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ABSTRACT:

Realizing multi-colored luminescence in two-dimensional (2D) nanomaterials would
afford potential for a range of next-generation nanoscale optoelectronic devices.
Moreover, combining fine structured spectral line emission and detection may further
enrich the studies and applications of functional nanomaterials. Herein, a lanthanide
doping strategy has been utilized for the synthesis of 2D ZnSe:Er** nanosheets to
achieve fine-structured, multi-color luminescence spectra. Simultaneous upconversion
and down-conversion emission is realized, which can cover an ultrabroadband optical
range, from ultra-violet through visible to the near-infrared region. By investigating the
low-temperature fine structure of emission spectra at 4 K, we have observed an
abundance of sublevel electronic energy transitions, elucidating the electronic structure
of Er®* ions in the 2D ZnSe nanosheet. As the temperature is varied, these nanosheets
exhibit tunable multi-colored luminescence under 980 and 365 nm excitation. Utilizing
the distinct sublevel transitions of Er** ions, the developed 2D ZnSe:Er®* optical
temperature sensor shows high absolute (15.23% K™) and relative sensitivity (8.61%
K1), which is superior to conventional Er** activated upconversion luminescent
nanothermometers. These findings imply that Er®* doped ZnSe nanomaterials with
direct and wide bandgap have the potential for applications in the future low-
dimensional photonic and sensing devices at the 2D limit.
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Nanomaterials with two-dimensional (2D) forms have attracted significant research
interest due to their notable optoelectronic properties.'® Generally, 2D nanomaterials
have lateral dimensions larger than 100 nm, but less than 5 nm in thickness.* Owing to
their interesting characteristics, 2D nanomaterials research has spanned a diverse range
of fields, such as electronic devices, photonics, and sustainable energy.>® Among them,
the photonic performance of 2D materials is crucial for many devices that could play
an important role in the next-generation photonic technology.®!® Hence, the
photoluminescence (PL) features of 2D nanomaterials have received intense
attention.''? The PL performance of 2D nanomaterials is determined by the radiative
transitions of excited electrons in diverse classes of 2D compounds, such as transition
metal dichalcogenides (TMDs) and 111-VI group semiconductors.’**® To date, the
tuning of luminescence is mainly achieved by selecting 2D semiconductors with
particular bandgap energies, as governed by the particular excitonic characteristics, as
well as the number of layers in the 2D flakes. Attempts have been made to continuously
tune the PL properties of 2D nanomaterials. For instance, Li et al. investigated the effect
of layer number on the PL properties of 2D WS, nanosheets.’® Hu et al. observed
fascinating PL phenomena by twisting the stack angle of a-MoOs bilayers.!” However,
these methods can only achieve the wavelength tuning over a limited range.
Additionally, doping strategies are increasingly being used to modify the PL properties
of 2D nanomaterials. Typically, transition metal manganese was introduced into MoS;
host to tune PL emission.'® The implantation of noble metal gold into 2D nanomaterials
has been performed for luminescent modification.'® Likewise, our group demonstrated
near-infrared (NIR) emission at 800 and 1550 nm of 2D MoS; nanosheets via
introducing rare-earth (RE) ions as dopants.?’® Whereas, the band gap of conventional
TMDs (MoSz, WS, WSe; etc.) is relatively narrow, which only permits NIR emissions
of RE ions.

Despite these efforts, multi-colored tuning with fine structure of optical spectra in
2D nanomaterials has not been explored. It is of great significance for investigating the
fine structure of spectral lines for both fundamental research and multi-colored

luminescence devices such as ultrathin displays and optical sensors at the 2D limit.
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Theoretically, RE doped 2D nanomaterials with wide bandgap could generate abundant
emissions. Unfortunately, there are few reports on the RE doped 2D nanomaterials with
multi-colored luminescence. It should be noted that the ZnSe is a direct band gap
semiconductor both in monolayer and multilayer form whilst also possessing a wide
band gap energy range (2.7-3.5 eV).?! Different from some typical 2D nanomaterials,
the ZnSe semiconductor possesses high crystal purity and exhibits a transparent yellow
color which more weakly absorbs visible light. Earlier studies have demonstrated
photocatalysis applications in single layered ZnSe nanosheets,?! implying that 2D ZnSe
nanosheets with good photonic properties should provide a favorable matrix for RE
ions.

