873. In accord with the
results excited by 325 nm, the slow lifetime becomes fast while
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Fig. 8 Time-resolved photoluminescence spectra monitored at
520 nm (a) and 630 nm (b) for ZnS-1173 sample at 77 K.

the fast lifetime remains relatively unchanged with the treat-
ment temperature increasing. But the relative content of the
slow lifetime increases with increasing treatment temperature.
This trend is opposite to that of the orange emission excited by
325 nm. As a result, the relative content of slow lifetime
reaches to 46.8% when the treatment temperature is 1173 K.

The fast and slow decay of orange luminescence are attributed
to two different relaxation processes. The fast decay is assigned
to the direct recombination of electrons and holes at lumines-
cent sites. Thus, it is nearly not changed with increasing
treatment temperature. The slow decay is due to the trapped
electrons, which is captured by shallow defect states first and
then relax to the luminescent sites. The total quantity of defect
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Fig. 9 Time-resolved photoluminescence spectra of ZnS with the
excitation light at 325 nm (a) and 355 nm (b) at 77 K. The monitored
emission wavelength is 630 nm.

Table 1 Fit results of PL decay curves of ZnS treated at various
temperatures with the monitored wavelength at 630 nm excited by
325 nm light at 77 K

2

= 325 nm T1/HS To/us X
ZnS-873 0.42 (85.5%) 98.49 (14.5%) 1.181
ZnS-973 0.39 (89.6%) 95.70 (10.4%) 1.395
ZnS-1073 0.39 (95.4%) 50.34 (4.6%) 1.121
ZnS-1173 0.39 (96.3%) 46.49 (3.7%) 1.098

states decreases dramatically as the treatment temperature
increases. The decrease in defect states makes the relaxation
processes through shallow defect states accelerate. As a result,
the slow lifetime of orange emission is shortened with increasing
treatment temperature.

The excited electrons and holes are generated in conduction
and valence bands of ZnS, respectively, when the excitation
light is 325 nm. The recombination processes through shallow
defect states are decreased with the treatment temperature
increasing, since the amount of shallow defect states is reduced.
Thus, the relative content of the slow lifetime relaxation
process decreases at higher treatment temperatures. On the
other hand, the trapped electrons are generated directly near
the luminescent sites when 355 nm light is used as excitation
source. More defect states make more trapped electrons relax
nonradiatively. Consequently, less defect states in ZnS obtained
at higher treatment temperature mean that more trapped electrons
can contribute to the orange emission. As a result, the relative
content of slow lifetime process increases with increasing
treatment temperature.

The time-resolved emission spectra of ZnS-1173 are studied
with 355 nm light as excitation source to further understand
the luminescence properties of ZnS, as plotted in Fig. 10. The
decay rates are very sensitive to the monitored wavelength.
When the detection wavelength is 480 nm, the decay rates are
nearly as fast as that of the instrumental response. It becomes
slower with an increase in monitored wavelength. Such a
behavior suggests that both the green and orange lumines-
cence are caused by donor—acceptor recombination.’'>> The
fit results for these decay profiles are listed in Table 3. With
the detection wavelength increasing from 560 nm to 680 nm,
the fast lifetime is almost unchanged while the slow lifetime
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Table 2 Time-resolved PL decay time constants of ZnS sintered at
various temperatures monitored at 630 nm when 355 nm is used as
excitation source at 77 K

2

Jex = 355 nm T1/Us To/HS X

ZnS-873 0.27 (87.5%) 83.65 (12.5%) 1.263
ZnS-973 0.42 (77.9%) 77.53 (22.1%) 1.374
ZnS-1073 0.45 (64.7%) 60.87 (35.3%) 1.420
ZnS-1173 0.47 (53.2%) 55.18 (46.8%) 1.130

increases from 37.80 ps to 82.02 ps. Correspondingly, the
relative content of the slow lifetime increases from 23.0% to
54.4%. It is clearly demonstrated that the orange PL is caused
by the donor—acceptor recombination.

3.4 Origins of visible emissions from ZnS nanocrystals

ZnS-P is obtained by precipitation method without any post
treatment. Therefore, a number of surface states with various
properties exist for the small size and low crystallinity of
ZnS-P particles. This is the reason for the assignment of
surface states as the origin of the blue PL in ZnS-P. The
ZnS-T samples are prepared from ZnS-P through heat treat-
ment at high temperatures in H,S atmosphere. The treatment
processes can largely alter the crystallinity and the properties
of the defect states, including the energy levels and the quantity
of defect states. Consequently, ZnS-873 and ZnS-973 have a
large amount of surface and interfacial defect states while the
total number of defects in ZnS-1073 and ZnS-1173 is reduced
dramatically due to the high crystallinity. In addition, the
enhancement of electron—phonon coupling in ZnS-1073 and
ZnS-1173 may also influence their emission properties.

