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Doping glass with semiconductors, particularly with nanostructured semiconductors, has attracted
attention due to the large optical absorption cross-sections of the latter. Based on this property, Ni2+
(5 wt%) doped phosphate glass and Zn;_xNixTe (x = 0.5, 1.0, 5.0 and 10.0 wt% of Nit) nanocrystals
(NCs) doped phosphate glasses (GCs) were prepared by fusion method and subsequent heat
treatment. Influence of NiZ* on structural, thermo-optical and third-order nonlinear optical properties
have been analysed through various spectroscopic characterizations. The XRD pattern of the glass (G)
exhibits the amorphous nature of the host material while GCs exhibit not only amorphous halo but
also the presence of quantum dots (QDs) or nanocrystals (NCs) phases. TEM analysis of the studied
GCs samples confirm the presence of quantum dots (QDs) and bulk NCs with an average diameter of
approximately 4.2+ 0.3 nm and 13.4 % 0.2 nm, respectively. Several phosphate groups were observed
and reported from Raman and FTIR-ATR spectra. The absorption band positions confirmed that Ni?*
ions resemble to the octahedral symmetry. The intensity of absorption band around 1352 nm CT1(F) >
3A,(F)) increased with the increase of Ni?t in GCs which is an indicative of the [6INi?* coordination. The
emission properties such as emission cross-sections (g.m;) full width at half maxima (FWHM) for the !
T2(D) — To(F) (visible) and 3Ay(F) — 3T1(F) (near-infrared) emission transitions were reported. Among
the glass-containing semiconductor nanocrystals (GCs), the emission cross-sections in GC4 sample

(x = 10% of NiZ*) are the largest for both the visible (11.88 x 1018 cm?) and infrared (0.98 x 10~2° cm?)
transitions. Thermal diffusivity (D), thermal conductivity (K) and temperature dependent optical path
length change (ds/dT) were obtained through time-resolved thermal lens (TL) and thermal relaxation
(TR) methods. The D and K parameters do not change significantly with increase of Ni2t jons (0.5-5%)
in GCs. Nonlinear-refractive index and nonlinear absorption of the studied samples were also obtained
using femtosecond Z-scan technique. The increase of nonlinear absorption coefficient (8) is observed
from GC2 (2.53 x 10710 cm/W) to GC4 (7.98 x 10~1% cm/W). The GC4, sample with 10 wt% of NiZ+,
showed the lowest ds/dT (1.22 x 10~¢ K~1) with good lasing (FOM and emission cross-sections) and
nonlinear absorption properties suggesting that it can be a good candidate for visible-red emission
light conversion in LED technology.

Semiconductor materials with combination of III-V type (GaAs, InAs and GaN), II-VI type (ZnO, ZnTe, CdTe,
ZnS), and IV (Si, Sn and Ge) have been the focus of continued attention since they provide applications in
the field of optoelectronics!, solar photovoltaic cells?, photodetectors® and, diluted magnetic semiconductors
(DMS)* when transition metals are incorporated in some binary semiconductors. Concerning DMS for spin-
tronic applications, the addition of magnetic transition metals and/or rare earth ions to the II-VI semiconductors
are interesting due to their greater solubility limit and lower concentration of defects’. The incorporation of a
magnetic transition metal ion into the semiconductors leads to a strong s-d interaction between the carriers
and the local magnetic ions that may modify the spin splitting and the spin polarization properties. ZnTe is an
important IT-VI semiconductor with a wide and direct band gap of 2.26 eV at room temperature with applications
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in optoelectronic and thermoelectric devices®’. Its recent integration with DMS materials in various forms
(bulk, thin film or nanostructured) has been object of investigation concerning their structural, electrical and
magnetic behavior®®?,

The addition of nickel (Ni) to a glass may exhibit stable Ni** ions which favors large crystal field stabilization
energy at an octahedral environment'’. These ions have strong visible (Vis) and near-infrared (NIR) absorption
bands originated from the electronic ground state of Ni?* in octahedral symmetry, >A,(F) to the excited states,
3T,(3F), 3T1(3F) and 3T (3P)"". Numerous researches have been devoted to investigating the optical properties
of Ni-doped phosphate glasses'?**. In particular, P,O5 acts as a glass networking former and the structure is
based on the corner sharing POy tetrahedron which form chains, rings or isolated POy4 groups. Phosphate glasses
are technologically important due to some particular properties such as high thermal expansion coefficient, low
melting and softening temperatures, high ultraviolet transmission, and low phonon energy over conventional
silicate and borate glasses'. Currently, magneto-optical properties in phosphate glasses via magnetic transition
ions and semiconductor nanocrystals doping have been performed, although, the reports have been limited to
structural and magnetic properties'>~'%. Moreover, so far the thermo-optical properties of ZnTe based DMS in
phosphate glass are not reported. These properties are required to systematic studies with suitable magnetic
dopant and concentration for applications in magnetic and/or optical properties (optical saturation).

In this work, the effect of Ni?* ions in structural and thermo-optical properties of transparent P,O5-Zn0-Al,
03-BaO-PbO glass (G) and the same glass containing semiconductor nanocrystals (GC) were studied through
DTA, XRD, TEM, IR absorption and Raman spectroscopy, visible and near-infrared absorption, thermal-lens
and z-scan techniques. Our results gave hints about optimal composition eligible to visible-red emission light
conversion in LED technology.

Results and discussion

X-ray diffraction and structural analysis. Figure 1a shows the DTA thermograms of samples G and
GC2 without heat treatment and with heat treatement at 500 °C for 10 h. The value of the glass transition tem-
perature is around Tg = 440 °C, and this value did not undergo significant changes with the heat treatment or
with the presence of NCs in the host glass. This suggests that the structural changes are small or insignificant
in the glass lattices, since there are no well-defined crystallization peaks when the samples were heat treated
or doped with NCs. Given these results, it can be concluded that the glasses are thermally stable at room tem-
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Figure 1. (a) DTA thermogram (b) XRD diffractogram of G (5 wt% Ni** ions in glass) and GC2 glass sample
(1 wt% Te & x = 1 wt% Ni>* ions doped) without heat treatment and heat treated at 500 °C for 10 h; (c) TEM
image of GC2 (heat treated at 500 °C for 10 h) glass sample along with amplification of selected region of the
image and histograms for QDs and bulk NCs (right side).
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perature and at temperatures around T'. They also have high mechanical strength and can be applied as active
medium for lasers. In addition, given the value of T = 440 °C, it was possible to confirm that the temperature of
500 °C (a little above T,) is completely adequate for the heat treatment of the glass samples. This temperature is
capable of promoting the diffusion of precursor ions Zn**, Te?~ and Ni?™, favoring the formation and growth of
NCs and QDs. Figure 1b shows the XRD pattern of the same samples presented in Fig. 1a'. It can be seen that
two broad humps at around 15 < 260 < 30 and 35 < 26 < 50° indicate the amorphous nature of the host glass. The G
sample clearly exhibits glassy characteristics by the presence of the diffuse hump and the absence of sharp peaks
which would correspond to crystalline phase. The GC2 sample exhibits not only the amorphous halo, but also
sharp diffraction peaks that can be attributed to the growth of quantum dots (QDs) or nanocrystals (NCs). The
peaks related to reflections from 25.00 (11 1), 28.89 (2 0 0), 41.12 (2 2 0), and 48.59 (3 1 1) evince zinc blende
structure and match the standard card of ZnTe, JCPDS: 15-0746%. The diffractograms also show an increase in
the intensity of the main peak (111). This behavior is related to the increase of NCs density in the host vitre-
ous matrix, with the thermal treatment. Other peaks observed in the diffractograms are related to constructive
interferences from 19.30 (1 0 1), 33.60 (1 0 2) and 38.00 (2 0 0) of TeO3 in a tetragonal form?*' and from 24.43 (1
00) and 35.10 (1 0 2) of Te in a trigonal form?2.