Moreover, nanoscale sensing has drawn attention from researchers because of
advantages in both size and performance. Among optical sensing technologies, thermal
sensors have potential for a broad range of applications due to their fast response and
non-contact nature.?>2®> Owing to the thermally coupled energy levels, Er ions are
widely applied in radiometric temperature sensing. For example, Yb/Er/Cr triply doped
oxyfluoride glass has been employed for optical thermometry,?®® while core-shell
NaYF:Yb,Er@NaYF: nanoparticles have been used for temperature sensing.?’
However, further study is desired to achieve high thermometric sensitivity owing to the
overlap of emission bands and the host effect on the Er-actived ions which limits the
application potential. It is essential to explore whether this problem could be solved
through adopting 2D nanomaterials as a sensing platform; combining RE ions and 2D
ZnSe semiconductors could see an improvement in photophysical characteristics and
enhanced sensing performance.

Here, we have synthesized ZnSe nanosheets doped with lanthanide Er ions by a two-
step method. We demonstrate tuning of multi-colored luminescence in these nanosheets.
The 2D nanomaterials doped with Er can produce ultrabroadband optical emission
ranging from ultra-violet (UV), visible with green, red, and yellow emissions to near-
infrared (NIR) in a single compound. Further, we make use of the sub-level intensity

ratio of Er ions emission to overcome the obstacle of overlapped emission-peaks and



realize high thermometric sensitivity, greatly broadening the range of potential

applications for these materials.

RESULTS AND DISCUSSION
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Figure 1. The morphology and structure of ZnSe:Er3®* nanosheets. (a) TEM image. Inset:
the nanosheets suspension under laser irradiation. (b) HR-TEM image and the relevant
diffraction spots using fast Fourier transform. (¢) AFM images in various plane sizes and
their corresponding height profiles. (d) Raman spectrum of bulk powders. (¢) Raman
spectrum of nanosheets and corresponding Lorentz deconvolution. (f) XPS spectrum of

nanosheets.

Morphology and structure play an important role in the physical properties of
nanomaterials. The X-ray diffraction (XRD) patterns of nanosheets and bulk match well
with the standard card (PDF#37-1463, Figure S1). No secondary and hetero-phases of
materials are obviously observable, which suggests that both ZnSe:Er®* samples have
a pure cubic structure with space group of F-43m (Table S1). It seems that the doping
of Er¥* ions has little influence on the crystal structure of the ZnSe host. Moreover, the
exfoliated nanosheets present a different face-preferred orientation from the bulk,
which can be attributed to a lower surface energy of (110) lattice planes compared with

the (100) or (111) facets.?* According to previous research, the (110) facets are proved
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to be cleavage planes of ZnSe (Figure S2).2¢ Therefore, under certain forces, the bulk
ZnSe could be cleaved along the (110) facets with relative ease. Transmission electron
microscope (TEM) and high-resolution TEM (HR-TEM) were utilized to elucidate the
morphology of as-prepared nanosheets. As shown in Figure 1a, the prepared nanosheets
are ultrathin with lateral sizes of hundreds of nanometers. The inset illustrates that the
nanosheets were dispersed in ethanol medium and exhibit a Tyndall effect. Figure S3
further shows that only the nanosheets dispersion possesses the Tyndall effect and the
corresponding SEM images also display the different micro-morphology of bulk and
nanosheets. It can be inferred that the primal ZnSe:Er** bulk was exfoliated into sheets
form after ultrasonic and centrifuge processing. Figure 1b illustrates the HR-TEM
pattern of fabricated nanosheets. After fast Fourier transform analysis, the observed
lattice face is determined to be (111), which further verifies the (110) preferred
orientation of nanosheets (Figure S1, S4). In addition, as shown in Figure S5, the
scanning TEM (STEM) with spherical aberration correction was utilized to study the
different microstructures of the ZnSe:Er®* powder and nanosheets. Atomic force
microscopy (AFM) was carried out for measuring the thickness and plane size. Several
nanosheets with flat surfaces and diverse size were observed clearly in Figure 1c. The
plane size is determined to be hundreds of nanometers and the corresponding height
profiles of the nanosheets are around 2.3 and 3.3 nm. According to a previous report,?
the thickness of monolayer and bilayer ZnSe nanosheets is determined to be 0.91 and
2.5 nm, respectively. It can be deduced that the as-prepared nanosheets are
approximately 2~3 layers. Hence, these results suggest that 2D ZnSe:Er®* nanosheets
with few layers have been fabricated.