The dislocation-induced photoluminescence is displayed as
narrow lines in the PL spectra, while excitons are localized on
the stacking faults.>>>* Therefore, the broad defect emissions
in ZnS in this study may be related to the point defects, which
always serve as luminescent sites during photoluminescence
processes. Importantly, four types of point defects can present
in pure ZnS particles (Fig. 11a).%>% They are sulfur vacancies,
zinc vacancies, interstitial zinc atoms and interstitial sulfur
atoms. As mentioned above, the reactions (1) to (3) exhibit
different reactivity at different temperatures. Therefore, ZnS-873
and ZnS-973 contain little sulfur vacancies, while interstitial
sulfur and sulfur vacancies may coexist in ZnS-1073 and
ZnS-1173 though the total quantity of defects is very small.
As a result, the zinc vacancies and interstitial zinc atoms
dominate the point defects in ZnS-873 and ZnS-973, and the

A =680 nm

I\“E‘ A =630 nm

3 M A =600 nm
> T ¥

R A =560 nm

21N Len=5200m

\..,....h | }_‘e,;1=4,80 nm
N, | IRF
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Fig. 10 Time-resolved emission spectra of the ZnS-1173 sample at
77 K. The excitation light is 355 nm.

point defects are mainly the sulfur vacancies and interstitial
sulfur atoms for ZnS-1073 and ZnS-1173.

The schematic energy level diagram with the four types of
point defects is plotted in Fig. 11b. Sulfur vacancies and
interstitial zinc atoms are equivalent localized donor states,
while zinc vacancies and interstitial sulfur atoms lead to
acceptor states.’’ Denzler et al.>® reported that interstitial
sulfur states should be located closer to the valence band edge
than interstitial zinc states to the conduction band edge while
sulfur vacancies should be located closer to the conduction band
edge than zinc vacancies to the valence band edge. Moreover,
energy levels of vacancies are deeper than interstitial states.

In combination with the results of PLE and time-resolved
results, the excitation and emission features of ZnS are proposed
in Fig. 11b. Electrons can be excited to the sulfur vacancies
with the excitation energy higher than 2.88 eV (430 nm), which
is equivalent to the excitation edge for green luminescence. It is
reported that the green PL is related to elemental sulfur species
in ZnS.2%3% Thus, the transfer of trapped electrons on sulfur
vacancies to interstitial sulfur states produces the green lumines-
cence. At the same time, excitation light with energy higher
than 3.10 eV (400 nm), evidenced by PLE and time-resolved
PL results, can excite the electrons to states of interstitial zinc.
The zinc vacancies, which exist at about 1.1 eV above the
valence band in ZnS,*'*? serve as the acceptor levels for
the photoinduced holes. The orange emission is assigned to
the recombination between the interstitial zinc states and the
zinc vacancies.

The assignments of green and orange emission are also
supported by the time-resolved PL results. Because the interstitial
sulfur atoms and sulfur vacancies in ZnS-1073 and ZnS-1173
are mainly formed by reactions (2) and (3), the distance
between sulfur vacancies and interstitial sulfur atoms is always
very short. On the contrary, the distribution of the zinc
vacancies and interstitial zinc atoms is random. Consequently,
the zinc vacancies are always far away from the interstitial zinc
atoms. Thus, the radiation recombination probability to produce
the green emission is much higher than that to produce the
orange luminescence. That may be the reason that the green
emission intensity in ZnS-1173 is much higher than the orange
emission intensity in ZnS-873. More importantly, the long
distance makes the recombination rate between zinc vacancies
and interstitial zinc atoms slow. As a result, the lifetimes of
orange emission are much longer than that of the green
luminescence, and the carrier dynamics of orange emission
are very sensitive to the change of the defect properties in ZnS.

4. Conclusions

ZnS nanocrystals with various visible emission properties were
investigated. The electron—phonon coupling in ZnS increases
with the size increasing. The enhancement of electron—phonon
coupling affects the optical properties of ZnS. The blue (430 nm),
green (515 nm) and orange (620 nm) luminescence are exhibited
for these ZnS nanocrystals due to the different defect properties.
The blue emission is attributed to surface states of ZnS
without any treatment, while the green and orange emission
bands are assigned to the electron transfer from sulfur vacan-
cies to interstitial sulfur states and the recombination between
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Table 3 Time-resolved PL decay time constants of ZnS treated at
1173 K with 355 nm excitation light at 77 K

Jem Ty/ps To/ps x

560 nm 0.46 (77.9%) 37.80 (23.0%) 1.061

600 nm 0.46 (54.8%) 44.99 (45.2%) 1.075

630 nm 0.47 (53.2%) 55.17 (46.8%) 1.131

680 nm 0.48 (45.6%) 82.02 (54.4%) 1.605
a)
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Fig. 11 (a) Schematics of point defects that may occur in pure ZnS.
(b) Schematic energy level diagram for the point defects in ZnS:
I, = interstitial sulfur, Iz, = interstitial zinc, Vg = sulfur vacancy,
and Vz, = zinc vacancy. The levels are drawn corresponding to the
peaks in the PL and PLE spectra of ZnS.

interstitial zinc states and zinc vacancies, respectively. The orange
emission exhibits slower relaxation processes than the green
luminescence because of the longer distance between luminescent
sites. In summary, various visible emission characteristics were
obtained in ZnS nanocrystals by changing the properties of
defects in ZnS. Therefore, it is indispensable to design and
control defect states to tune the ZnS properties for the applica-
tion in light emitting displays, optoelectronic devices, efc.
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