According to the literature’®'®%, doping the ZnTe host by different concentrations of transition metals (Ni,
Mn, Co, etc.) does not induce changes in lattice positions, a fact that was confirmed by the transmission electron
microscopy (TEM). Figure 1c exhibits TEM images of GC2 glass sample. This sample was compared with the
other glasses containing only ZnTe NCs (Ni-undoped) confirming that the crystallinity of these NCs were not
altered by Ni content'>'6?*, The images show two distinct groups of spherical Zn; _,Ni, Te NCs. One is attributed
to quantum dots (QDs) and the other to bulk NCs, as also observed in previous work®. The average diameters of
these NCs are approximately D ~ 4.2 nm for QDs and D ~ 13.4 nm for bulk NCs, as shown by the size histogram.
The size dispersion (o) for QDs and bulk NC:s are, respectively, 0.3 and 0.2 nm. The amplified region of the TEM
image shows that the distance between the adjacent lattice fringes is 0.346 nm. This value is largely consistent
with the value found in the literature for (1 1 1) lattice parameter (d) (0.350 nm) and corresponds to ZnTe NCs
with zinc-blend (ZB) structure (JCPDF No. 15-0746). The d spacing, average diameter and size dispersion of the
NCs were determined using Image]J software to find the best fit of the height distributions from a Log-Normal
function. In addition, to calculate the diameter, around 30 particles were considered and at least five images
were acquired for the same sample. Due to the lack of long range order in glasses, x-ray diffraction analysis is
limited to structural features regarding local structure and vibrational unit arrangements of nearest neighbors.
Other structural features are determined by the use of Raman and MIR measurements in the studied samples'®?*.

Figure 2a shows Raman spectra for the glass samples doped only with Ni?* ions and glass samples containing
semiconductor nanocrystals. The spectral profiles are similar for all samples. In the case of GC1 to GC4 samples,
three new bands appear around 106, 215 and 431 cm™! being their natures attributed to the second order TO,
first-order LO and second order LO phonon modes of ZnTe? respectively. The band between 215 and 431 cm™!
(326 cm™) is associated to the bending of PO4 units®. The middle frequency region bands around 707 cm™
and 790 cm ™! are asymmetric stretching of P-O-P bending in Q? group (from meta phosphate). In the higher
frequency region bands around 1100 cm™' and 1165 cm™' are the symmetric stretching mode of P-O-P non-
bridging oxygen bond in Q! and Q2 groups?’. The band around 1250 cm™!is due to the asymmetric stretching
of P-O-P non-bridging oxygen bond in Q? groups?5252°,

Figure 2b shows ATR-FTIR spectra for the Ni>* ions doped glass and glass-ceramic samples. As seen from
the Fig. 2b, the IR absorption bands are broader (see Fig. 2¢) than Raman bands and the identified bands reveal
the following features. In the case of glass (G): (a) a broad band between 1175 cm™!and 1350 cm™}; (b) doublets
in the region between 1020 and 1175 cm b (c) a strong intense band at 873 cm™ % (d) A weaker band around
714 cm™ . In the case of GCs: (a) a weak band around 1158 cm™%; (b) an intense band 854 cm™}; () a broad
band between 625 and 795 cm™!; and observed changes regarding intensity (decrease) and position (toward
lower wavenumber side) of bands compared with G sample. The ZnTe vibrational modes at very low frequency
(nearly 220 cm™!) region are not shown because they are in the limit of measure range of the spectrophotometer.

In order to extract new information as the phosphate glasses contain many structural groups, a quantitative
analysis was performed by the deconvolution of the IR absorption of Ni** doped G and GCl (see Fig. 2¢,d).
The deconvoluted spectra reveal a number of absorption bands that are attributed to various vibrational modes
of phosphate structural groups. In order to perform deconvolution, we corrected the spectrum baseline using
BRUKER Opus 6.0 software tool, and then chose a fixed peak position where the Gaussians match the measured
spectra with different combinations of curves in different positions using Origin software through multi-peak
fit. The fitted results showed a good Gaussian fit with R? = 0.9988. From the Fig. 2¢ (G sample), the band at 446
cm ™~ !is attributed to the bending vibration O-P-O units in POi_ groups (QO units). The 531 cm™ ' band is related
to the O-P-O bending vibrations in (P207)* (Q! units)®. The bands 678, 728 and 785 cm ™! are associated to the
symmetric stretching vibration of P-O-P groups in Q! units®. The 862 cm~!and 918 cm™! bands are related to
the asymmetric stretching vibration of P-O-P units in POZ_ groups (QO units)?. The 989 and 1058 cm™' bands
are attributed to the symmetric and asymmetric stretching vibrations of PO}~ groups (Q° units)*. The bands
at 1138 and 1155 cm™! are due to symmetric stretching vibration of PO3~ groups (Q! units) and PO>~ groups
(Q? units)®!. The bands 1213 and 1273 cm™" are associated to symmetric and asymmetric stretching vibration
of PO; groups (Q' units)®.

As seen from the Fig. 2d (GC samples), the appearance of a new band at 616 cm™!is due to a change of
in-chain P-O-P groups by the effect of network modifier on phosphate glass structure®?. The important band
between 623 and 700 cm™~! (P-O-P groups in Q! units) is resolved by the composition of four bands. It is interest-
ing to note that the relative area of the bands decreased from 0.12 (688 cm™1)-0.02 (669 cm™!), which suggests
that the 653, 669, 677 and 688 cm™! bands are associated to the bending vibration of P=0 bonds, but not to the
P-O-P groups®. The 717 and 735 cm™! bands are related to the metaphosphate units, Q1 (P-O-P)*. The bands

1

Scientific Reports |

(2023) 13:7627 | https://doi.org/10.1038/s41598-023-34591-0 nature portfolio



www.nature.com/scientificreports/

(a)
1250
106 1165
215
326 1080
£ %1523 707 i
> M\\/ 791/¢
2 o
Q\q v/
\\\\\/\v o
\\N\\/\
/N
NN
' 2(I)O ' 4(I)O ' 6(I)0 ' 8(I)0 ' 10I00 ' 12IOO ' 14IOO

Raman shift (cm'1)

(b)

Absorbance (a.u)

I
1400

—~~
(9]
~

Absorbance (a.u)

1400 1200 1000 800 600 400
Wavenumber (cm )

Absorbance (a.u)

T T T

' [ I l' T T T T - - .
1000 800 600 400 1300 1200 1100 1000 900 800 700 600
-1
Wavenumber (cm™) Wavenumber (cm™)

I
1200

Figure 2. (a) Raman spectra, (b) IR absorbance spectra and (c,d) are the deconvolution spectra of the glass
samples doped only with Ni>* ions and glass samples containing semiconductor nanocrystals.