Raman spectroscopy was employed for studying vibration modes of ZnSe:Er®*
nanosheets. As shown in Figure 1d, two scattering peaks were clearly observed at 205.4
and 251.8 cm™ in the ZnSe:Er®* bulk, which are originated from transverse optical (TO)
and longitudinal optical (LO) phonon modes, respectively.?® Figure 1e illustrates the
Raman spectrum of the fabricated ZnSe:Er** nanosheets. After Lorentz deconvolution,
three peaks were acquired at 205.7, 235.3, and 251.6 cm™. The first and third peaks are

attributed to TO and LO modes, respectively. According to previous research,* the
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second Raman peak is attributed to the surface phonon (SP) mode. Comparing the two
sets of Raman spectra, a Raman peak regarded as an SP mode arises from bulk to
nanosheets of ZnSe:Er**. In general, the SP mode is hard to observe because of its low
Raman intensity in the bulk form. As the bulk is converted into nanosheets, this
vibration mode is gradually disclosed. This observation can be attributed to the quantum
size effect, which increases the ratio of surface to volume and then enhances the
intensity of the SP mode.

The composition of the fabricated nanosheets was investigated via X-ray
photoelectron spectroscopy (XPS) detection. As shown in Figure 1f, the spectrum
illustrates the existence of Zn, Se and Er elements in nanosheets. The C element
originates from the allochthonous carbon, and the O element comes from the oxygen
adsorbed on the sample surface. The peaks at 1021.8 and 1044.7 eV originate from the
Zn 2p3 and Zn 2p1 doublets, respectively, while the peak located at 54.5 eV originates
from the Se 3d binding energy.3! The two peaks at 165.6 and 185.5 eV originate from
the Er 4ds;2 and Er Auger signals.?’ Moreover, the binding energy peaks of ErFs are not
detectable here. As shown in Figure S6, the elemental distribution of the prepared
samples was analyzed by energy dispersive X-ray spectroscopy (EDS), which further
reveals the presence of Er element in the ZnSe host. The XPS results combined with
the above experimental data suggest that Er ions have been introduced into the ZnSe

nanosheets matrix without secondary and hetero-phases forming.
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Figure 2. The 4 K fine emission spectra of ZnSe:Er** nanosheets under 980 nm
excitation. (a) Upconversion emission spectra of nanosheets from UV to visible range.
(b) Down-conversion emission spectra of nanosheets at NIR range. (c) Energy levels of

Er3* in ZnSe nanosheets and corresponding CF transitions.

The luminescence properties of as-prepared ZnSe:Er®* nanosheets are analyzed
through PL spectra measurements. Figure S7 reveals the up- and down-conversion (UC
and DC) luminescence spectra of as-prepared nanosheets under 980 nm excitation at
room temperature (298 K). To avoid thermal broadening effects, fine emission spectra
of ZnSe:Er** nanosheets are monitored at a low temperature of 4 K. As shown in Figure
S8, the full width at half maximum (FWHM) of the emission peaks is smaller than 0.9
nm. Figure 2a and b show the UC and DC PL spectra of as-prepared nanosheets under
980 nm excitation at 4 K.