841 and 864 cm™! are due to the symmetric and asymmetric stretching vibration of P-O-P groups (Q° units)*".

The 1153 and 1203 cm™! bands are related to the symmetric stretching vibration of PO; groups in Q2 and Q!
units®. Moreover, the intensity of 717 and 737 cm™! bands in GCs increase with the decrease/disappearance of
the band around 1058 nm via the increase of Ni>* concentration. This result may be interpreted as a decrease of
the pyrophosphate units with consequent increase of the metaphosphate units®'.

Optical absorption and emission spectroscopy. UV-Vis-NIR absorption spectra of the glass samples
doped only with Ni>* ions and glass samples containing semiconductor nanocrystals are shown in Fig. 3'°. The
nature and position of the bands are associated to the fivefold coordinated Ni?* in trigonal pyramid (I°INi?*)
and tetrahedral (4INi?*) sites and bulk property of ZnTe-like NCs'6**. In the G sample absorption spectrum,
the observed bands around 435, 826, and 1963 nm are the characteristic bands of fivefold coordinated Ni2* in
trigonal pyramid (°INi?*) sites, and the band around 1356 nm is associated to the tetrahedral ("*INi?*) sites. In
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Figure 3. Optical absorption spectra of the glass samples doped only with Ni>* ions and glass samples
containing semiconductor nanocrystals.

the spectra of heat-treated samples, GC1 to GC4, the spectral pattern and four absorption band positions are
similar to G sample (exception for GC1 and GC2 samples which present low-intensity absorption profiles in the
near-infrared region). According to literature®*-35, these absorption bands can be assigned to *E'(F) — A", (P)
(435 nm), 3E’ (F) — 3A";, 3A", (F) (826 nm), 3Ty (F) — 3A, (F) (1356 nm) and 3E’ (F) — 2E” (F) (1963 nm),
respectively. In addition, a pronounced red shift of absorption edge observed in heat-treated samples indicates a
liquid phase separation and the formation of ZnTe crystals. The formation of ZnTe crystals is clearly evident by
the appearance of an absorption band around 533 nm, which is equal to the optical band gap of ZnTe (2.33 eV),
in GC1 to GC4 samples. The increase in the intensity of ®!Ni?* and #/Ni?* bands with the amount of nickel ions
in GCs suggests spinodal decomposition (alternating regions of low and high concentration of magnetic impuri-
ties). However, we can not neglect the Ni* ions partition between [INi** and [®!Ni?* sites due to a decrease of
line-width of the fivefold coordinated Ni site around 435 nm (*E'(F) — 3A’; (P)) and an absorption band (~ 400
nm (3A,(F) — 3T1(F)) due to N2+ species that are overlapped with the absorption edge®. Such coordination
changes may lead to change in coloration of the samples (see Fig. 3).

The fundamental absorption edge in UV region of G is around 262 nm and is shifted to longer wavelength
(~300 nm) in GCs. The optical transitions such as direct and indirect occur at the fundamental absorption
edges of crystalline and non-crystalline materials. According to Davis and Mott* theory™, the optical band gap
(Eopt) values are estimated by plotting (ahv)? and (ahv)!/? as a function of photon energy (hv) that are shown in
Supplementary Material (see Fig. S1a,b). The E, is obtained by linear extrapolation of absorption curve to the
hv axis and are reported in Table 1. The E,p; values are 4.55 eV (direct) and 3.81 eV (indirect) for G sample. In
the case of GCs a negligible variation is observed in their E,; values due to nickel ions content. In addition, the
decreasing of Eqpt from G to GCs indicates the increase of non-bridging oxygens (NBOs)?’.

The excited levels of Ni2* ions vary with the change of host glass composition and their emission can be
related to d-d optical transitions due to the existence of fivefold coordinated Ni** in trigonal pyramid (°!Ni?*)
and tetrahedral ("*INi?*) coordination sites within the glass matrix. The emission spectra of 5% Ni doped and

Sample G GC1 GC2 GC3 GC4
3T1(F) =3 Ay(F) (cm™) 7294 | 7289 | 7283 | 7283 |7273
SE/(F) —3 AP AY(F)(em™Y) | 12,195 | 12,255 | 12,255 | 12,255 |12,077
3E/(F) —3 Ay(P)(cm™}) 23,041 | 23,809 |23,364 |23,148 | 23,041
Eopt (Direct) (eV) 4.55 4.13 4.15 4.16 4.14
Eqpt (Indirect) (eV) 3.81 3.75 3.77 3.72 3.72

Table 1. Absorption band energies (v) and optical band gaps (Ey) of G and GC glasses.
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GCs are shown in Fig. 4a together with the excitation spectrum'®. The excitation spectrum for the Ni doped
glass was recorded by monitoring the emission at 620 nm. Under 240 nm excitation, the broad emission band
between 525-700 nm wavelength is attributed to 1 Tae (D) —3 T (F) transition. The emission profiles are similar
for the G and GCs but the intensity has decreased with the increase of the Ni?* concentration (x = 5 and 10 wt%)
in GCs (see inset of Fig. 4a). In general, the excess of Ni** ions which may escape from the host lattice form
defects and trapping states that lead to increase of the non-radiative recombination and consequently to the
decrease of luminescence intensity. The quenching of luminescence was also observed in Ni** doped ZnS col-
loidal particles®®*. The full width at half maxima (FWHM) is found to be higher in GC2 (82 nm) and decreases
with increasing of the nickel ions content in GCs (see inset of Fig. 4a).

Figure 4b shows emission decay curves for the visible emission transition, szg (D) =3 T4 (F) at 240 nm
wavelength excitation'®. The curves present good fit to bi-exponential decay (G and GC2) and tri-exponential
decay (for GC1, GC3 and GC4) due to non-homogeneous distribution of the doping ions in the host glass. The
use of two functions suggests that the carrier-relaxation mechanisms are dominated by the defect/trapping
effects and bimolecular recombination mechanisms*. The average lifetimes are calculated using the following
expressions:

_ A11:12 + A2‘L'22

<T> _ _ A1112+A21'22+A31:32
At + A

AT+ A+ AsTs

and {t)

The inset of Fig. 4b shows the variation of lifetimes with Ni ions content in our glasses. The lifetime is saturated
at 1.0% Ni?T ions (GC2) with subsequent decrease for higher doping concentrations. This could be the effect of
environment change around the Ni?* ions or due to multipolar non-radiative interactions among Ni** ions*'. The
lifetime for the GC3 (117 ns) has decreased compared with the G (188 ns). The variation in emission intensity,
FWHM and decay lifetimes follow similar trends with increasing Ni?* in GCs which is a strong evidence of the
change of environment surrounding Ni ions in the glasses.

The peak emission cross-section is calculated using the expression?’,
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Figure 4. (a) Glass (G) and GCs vis-emission spectra together with the excitation spectrum. Inset: variation of
emission intensity (red curve) and FWHM (blue curve). (b) Corresponding time-resolved decay curves. Inset:
lifetime variation. (¢) NIR emission cross-section spectra (from McCumbers theory) for glass samples doped
only with Ni>* ions and glass samples containing semiconductor nanocrystals.
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where Zp is the peak wavelength, n is the refractive index, A/ is the effective linewidth of the emission band
and 7, is the measured lifetime, respectively. Table 2 shows estimated Zp, n, 7/u, FWHM, A/ and 0 param-
eters. The effective linewidth (AZ.q) is estimated dividing the area of the emission band by its maximum height.
The emission cross-section is higher for GC4. The oy; of 5 wt% Ni?* doped G (5.01 x 1078 cm?) to GC
(9.25 x 107'8 cm?) is significantly improved. The figure of merit (FOM) is an important parameter to charac-
terize the laser materials and is calculated by the product of o,; and ,, since it is inversely proportional to the
laser threshold and proportional to the gain amplification. The FOM is higher in GC4 (11.06 x 1072* cm?s)
among the GCs.

Considering the emission: (i) the near infrared emission position of Ni>* ions are very sensitive to the crystal
field strength, which might form structurally asymmetric shape profile; (ii) the Ni?* ions may occupy regular
crystal lattices with strong crystal field strength when they are incorporated into the GCs, exhibiting broad
emission (*A,(F) — 3T(F)) in near infrared region with small red shift compared with absorption. Therefore,
the NIR emission of Ni?* may be reabsorbed by the neighboring Ni ions*2. Figure 4c represents the emission
cross-section spectra for near-infrared 3T,(F) — *A(F) transition which were calculated from the absorption
spectra using McCumber’s reciprocity method* and are listed in Table 2. The FWHM and emission cross-
sections (0epm;) and T,, are found to increase with Ni*T jons in GCs and do not change significantly from G to
GC3. The higher FWHM and (0p;) of >T2(F) — 3A(F) transition in GC4 sample (0.98 x 1072° cm?) than that
of reported matrices, i.e., Ni doped Li;O-Ga;03-5i0; glass-ceramics (0.63 x 10729 cm?2)* and TBZLN tellurite
glasses (Tm>*: 0.52 x 1072° cm?) and Ho**: 0.4 x 10720 cm?)*®, shows that this sample is suitable for broadband
optical amplification in telecommunications operating at 1.1-1.8 um region.

Photo-thermal spectroscopy. It is known that the thermo-optical properties such as thermal diffusivity
(D) and thermal conductivity (K) of glasses suffer significant variation based on thermal processing condi-
tions, micro-structure and composition of the glass. Such properties are quite useful to determine the figure of
merit (FOM) of optical glasses by knowing their potential to support thermal shock, thermal stress and thermal
effects®. Therefore, D and K parameters are greatly affected by the accumulation of heat during the device
operation and need to be reduced in the fabrication of a microelectronic device such as, radiation detectors,
laser diodes, and transistors in electronic circuits. Among various methods, time-resolved thermal lens (TL) and
thermal relaxation (TR) methods may be applied to a wide range of materials to determine thermal diffusivity
(D), variation of optical path length with temperature (ds/dT) and thermal conductivity (K), respectively*=*". In
this work, the D and ds/dT of Ni*" doped G and GCs were measured using TL experiment which is based on the
two-beam mismatched mode. Details can be found elsewhere®. The excitation and probe beam radius at sample
are w, = 40.78 um and w, = 208.87 um, respectively. Figure 5a shows TL transient signal of all samples with the
excitation power of 50 mW. The observed shape of probe beam intensities indicates dS/dT>0, a divergent ther-
mal lens. The solid lines represent theoretical fits using Eq. (1) given in Ref.*>, resulting in 6§ = —(0.0655) and
t. = (1.9652) ms. Using expression, f, = (a)g) /4D , the thermal diffusivities (D) are calculated from the average
of five measurements for each sample and are listed in Table 3.

According to the literature*®*, the D and K of the semiconductor nanocrystals (NCs) depend on their crystal
size. The thermodynamic rules of low dimensional materials suggest that a change of a size-dependent quantity
is associated with the surface/volume ratio, or 1/x, where x is size of the nanocrystal. This suggests that x is the
dominant factor in the heat transport of the semiconductor nanocrystals. The influence of crystal size on thermal
transport is due to the surface scattering in the nanoparticle and phonon transport at the surfaces. The higher
probability of diffusive scattering from the rougher surface may result in lower the thermal diffusivity (D). As
seen from Table 3, the D for the GCs decrease (except in GC4) when compared with the G sample which means
that in the latter the heat transportation is enhanced by the metallic ions concentration. In GCs, the thermal
diffusivity behavior is dictated by the DMS nanostructures. The higher D of GC4 sample indicates excess of Ni
content in the glass leading to a “metallization” of the system.".

The relation between D and K may be given in terms of K = pcD, where pc is the specific heat capacity. At
room temperature, heat transport in solids is performed predominantly by phonons. Thus, the specific heat
capacity is function of the phonon density of states. One of the ways to determine (pc) of the samples is via the use

1T (D) -3 T, (F) 34,(F) >3 T,(F)
Sample n FWHM (nm) (nm) Ty (n28) Oemi X 10718 (cm?) FOM x 10~%5(cm?/s) | FWHM?* (nm) Oemi X 10720 (cm?)
G 1.515 90 90.38 189 5.01 9.48 256 1.29
GC1 1.526 79 78.94 125 8.57 10.70 169 0.24
GC2 1.531 82 83.54 127 7.94 10.04 204 0.41
GC3 1.543 77 76.39 117 9.24 10.81 252 0.75
GC4 1.535 75 75.45 93 11.88 11.06 278 0.87

Table 2. Emission properties of G and GC samples (* from McCumbers theory).
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Figure 5. (a) Typical normalized TL signal for Ni doped glass. (b) Cooling curve of the specific heat capacit
measurements for 5% Ni doped glass. (c) Shows variation of D and K with glass samples doped only with Ni**
ions and glass samples containing semiconductor nanocrystals.

Sample | A, ((cm™!)) |t (ms) | Dx1073 ((cm?/s)) | pc (J/cem® K) | Kx10~3 (W/cmK) |dS/dTx10~¢ (K~
G 1.1571 1.8521 | 2.2668 2.2701 5.1454 1.6746
GC1 2.5944 2.0670 |2.0219 2.2399 4.5288 1.0147
GC2 3.0732 2.0132 | 2.0687 2.2407 4.6353 0.8458
GC3 3.8112 2.0419 |2.0389 2.2398 4.5667 0.9032
GC4 3.2853 1.5140 | 2.7538 2.4379 6.7134 1.2187

Table 3. Thermo-optical properties of glass samples doped only with Ni** ions and glass samples containing
semiconductor nanocrystals.

of the thermal relaxation technique*®* as follows. An Ar' laser (60 mW and 488 nm) is used as heating source
to the sample into 10~2 Torr atmosphere. After certain time, the laser is turned off. The cooling of the system is
monitored. The result is presented in Fig. 5b. The fit of the experiment can be conducted in the heating or in the
cooling process. We believe that the cooling process is more reliable due to the absence of external noise that
may interfere into the measurement. As seen in Fig. 5b, the solid line indicates the theoretical fit to the equation
(5) of the article of Anjos et al*®, resulting in thermal relaxation time, 7, given in seconds. Using the t parameter,
the (pc) is determined from, t =(pcls) / (80 Tg), where [ is the thickness of the sample, o is the Stefan-Boltzmann
constant and Tj is the initial temperature. Table 3 shows the results of (pc) and K for all samples™.