As shown in Figure 2a, the UC emissions are observed clearly covering the UV and
visible areas. In the UV range, the peaks located at 342.6, 372.0, and 375.3 nm originate
from the electronic transitions of O, L1 to Z; and Li to Z, in Er** doped ZnSe
nanosheets, respectively. Whereas, the luminescence of original ZnSe:Er®* bulk can
hardly be observed at the UV spectra range (Figure S9, S10). On the one hand, this may

be due to the low UC probability of Er®* at a short wavelength range. On the other hand,
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we also attribute this result to a high free luminescence phenomenon for nanomaterials
with 2D form. Typically, the PL property of RE ions is restricted by the band gap energy
of the host materials, that is, the emission wavenumber of RE ions is normally smaller
than that from the host. This can be mainly attributed to that the photon energy (UV
range) is absorbed by host materials with bulk form for lattice vibrations working. But
after exfoliation into 2D form, absorption will be greatly weakened for single or few
layers nanosheets as illustrated in Figure S11. The absorption spectra of nanosheets are
shown in Figure S12. We deduce that the quantum confinement, saturated absorption
and edge effects in the nanosheets induce weakened absorption and blue-shift the
bandgap.!132 There are violet, blue, green, and red emission bands in the visible range,
corresponding to the emission peaks at 402.8, 482.9, 547.3, and 656.1 nm, respectively.
They are originated from the Ki—Z,, Gi—Z1, E1—Zs, and D,—Zs transitions in Er3*
doped ZnSe nanosheets, respectively. Figure 2b illustrates the 4 K DC emission
spectra of ZnSe:Er®* nanosheets under 980 nm excitation. The NIR emission bands with
the strongest peak at 1537.8 nm can be distinctly observed, which corresponds to the
transition of Y3 to Zs in Er®* doped ZnSe nanosheets. Corresponding to the above
results of UC and DC emission spectra, the crystal field (CF) energy level diagram of
Er¥* in ZnSe nanosheets is shown schematically in Figure 2c. The ground state of *I1s/
has non-degenerated to eight CF levels, including Z1, Z, Z3, Za, Zs, Zs, Z7, and Zg. The
excited state levels are each split into several sublevels. For instance, the excited state
*I1312 splits into Y1, Y2, and Y3 sublevels, resulting in the majority of NIR emission,
while the *lg/2 splits into B and B2 sublevels for the remainder. For the red luminescence,
two sublevels (D1 and D) of the excited state “Foy2 are observed. The rest of excited
states, such as *Ssz2, *Frr2, 2Harz, “Ga1r2, and 2Gyy2 can be observed as a single CF level,
corresponding with Ei, G1, Ky, L1, and Oy, respectively.

In addition, the full range of emission peaks and corresponding CF energy levels are
further studied and labeled in Table S2 and S3. All of the emission peaks from UV to
NIR range of Er** originate from these sublevel transitions. For the green emission, ten
CF lines are observed with wavelengths of 537.3, 539.8, 542.6, 543.8, 545.2, 547.3,

550.5, 551.3, 557.2, and 558.6 nm, corresponding with the E; to Z; (J=1-8) and K1 to
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Y1,2 sublevel transitions. In regard to the thirteen red emission peaks, such as 648.5,
650.8, 652.4, 654.5, 656.1, 658.2, 659.2, 661.1, 662.9, 665.3, 668.0, 671.5, and 672.3
nm, they mainly originate from the Di12.—Z; sublevel transitions. Specifically, these
transitions are determined to be D,—Zy (J’=1-5) and D1—Z;~ (J”=1-8) CF lines.
Owing to the broader energy level of *l13p, the total twenty-one NIR emissions are
determined to be from 1469.9 to 1615.2 nm. These CF lines are originated from the Y3
t0 Z11 (J1=1-6), Y2 t0 Z52 (J2=2-6), Y1 t0 Z13(J3=1-8), and E1 to B1 2 sublevel transitions.
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Figure 3. Flexible composite film consisting of ZnSe:Er®* nanosheets and PDMS matrix.
(a) Fabrication process of the composite film. (b) Schematic diagram of the composite
film. (c) Top-view photos of the circle I) and rectangle II) composite film; the cross-
section SEM image III). (d) The flexibility test of the composite film. (¢) The composite

film is immerged in liquid Na.