The thermal conductivity (K) is comparable with some reported glasses. As reported by the Ghoneim and
Halawa®, for instance, the thermal conductivity for the Na,O + B,O3 + SiO; glasses are higher and increase
with B,O3 and SiO; content, indicating the formation of a network structure consisting of BO4 and SiOj4 tetra-
hedral units. This results in a longer phonon mean free path and consequently in a higher thermal conductivity.
Similar phenomenon is thought to occur in our samples, i.e., an increase of the ordering of the glass network
structure by “metallization” or through network formation of DMS nanostructures resulting in longer phonon
mean-free-path. This behavior is traduced via the formula, K = pcvsl, /3, where K is the thermal conductivity at
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room temperature and v is the average sound velocity and I, is the phonon mean free path®'. The behavior of D
and K of our samples are presented in Fig. 5c.

The temperature variation of the optical path, dS/dT, is another important parameter for operating devices
in practical temperatures which should require low dS/dT. This parameter is generally difficult to be controlled
by the glass composition since dS/dT = na + dn/dT. From TL experiments, one can estimate dS/dT with the
knowledge of the TL-induced phase shift through the following expression**:

Paps das

o=—_W, 2
Kip" dT 3)

in which, /, is the probe beam wavelength and P, is the absorbed pump power. The Pyps = PexAcls, where
P,y is the excitation beam power, [ is the sample thickness, and A, is the optical absorption coefficient of the
sample. K is the thermal conductivity and ¢ is the fraction of absorbed energy converted into heat (¢ = 1 in the
present work). The low dS/dT values for G and GCs (see Table 3) are attributed to the occurrence of laser beam
deviation inside the samples. It is worth to mention that our samples are not completely homogeneous thus the
reported values were average of five measurements. The GC2 shows the lower dS/dT among the studied glasses.

Third-order nonlinear properties. Generally, the nonlinear optical properties of the material varies in
function of the excitation wavelength, peak intensity, pulse width and excited state lifetime®. In this work, the
third-order nonlinear optical (NLO) parameters such as the nonlinear refraction () (close-aperture, CA) and
nonlinear absorption coeficient (8) (open-aperture, OA) were measured using femtosecond Z-scan experiment
with excitation wavelengths, 750, 800 and 850 nm'. Figure 6a shows CA traces that allowed us to find the sign
and magnitude of n, in 5% Ni doped glass.

It is observed that the peak followed a valley configuration indicating the self-focusing behavior under high
laser irradiance, namely, a positive sign of n, which can be calculated from the transmittance gap between the
peak and valley by fitting the CA Z-scan through the following equation®

4xA¢
V2(x2 4+ 12 +9) @)

where x = Z/Zy, Z is the longitudinal distance from the focal point, Zy is the Rayleigh range of the beam, and
A¢ is the nonlinear phase change. The obtained value of A¢ by the experimental fit is used to calculate n; by,

A¢ia
np =_——,
2rloLey

T(Z)=1-

(5)

where « is the linear absorption coefficient at 800 nm, L, is the effective thickness of the sample, Iy is the peak
intensity at the focus and / is the wavelength of the pump laser. The calculated #, is 3.54 x 1074 cm?/W, which is
nearly two orders lower than those of the Ni doped chalcogenide glasses® and CsPbBr3 with NCs®. The measure-
ment of n; using CA Z-scan technique did not give detectable changes of post (pre)-focal transmittance intensity
within the measured sensitivity and intensity (wavelength) range for glass samples containing Ni-doped NCs.
Two GC samples show nonlinear absorption using OA Z-scan, i.e., GC2 (1.0% Ni) at wavelength 800 & 850
nm, and GC4 (10.0% Ni) at wavelength 750 & 800 nm. Figure 6b shows OA Z-scan traces as an example for the
1.0% (4 =850 nm) and 10% (4 = 750 nm) Ni doped GCs. An inverted-bell shaped transmittance with a minimum
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Figure 6. Z-scan results in the close-aperture mode for the sample 5% Ni at 800 nm (a) and the open-aperture
mode for sample 10% Ni at 750 nm (b).
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at focus, Z = 0 supports absorption saturation. The transmittance data was theoretically fitted to the nonlinear
transmittance equation for the two-photon absorption (TPA) process®?,

IBIOLeﬁ'x
27/2(x% + 1)

The calculated TPA coefficent () for the GC2 is 2.53 x 10~ 1% cm/W (/. = 800 nm) and 2.76 x 1071 cm/W (A =
850 nm); and for GC4 is 7.98 x 1079 cm/W (/4 = 750 nm) and 7.35 x 10710 cm/W (/. = 800 nm), respectively.
We noted that the 8 does not change significantly with wavelength, but increase with Ni concentration due to
the bound electronic effects and TPA. The laser energy (hw) used in this work meet the TPA condition, Eg < 2hw
< 2E,, where Eg is the energy bandgap. Therefore, the small decrease of E; (3.77 to 3.72 eV) leads to significant
increase of B for samples, GC2 to GC4. This fact is supported by Dinu’s theoretical model for semiconductor
glasses (i.e, Box1/ (Eg)3)56. However, one can not neglect the quantum confinement effects because the existence of
interband transitions (2.26 eV) (see Fig. 2a) attributed to the ZnTe NCs in GC2 and GC4 samples. The increase of
the nonlinear absorption coefficient is a result of the increase of the oscillator strength caused by the confinement-
induced localization of the excitations. In fact, the exciton Bohr radius (a() decreases with the size of ZnTe NCs
with respect to the bulk. Thus the third-order nonlinear optical property increases proportionally to (1/a0)*’. For
comparison, the obtained g values in studied samples are higher than the values of zinc phospho-tellurite glass
containing ZnTe quantum dots (0.06-0.23 x 10~'? cm/W; / = 800 nm)*, silicate glass containing Ni NPs (0.239
x 10719 cm/W, A = 800 nm)* and Ni doped CsPbBr3 NCs (0.38-1.0 x 1071 cm/W, 4 = 800 nm)*’, respectively.

T(Z)=1- )

Conclusions

In summary, the structural and thermo-optical properties of phosphate glass (G) doped only with Ni ions and
phosphate glass containing semiconductor nanocrystals (GCs) were studied. From XRD measurements, the G
sample exhibited glassy characteristic while the GCs samples exhibit not only the amorphous halo, but also sharp
diffraction peaks that were attributed to the presence of ZnTe quantum dots (QDs) or nanocrystals (NCs). The
distribution of phosphate groups, PO;, PO3~, PO; ™ and P03~ were discriminated through infrared absorption
and Raman spectroscopy. The longitudinal optical (LO) and transverse optical (TO) phonon modes of ZnTe
in GCs were observed through structural analysis. The average diameter of 4.2+ 0.3 nm and 13.4 £ 0.2 nm for
QD and bulk NCs were observed for the thermally annealed (for 10 h at 500 °C) GC2 through TEM analysis.

The spin allowed and bulk ZnTe crystal electronic transitions were observed around 1366, 822, 434 nm and
533 nm. The band gap energy (E,;) for direct and indirect transition were estimated from optical absorption
edges. The observed decrease of E,y for the G sample compared to GCs indicates the increase of non-bridging
oxygens (NBOs). Under 240 nm excitation, the emission and decay lifetime measurements were reported. The
trend of emission intensity, FWHM and decay lifetimes were similar in GCs, which is a strong evidence of the
change of the environment surrounding of Ni>* ions due to the presence of the ZnTe NCs. The 0,; increases with
the increase of Ni** content in GCs and it is si%niﬁcantly improved compared with the G sample. The highest
value of FOM is observed in GC4 (11.06 x 10~ c¢m? s) among the GCs.

Time-resolved thermal lens and thermal relaxation methods have been applied to determine the thermal
diftusivity (D), variation of optical path length with temperature (dS/dT) and thermal conductivity (K) of the
glass samples. D for the GCs decreased (except in 10% Ni doped GC) when compared with the G sample which
means that the host glass dominates the heat transport due to the low concentration of DMS semiconductor
NCs. In addition, the D and K does not change significantly with increase of Ni>* (0.5-5.0 wt%) content in GCs.
GC4 shows higher nonlinear absorption coefficient (7.98 x 107! cm?/W) among the studied samples. Finally,
due to the fact that GC4 sample has jointly low dS/dT, high emission cross-section and has the highest FOM
between the samples definitely suggests this sample as suitable for visible-red light conversion in LED technology.

Materials and methods

Phosphate glass composition, 65P,0s + 14Zn0 + 1Al,03 + 10BaO + 10PbO (mol %) doped with 5 wt% of Ni>*
ions and doped with Te (1 wt%) and x-Ni content (wt%) varying at an expense of Zn (x = 0.5, 1.0, 5.0 and 10)
for the formation of the semiconductor nanocrystals, were prepared by fusion method. The prepared samples
are named as G for glass doped only with 5 wt% Ni2* ions; GC1, GC2, GC3 and GC4 for the glass containing
nanocrystals and doped with increasing Ni-content (0.5, 1.0, 5.0 and 10.0 wt%), respectively. The preparation
method is similar to the one described in literature!”'#2%2, The batch compositions were melted in an alumina
crucibles at 1300 °C at 30 min under carbon-rich atmosphere, which is of fundamental importance since it
reduces oxidation of the glass matrix precursors. This reduction further increases the concentration of available
7Zn*t, Te?~ and Ni?t, which is necessary for the formation and growth of Zn; _,Ni, Te NCs. Next, these melted
mixtures were quickly quenched, forming a glass system doped with the precursor ions. Posteriorly, the glass
samples were thermally annealed at 500 °C for 10 h to enhance the diffusion of Zn?*, Te?~ and Ni** and induce
growth the of NCs.

To obtain the DTA thermograms, a Shimadzu DTA-50 analyzer was used with a heating rate of 20 °C/min.
Thus, it was possible to determine the glass transition temperature (Tg) of the glass samples with an uncertainty of
45 °C. XRD patterns were recorded using a XRD-6000 Shimadzu diffractometer equipped with monochromatic
CuKa1 radiation (k = 1.54056 A) and set to a resolution of 0.02. Scanning transmission electron micrographs
were taken using a JEOL, JEM-2100, 200 kV microscope to investigate the formation and size of the NCs. For
these measurements, 50 mg of powder sample were diluted in isopropyl alcohol and subjected to ultra-sound for
15 min. After one minute, an aliquot of the supernatant was dripped on a thin film of copper coated with carbon.
After drying, the film containing the sample was placed in the measurement equipment. Infrared reflectance

Scientific Reports |

(2023) 13:7627 | https://doi.org/10.1038/s41598-023-34591-0 nature portfolio



www.nature.com/scientificreports/

spectral measurements in the wavenumber range 1500-400 cm~—! were recorded using FT-IR-ATR, VERTEX
70 (BRUKER) spectrophotometer. Raman spectra were recorded with micro-Raman (HORIBA JOBIN IVON
T64000) operating at 488 nm in the wavenumber range 200-1500 cm ™. Optical absorption spectra show opti-
cal transition bands in the wavelength range 190-900 nm and 1080-2450 nm. These were measured on UV
2500 (SHIMADZU) and FT-NIR (MPA—Multi Purpose Analyzer, BRUKER) spectrophotometers, respectively.
Excitation, emission and decay measurements of the samples has been recorded using FS920 spectrometer (Edin-
burgh Instruments) equipped with 450W Hydrogen Arc Lamp and a single photon counting photomultiplier
(Hamamatsu R2658P).

The TL technique used in this work is the dual beam mismatched mode configuration reported in the
literature®. He-Ne laser at 632.8 nm was used as probe beam and an Ar™ laser at 488 nm was used as pump beam.
The pump and probe beams are detected by two silicon photodiodes connected to a Tektronix TDS2020 digital
oscilloscope. Heat capacity measurements were performed according to thermal relaxation method (TRM)*.
A thin carbon film is deposited on the samples and is thermally isolated in a vacuum sealed Dewar flask. One
of its faces is heated with an Ar™ laser at 488 nm (60 mW) and the temperature of the sample was recorded as a
function of time via an infrared sensor placed near (1 mm) the rear surface of the sample. Afterwards, the laser
was blocked and a cooling curve was measured.

The third order nonlinear optical measurements were carried through an ultrafast Z-scan setup. A mode-
locked Ti: sapphire laser (Mai Tai-Spectra Physics) was used with 750 to 850 nm wavelength range with a repeti-
tion rate of 80 MHz and pulses widths of 100 fs. Then the laser beam is focused by lens with 15 cm focal length
and the sample moves along the propagation direction (z) of the laser beam by a translation stage (Newport) while
a Si-photodetector records the transmitted beam far from the focal point of the lens. An aperture is placed just
before the detector. The open/close aperture Z-scan was used to measure the magnitude and sign of the nonlinear
absorption coeflicient (8), and nonlinear refractive index (n;). All these measurements were performed at room
temperature. The complete experimental procedure and setup is described previously®.

Data availability
The data sets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 10 March 2022; Accepted: 4 May 2023
Published online: 10 May 2023

References

1. Jie, J., Zhang, W, Bello, I, Lee, C. S. & Lee, S. T. One-dimensional II-VI nanostructures: Synthesis, properties and optoelectronic
applications. Nano Today 5, 313-336. https://doi.org/10.1016/j.nantod.2010.06.009 (2010).

2. Dimos, K., Koutselas, I. & Karakassides, M. Synthesis and characterization of Zn$S nanosized semiconductor particles within
mesoporous solids. J. Phys. Chem. B 110, 22339-22345. https://doi.org/10.1021/jp064275y (2006).

3. Cao, Y. L. et al. Single-crystalline ZnTe nanowires for application as high performance green/ultraviolet photodetector. Opt. Express
19, 6100-6108. https://doi.org/10.1364/OE.19.006100 (2011).

4. Chakraborty, A., Bouzerar, R., Kettemann, S. & Bouzerar, G. Nanoscale inhomogeneities: A new path toward high Curie tempera-
ture ferromagnetism in diluted materials. Phys. Rev. B 85, 014201. https://doi.org/10.1103/PhysRevB.85.014201 (2012).

5. Sato, K. & Katayama-Yoshida, H. Ab initio study on the magnetism in ZnO-, ZnS-, ZnSe- and ZnTe-based diluted magnetic
semiconductors. Phys. Stat. Sol. B 229(2), 673-680. https://doi.org/10.1002/1521-3951(200201)229:2$<$673::AID-PSSB673$>
$3.0.CO52-7 (2012).

6. Feng, Z. Y. & Zhang, ]. M. Structural, electronic, magnetic and optical properties of semiconductor Zn; _yMoxTe compound. J.
Phys. Chem. Solids 114, 240-245. https://doi.org/10.1016/j.jpcs.2017.10.013 (2018).