Having obtained the fine structure of the spectral lines and demonstrated broad
luminescence emission, we move forward to design and fabricate flexible 2D
ZnSe:Er3* optical devices. The stretchable composite films were fabricated by
dispersing the ZnSe:Er®" nanosheets into polydimethylsiloxane (PDMS)
elastomers. PDMS possesses several advantages, such as flexibility, high-

transparency, and frigostability suitable for flexible optoelectronics.?’” As shown
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in Figure 3a, the process of composite fabrication consists of three steps. First,
the PDMS colloid is mixed with the ZnSe:Er®* nanosheets at a ratio of 1:3 in a
beaker, and then the PDMS mixture is drop-cast onto a glass substrate by an
injector. Secondly, the composite precursor is spread and thinned via spin-coating.
The rotation speed of the spin coater is a vital parameter to adjust the uniformity
and thickness of the composite film. A low rotation speed combined with
repeated coating is beneficial to forming high-quality composite film. Thirdly,
the PDMS mixture is thermally cured in a drying oven at 60 °C for 2 hr. The
fabricated PDMS composite film was then clipped into shapes for further
experiments. Figure 3b illustrates the schematic of the composite film consisting
of ZnSe:Er®* nanosheets and the PDMS matrix. The ZnSe:Er®* nanosheets are
distributed uniformly in the PDMS matrix to achieve desirable PL properties.
The specific sample of the composite film is shown in Figure 3c. The prepared
composite film appears yellow from the top-view images, attributed to the optical
color of ZnSe. The cross-sectional SEM image further indicates the uniform
distribution of the ZnSe:Er®* nanosheets in PDMS matrix. To verify their
flexibility, the fabricated composite films were subjected to different processes
of bending, crimping, horizontal stretching, and diagonal stretching as shown in
Figure 3d. The series of pictures demonstrate that the prepared composite film
shows sufficient flexibility. In addition, the composite film also reveals good
resistance to low temperature. As shown in Figure 3e, liquid N2 at 77 K was
poured into a transparent plastic petri dish. The fabricated composite film was
submerged into the liquid N2 with tweezers. After this treatment, the composite

film still retains its flexible performance (Figure S13) at room temperature.
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Figure 4. Multi-color PL spectra of the ZnSe:Er®* composite film. (a) 77 K emission
spectra at increasing power under 980 nm excitation. The inset shows the corresponding
PL image. (b) Room-temperature power-dependent emission spectra pumped at 980 nm.
The inset displays the relevant PL images. (c) Room-temperature decay curves of the
green and red emission peaks under 980 nm excitation. (d) Emission spectra at different
temperature under 365 nm excitation. Inset: the CIE chromaticity and corresponding
color coordinates. (e) Temperature-dependent images of the composite film involving

NIR excitation (top), UV irradiation (middle), and IR imaging.

The emission spectra of the ZnSe:Er®* composite film under varying pump power
and temperature were characterized to further elucidate the luminescent processes. As
shown in Figure 4a, the emission intensities of green and red bands tend to strengthen
when the pump power is increased. The insets further display the brightness variation
as the power is increased from 50 mW to 1.00 W at 77 K. Figure 4b illustrates the
change of emission spectra as the pump power increases at 298 K. Similarly, the
emission intensity is enhanced, with correspondingly brighter luminescence as the
incident power increases. On the other hand, the FWHM of the emission peaks are
broadened compared with the 77 K spectra, largely due to the vibronic transition at

room temperature. Typically, there are two energy transitions of green emission for Er3*:
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2Hy1,—%152 and *Szz—*l1sr2. However, it can be clearly observed that the emission
intensity from 2Hi1,—*115/2 is particularly weak at room temperature, and hardly visible
at 77 K, as shown in Figure 2 and 4a. This can be attributed to the phenomenon of
phonon-assisted population inversion for Er¥* in ZnSe nanosheets, which increases the
population of the 2Hi1; state as the temperature rises to 298 K.3334