7. Kamran, M. A. Novel low-temperature synthesis and optical properties of 1D-ZnTe nanowires. J. Sci. Adv. Mater. Devices 3,
226-229. https://doi.org/10.1016/j.jsamd.2018.04.001 (2018).

8. Soundararajan, D., Mangalaraj, D., Nataraj, D., Dorosinskii, L. & Kim, K. H. Magnetic properties of Cr doped ZnTe alloy powder.
Mater. Lett. 87, 113-116. https://doi.org/10.1016/j.jsamd.2018.04.001 (2013).

9. Soundararajan, D., Dorosinskii, L., Santoyo-Salazar, J. & Rile, M. J. Magnetic and magnito-optical studies on Zn; _xCrxTe (x =
0.05) films grown on glass substrate. Mater. Lett. 321, 4108-4114. https://doi.org/10.1016/j.jmmm.2009.08.012 (2009).

10. Zamyatin, O., Churbanov, M., Plotnichenko, V. & Zamyatina, E. Optical properties of the MoO3 - TeO; glasses doped with Ni>+
ions. J. Non-Cryst. Solids 480, 74-80. https://doi.org/10.1016/j.jnoncrysol.2017.08.016 (2018).

11. Wen, H., Tanner, P. & Cheng, B. Optical properties of 3d" transition metal ion-doped lead borate glasses. Mater. Res. Bull. 83,
400-407. https://doi.org/10.1016/j.materresbull.2016.06.032 (2016).

12. Choudhary, B. & Singh, N. Properties of silver phosphate glass in the presence of nano-size cobalt, and nickel oxides. J. Non-Cryst.
Solids 440, 59-69. https://doi.org/10.1016/j.jnoncrysol.2016.02.015 (2016).

13. Yu, ], Gu, Y., Zhang, Q. Luo, Z. & Lu, A. A new type of NiO-doped phosphate glass with excellent Faraday effects. Mater. Lett.
212, 25-27. https://doi.org/10.1016/j.materresbull.2016.06.032 (2018).

14. Ravi Kumar, G. et al. Spectroscopic, dielectric dispersion and DC conductivity studies of Sb,O3 doped lithium fluoro borophos-
phate glasses mixed with small concentrations of NiO. J. Alloy. Compd. 752, 179-190. https://doi.org/10.1016/j.jallcom.2018.04.
165 (2018).

15. Silva, A. S., Franco, Jr A., Pelegrini, F. & Dantas, N. O. Paramagnetic behavior at room temperature of Zn; _,Mnx Te nanocrystals
grown in a phosphate glass matrix by the fusion method. J. Alloy. Compd. 647, 637-643. https://doi.org/10.1016/j.jallcom.2015.
06.033 (2015).

16. Silva, A. S. et al. Effects of Cu?* ion incorporation into ZnTe nanocrystals dispersed within a glass matrix. J. Alloy. Compd. 749,
681-686. https://doi.org/10.1016/j.jallcom.2018.03.290 (2018).

17. Dantas, N. O. et al. Dilute magnetism in Zn; _xMnxTe nanocrystals grown in a glass template. Chem. Phys. Lett. 541, 44-48. https://
doi.org/10.1016/j.cplett.2012.05.031 (2012).

18. Dantas, N. O., Neto, E. S. E, Silva, R. S., Jesus, D. R. & Pelegrini, F. Evidence of Cd;_xMnxS nanocrystal growth in a glass matrix
by the fusion method. Appl. Phys. Lett. 93, 193115. https://doi.org/10.1016/j.cplett.2012.05.031 (2008).

19. Mada, R. Engineering of semiconductor nanocrystals and metal-ions in amorphous materials (Dr.Thesis). Fed. Univ. Juiz de Fora
- Brazil https://repositorio.ufjf.br/jspui/handle/ufjf/13139 (2021).

Scientific Reports|  (2023) 13:7627 https://doi.org/10.1038/s41598-023-34591-0 nature portfolio


https://doi.org/10.1016/j.nantod.2010.06.009
https://doi.org/10.1021/jp064275y
https://doi.org/10.1364/OE.19.006100
https://doi.org/10.1103/PhysRevB.85.014201
https://doi.org/10.1002/1521-3951(200201)229:2$<$673::AID-PSSB673$>$3.0.CO;2-7
https://doi.org/10.1002/1521-3951(200201)229:2$<$673::AID-PSSB673$>$3.0.CO;2-7
https://doi.org/10.1016/j.jpcs.2017.10.013
https://doi.org/10.1016/j.jsamd.2018.04.001
https://doi.org/10.1016/j.jsamd.2018.04.001
https://doi.org/10.1016/j.jmmm.2009.08.012
https://doi.org/10.1016/j.jnoncrysol.2017.08.016
https://doi.org/10.1016/j.materresbull.2016.06.032
https://doi.org/10.1016/j.jnoncrysol.2016.02.015
https://doi.org/10.1016/j.materresbull.2016.06.032
https://doi.org/10.1016/j.jallcom.2018.04.165
https://doi.org/10.1016/j.jallcom.2018.04.165
https://doi.org/10.1016/j.jallcom.2015.06.033
https://doi.org/10.1016/j.jallcom.2015.06.033
https://doi.org/10.1016/j.jallcom.2018.03.290
https://doi.org/10.1016/j.cplett.2012.05.031
https://doi.org/10.1016/j.cplett.2012.05.031
https://doi.org/10.1016/j.cplett.2012.05.031
https://repositorio.ufjf.br/jspui/handle/ufjf/13139

www.nature.com/scientificreports/

20.

dos Santos Silva, A., da Silva, S. W., de Morais, P. C. & Dantas, N. O. Solubility limit of Mn?** ions in ZnMnTe nanocrystals grown
within an ultraviolet-transparent glass template. . Nanopart. Res. 18, 1-9. https://doi.org/10.1007/s11051-016-3435-9 (2016).

21. Lin, J. S. et al. Synthesis and characterization of ZnTe thin films on silicon by thermal-furnace evaporation. In International Sym-
posium on Photoelectronic Detection and Imageing 8913, 89130k-1. https://doi.org/10.1117/12.2033133 (2013).

22. Trivedi, M. K. et al. Evaluation of atomic, physical and thermal properties of tellurium powder: Impact of biofield energy treatment.
J. Electr. Electron. Syst. 4(3), 1000162. https://doi.org/10.4172/2332-0796.1000162 (2015).

23. Silva, A. S. et al. Effect of Ni** ions concentration on the local crystal field of Zn;_NixTe nanocrystals. Chem. Phys. Lett. 750,
137481. https://doi.org/10.1016/j.cplett.2020.137481 (2020).

24. Seshadri, M., Radha, M., Bell, M. & Anjos, V. Structural and spectroscopic properties of Yb>*+ doped borophosphate glasses for
IR laser applications. Ceram. Inter. 44(17), 20790-20797. https://doi.org/10.1016/j.ceramint.2018.08.080 (2018).

25. Hayashi, S., Sanda, H., Agata, M. & Yamamoto, K. Resonant Raman scattering from ZnTe microcrystals: Evidence for quantum
size effects. Phys. Rev. B 40, 5544. https://doi.org/10.1103/PhysRevB.40.5544 (1989).