Additionally, double natural logarithm (In-In) curves showing the emission intensity
and pump power are used to investigate the number of absorbed photons. The emission
intensity (1) and pump power (P) obey the relation as I « P ™, where n represents the
number of photons in the luminescence process. For the spectra measured at 77 K, the
slopes of green and red emission lines are around 1.31+0.05 and 1.34+0.03, respectively
(Figure S14). At 298 K, the slopes (Figure S15) increase to about 1.72+0.04 and
1.83+0.06 for green and red emission bands, respectively. Both the results indicate that
a two-photon luminescence process is occurred in the sample under 980 nm excitation.
The slope values of green and red emissions at 77 K are lower than those at room
temperature; this can be attributed to a higher transition probability of Er®* ions under
cryogenic conditions. The decay curves under 980 nm excitation are shown in Figure
4c. At room temperature, the PL decay of Er®* ions in ZnSe nanosheets manifests in
emission peaks located at 547.3 and 656.1 nm. After a fitting calculation, the fluorescent
lifetimes are determined to be 8.1 and 75.1 s, respectively, which are similar with the
results of Er**in Yb/Er codoped 2D metal-organic frameworks.®

The intrinsic PL spectra of ZnSe nanosheets (shown in Figure 4d) are also
investigated at different temperatures under 365 nm excitation. As shown in Figure 4e
(middle), these images appear yellow at 77 K, evolving to a weak white color at room
temperature. The observed yellow color can be attributed to the defect luminescence
from the ZnSe host. The emission peaks are marked as |1 to I3 as shown in Figure 4d,
which mainly originate from the defect level transitions of ZnSe nanosheets derived
from, for instance, Zn-vacancies, stacking faults, and dislocations.®3” Among them,
the I3 presents the strongest emission intensity which largely accounts for the yellow
luminescence. The intensities from all defect emissions become weaker as the measured

temperature increases. The intrinsic emission peak of the ZnSe host is determined to be
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lo (419 nm), corresponding to 2.96 eV. According to an earlier report, the bandgap of
bulk ZnSe was confirmed at around 2.66 eV (466 nm).3 There is a distinct blue shift
compared with the bulk form, which can be attributed to quantum confinement effects
in low-dimensional materials.®® In addition, the CIE chromaticity coordinates are also
marked at the inset (left top) of Figure 4d. The specific CIE values are provided at the
Figure S16.

Owing to the different thermal response for luminescence of the ZnSe:Er*
nanosheets, the prepared composite film exhibits an interesting color change from 77
K to 298 K. As shown in Figure 4e (top and down), the composite film displays a green
color at 77 K and gradually turns to red as the temperature increases. This interesting

temperature-dependent luminescence could find promising applications in temperature

sensing.
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Figure 5. Temperature sensing properties of the ZnSe:Er®* composite film. (a) The
contour plot with the color-filling of temperature-dependent emission spectra under 980
nm excitation. (b) Histograms show the emission intensity at 547 and 656 nm at various
temperatures. (c) The emission intensity ratio from red to green and corresponding fitted
curves. (d) The absolute (left) and relative (right) sensitivity in the range of 77 to 298 K.
(e) The repeatability test of the emission intensity ratio (lsse/ls47) recorded at 77 and 298

K over several cycles.
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The temperature sensing properties of the ZnSe:Er®* nanosheets are presented
in Figure 5. In order to better illustrate the temperature-dependency of the
emission, a contour plot is depicted in Figure 5a, with the emission wavelength
and temperature on the horizontal and vertical axes, respectively, and the color-
filling denoting the emission intensity at each point. In general, the emission
intensities of the green and red peaks show a decreasing trend as the temperature
increases (Figure S17). This intensity change can be understood by considering
the electron-phonon interaction as the temperature varies. According to previous
studies, the relationship between the luminescent intensity (l;) and absolute

temperature (T) can be written as follows:404!

Ii = NiRl'T = Ni(T)RiT (1)
== R+ Wz ©)
War(T) = Wig(0)[1 = exp (=51~ 3)

where N(T) denotes the excited states’ population at a certain temperature T, 7 is
the lifetime for excited states, P denotes the phonons number, zw is the energy
of the phonons, and R and Wnr represent the radiative and non-radiative transition
rate, respectively. After combining equations 1 to 3, the intensity is explicitly

expressed as:*

KsT E,
{1 = TWr(O)[1 - exp (- =)} (4)

Here, 4E is the energy gap between the excited and ground states. It can be
clearly noted from equation 4 that the emission intensity is mainly affected by
two processes: non-radiative decay and thermal agitation. Consequently, under a
low-temperature environment, the non-radiative rate is at an extremely low level
while the rate of thermal distribution is relatively high. This results in stronger
emission intensity at lower temperature. However, at high-temperature range, it
suggests a rapid increase for the non-radiative rate and leads to a decline in the

radiation probability, which eventually brings about an emission intensity
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decrease. Besides this, there is a clearly observable difference in temperature-
dependence between the two emission peaks, where the green emission shows a
stronger thermal quenching. This result can largely be attributed to the non-
radiative decay, thermal agitation and quenching activation energy. Since the
photon energy at 547 nm is considerably higher than the photon at 656 nm.
According to equation 1-4, the non-radiative decay, thermal agitation and
qguenching activation energy at 547 nm is more significant. Therefore, the
emission intensity at 547 nm is reduced more strongly as the temperature
increases. This phenomena brings about an abundant color change from green
(0.32, 0.67) to red (0.64, 0.36) in CIE chromaticity coordinates (Figure S18).

Further to this, the emission peaks located at 547 nm (green) and 656 nm (red)
are analyzed with respect to their use in optical thermometry. As shown in Figure
5b, the specific thermal quenching trend of the two emission peaks at 547 and 656 nm
is marked and described. It is seen that the emission intensity at 547 nm tends to decline
rapidly as the temperature increases. Meanwhile, the emission intensity decreases more
gradually for the peak at 656 nm. As aforementioned, the non-radiative decay, thermal
agitation and quenching activation energy lead to the different thermal quenching
performance of the two emission peaks at 547 and 656 nm. This thermal quenching
could present ZnSe:Er** nanosheets as a viable solution for optical thermometry
applications.

As depicted in Figure 5c, the thermometric parameter LR is defined as the
luminescence intensity ratio between the green (547 nm) and red (656 nm) emission.
The parameter LR reveals an exponential relationship with the temperature from 77 to

298 K, which can be expressed as the equation 5.42

LR = j:% = C; " exp (_TCZ) (5)
where C1, C> represent the constants and T denotes the absolute temperature. The fitted
curve can be specifically described as LR = 143.93 exp(—512.20/T). The fitting
value of R? is 0.9989. In addition, the two indices of absolute and relative sensitivity

(Sa and Sy) are of great importance for assessing the optical thermometry property as
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described in equation 6 and 7.%3

ALR C

Sa =57 = LR (33) ©
_ 1 R _C

" T LR 9T T2 (7)

As shown in Figure 5d, the maximal value of absolute thermal sensitivity Sa is 15.23%
K at 250 K. The maximum value of relative sensitivity Sy is determined to be 8.61%
Kt at 77 K (Figure S19, S20). These results for Sz and S, are superior to conventional
Er®* activated upconversion luminescent nanothermometer reported thus far (Table S4).
It is deduced that 2D nanosheets possess some advantages over the systems previously
reported, including high specific surface area, an abundance of active sites, as well as
in their optical carrier transport, and quantum confinement effects.*#4+* Furthermore,
the 2D nanosheets present a different phonon vibration mode compared with other bulk
crystals and nanomaterials. Moreover, the temperature resolution of the prepared
nanosheets is determined to be lower than 0.8 K over the total temperature range, and
better than 0.5 K (Figure S21) under the temperature of 250 K.

Performance stability is vital for practical applications in temperature sensing.
Therefore, reproductivity tests were also implemented, under 980 nm excitation. As
shown in Figure 5e and S22, the thermometric parameter LR (lgse/I547) is maintained at
almost the same level over 9 cycles of heating and cooling from 77 to 298 K,
establishing a lower bound for their stability and reliability. Further studies would be

required to assess the long-term stability of operation.

CONCLUSIONS

In summary, Er** ions doped 2D ZnSe nanosheets have been fabricated.
Investigations into their structure and morphology using TEM, HR-TEM, CS-
STEM, AFM, Raman, EDS and XPS demonstrate that the Er** ions have been
introduced into the ultrathin layered ZnSe host. Low temperature (4 K) UC and
DC PL fine spectra of Er®* ions were measured under the 980 nm diode laser
excitation, indicating a total number of fifty-one CF lines from the UV to NIR

emission range. The acquired UV spectra of Er®* ions imply that the luminescent
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properties of RE ions in 2D nanomaterials could overcome the bandgap
limitations of conventional 2D semiconductor hosts. Notably, the prepared
PDMS composite film exhibits a diversity of color variation from 77 K to room
temperature. Under NIR (980 nm) and UV (365 nm) excitations, the color
changes can be obviously observed from green to red, and yellow to weak white,
respectively. Furthermore, the Er®* ions with separated sublevel transitions at
547.3 and 656.1 nm show different thermal quenching effects, which could be
employed for optical thermometry. After fitting calculations, the obtained
maximal values of S, and S are determined to be 15.23% and 8.61% K,
respectively. Taking advantages of the direct wide-bandgap ZnSe semiconductor and
enriched energy levels for RE ion dopants, our work realizes multi-color luminescence
and excellent temperature sensing performance, inspiring promising applications in 2D

functional nanodevices.

MATERIALS AND METHODS

Chemicals and Materials. The raw materials ZnSe (99.99%) were purchased from
Aladdin Industrial Corporation; ErFs powders (99.99%) were acquired from Sinopharm
Chemical Reagent Corporation. The analytical reagent ethanol was bought from
Hangzhou Gaojing Fine Chemical Industry Corporation.

Sample preparation. The Er®* doped ZnSe nanosheets were prepared by two steps.
First, the Er®* doped ZnSe powders were mixed and ground according to the formula
of Zno.99Ero.01Se (Figure S23). Then the mixtures were sintered with supplementary Se
at 950 °C for 4 hrs in Ar gas. Secondly, the ZnSe:Er®* nanosheets were gained through
liquid phase exfoliation process. In detail, the grinded ZnSe:Er®* powders (50 mg) were
dispersed in 100 ml ethanol. Next, the bulk solution with concentration 0.5 g/L was
exfoliated by ultrasonic machine for 48 hrs under 10 °C. Finally, the ZnSe:Er*
nanosheets were collected from supernatant with concentration 0.1 g/L by
centrifugation in 6000 r/min for 10 mins.

Characterization. The Bruker XRD instrument (D2 PHASER, Germany) equipped

with Cu Ka radiation was served for the crystal phase. The micromorphology was
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observed by Tecnai FEI TEM (G2 F20, USA) and Hitachi SEM (SU8010, Japan). The
thickness information was gained from Dimensional AFM (Veeco, Nanoscope V, USA)
using tap mode. The atomic-resolution STEM was performed in a JEOL ARM200F
with STEM aberration (Cs) corrector operated at 80 kV. The Renishaw Raman
spectrograph (inVia-Reflex, UK) was used to acquire the microstructure data with a
532 nm laser. The existed elements of as-prepared nanosheets were detected by Thermo
Fisher XPS (Escalab 250Xi, USA) equipped with Al Ka source (hv = 1361 eV). The
element distribution of ZnSe:Er®* sample was collected by EDS with Oxford
Instruments XMaxN 100TLE 100 mm? detector. The emission spectra were monitored
via fluorescence spectrometer (FL3, Jobin Yvon, France), equipped with Xe lamp and
a 980 nm laser. In particular, the ZnSe:Er** nanosheets were dropped in sample holder
for 4 K fine emission spectra. The specific parameters include 0.1 nm step size, 0.1 nm
side entrance and exit slit, 0.2 s integration time, 1200 grating, and pump power of 0.4
W in continuous wave mode. On the other hand, the prepared nanosheets were
dispersed in PDMS for the temperature dependent emission spectra. The measuring
parameters include 1 nm step size, 1 nm side entrance and exit slit, 0.1 s integration
time, 1200 grating, and 1 W pump power in continuous wave mode. The PL decay
curves were recorded on HORIBA (QM 8075-11, Canada) spectrofluorometer. In
details, the test parameters include 1 nm entrance and exit slit, 1000 us end time, 1000
acquisition points, and 2 W pump power in impulse wave mode. The absorbance spectra
were collected by a UV3600 spectrophotometer (Shimadzu Corporation, Kyoto, Japan)
equipment with an integrating sphere. The temperature control system (OpistatAc-

V12A, UK) was used to measure the temperature dependent emission spectra.
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