26. Lai, Y, Liang, X., Yang, S., Wang, J. & Zhang, B. Raman spectra study of iron phosphate glasses with sodium sulfate. J. Mol. Struct.
1013, 134-137. https://doi.org/10.1016/50022-3093(01)00701-3 (2012).

27. Babeela, C., Assiri, M. A. & Sabari Girisum, C. T. Facile synthesis, characterization and intensity-dependent nonlinear absorption
of Ni-doped (y and B)-BaB,04 nanostructures. J. Mater. Sci. Mater. Electron. 31, 4618-4631. https://doi.org/10.1007/s10854-020-
03014-5 (2020).

28. Milankovic, A., Gajovic, A., Santic, A. & Day, D. Structure of sodium phosphate glasses containing Al,O3 and/or Fe;Os3. Part I.
J. Non-Cryst. Solids 289(1-3), 204-213. https://doi.org/10.1016/S0022-3093(01)00701-3 (2001).

29. Meyer, K. Characterization of the structure of binary zinc ultraphosphate glasses by infrared and Raman spectroscopy. J. Non-Cryst.
Solids 209, 227-239. https://doi.org/10.1016/50022-3093(96)00563-7 (1997).

30. Deng, Y., Liao, Q., Wang, E & Zhu, H. Synthesis and characterization of cerium containing iron phosphate based glass-ceramics.
J. Nucl. Mater. 499, 410-418. https://doi.org/10.1016/j.jnucmat.2017.12.001 (2018).

31. ElBatal, E, Hamdy, Y. & Marzouk, S. UV-visible and infrared absorption spectra of transition metals-doped lead phosphate glasses
and the effect of gamma irradiation. J. Non-Cryst. Solids 355, 2439-2447. https://doi.org/10.1016/j.jnoncrysol.2009.08.044 (2009).

32. Silva, A, Correia, R., Oliveira, J. & Fernandes, M. Structural characterization of TiO,-P,05-CaO glasses by spectroscopy. J. Eur.
Ceram. Soc. 30, 1253-1258. https://doi.org/10.1016/j.jeurceramsoc.2009.11.001 (2010).

33. Khonthon, S., Morimoto, S. & Ohishi, Y. Absorption and emission spectra of Ni-doped glasses and glass-ceramics in connection
with its coordination number. J. Ceram. Soc. Jpn. 114(9), 791-794. https://doi.org/10.2109/jcersj.114.791 (2006).

34. Galoisy, L. & Calas, G. Structural environment of nickel in silicate glass/melt systems: Part 1. Spectroscopic determination of
coordination states. Geochim. Cosmochim. Acta 57, 3613-3626. https://doi.org/10.1111/jace.12688 (1993).

35. Dugue, A. et al. Structural transformations and spectroscopic properties of Ni-doped magnesium aluminosilicate glass-ceramics
nucleated by a mixture of TiO; and ZrO for broadband near-IR light emission. J. Alloy. Compd 780, 137-146. https://doi.org/10.
1016/j.jallcom.2018.11.247 (2019).

36. Davis, E. & Mott, N. Conduction in non-crystalline systems V. Conductivity, optical absorption and photoconductivity in amor-
phous semiconductors. Philos. Mag. A 22, 0903-0922. https://doi.org/10.1080/14786437008221061 (1970).

37. Seshadri, M. et al. Effect of ZnO on spectroscopic properties of Sm>* doped zinc phosphate glasses. Phys. B 459, 79-87. https://
doi.org/10.1016/j.physb.2014.11.016 (2015).

38. Borse, P,, Deshmukh, N, Shinde, R., Date, S. & Kulkarni, S. Luminescence quenching in ZnS nanoparticles due to Fe and Ni dop-
ing. J. Mater. Sci. 34, 6087-6093. https://doi.org/10.1023/A:1004709601889 (1999).

39. Kaur, ], Sharma, M. & Pandey, O. Photoluminescence and photocatalytic studies of metal ions (Mn and Ni) doped ZnS nanopar-
ticles. Opt. Mater. 47, 7-17. https://doi.org/10.1016/j.optmat.2015.06.022 (2015).

40. Dutta, S., Som, S. & Sharma, S. K. Excitation spectra and luminescence decay analysis of K* compensated Dy>* doped CaMoO4
phosphors. RSC Adv. 5, 7380-7387. https://doi.org/10.1039/C4RA12447B (2015).

41. Suzuki, T. & Ohishi, Y. Broadband 1400 nm emission from Ni** in zinc-alumino-silicate glass. Appl. Phys. Lett. 84, 3804-3806.
https://doi.org/10.1063/1.1741027 (2004).

42, Wu, B,, Qiu, J., Wu, E. & Zeng, H. Broadband near-infrared luminescence from transparent glass-ceramics containing Ni>* doped
SrTiO3 nanocrystals. Opt. Mater. 35, 983-987. https://doi.org/10.1016/j.optmat.2012.12.004 (2013).

43. Seshadri, M. et al. Doped tellurite glasses: Extending near-infrared emission for near ~ 2.0 um amplifiers. Int. J. Appl. Glass Sci.
8(2), 216-225. https://doi.org/10.1111/ijag.12213 (2017).

44. Suzuki, T, Senthil Murugan, Y. & Ohishi, G. Optical properties of transparent Li;O-Ga;03-SiO; glass-ceramics embedding Ni-
doped nanocrystals. Appl. Phys. Lett. 86, 131903. https://doi.org/10.1063/1.1891272 (2005).

45. Lima, S. et al. Mode-mismatched thermal lens spectrometry for thermo-optical properties measurement in optical glasses: A
review. J. Non-Cryst. Solids 273, 215-227. https://doi.org/10.1016/S0022-3093(00)00169-1 (2000).

46. Anjos, V. et al. Thermal-lens and photo-acoustic methods for the determination of sic thermal properties. J. Microelectron 36,
977-980. https://doi.org/10.1016/j.mejo.2005.04.021 (2005).

47. Hatta, I. Heat capacity measurements by means of thermal relaxation method in medium temperature range. Rev. Sci. Instrum.
50, 292. https://doi.org/10.1063/1.1135818 (1979).

48. Wan, C., Qu, Z., He, Y., Luan, D. & Pan, W. Ultralow thermal conductivity in highly anion-defective aluminates. Phys. Rev. Lett.
101, 085901. https://doi.org/10.1103/PhysRevLett.101.085901 (2008).

49. Yang, C., Armellin, J. & Li, S. Determinants of thermal conductivity and diffusivity in nanostructural semiconductors. J. Phys.
Chem. B 112(5), 1482-1486. https://doi.org/10.1021/jp710588z (2008).

50. Ghoneim, N. A. & Halawa, M. M. Effect of boron oxide on the thermal conductivity of some sodium silicate glasses. Thermochim.
Acta 83, 341-345. https://doi.org/10.1016/0040-6031(85)87017-9 (1982).

51. Inaba, S., Oda, S. & Morinaga, K. Equation for estimating the thermal diffusivity, specific heat and thermal conductivity of oxide
glasses. J. Jpn. Inst. Metals 65, 680-687. https://doi.org/10.2320/jinstmet1952.65.8_680 (2001).

52. Vijay Prakash, G. et al. Nonlinear optical properties of silicon nanocrystals grown by plasma-enhanced chemical vapor deposition.
J. Appl. Phys. 91(7), 4607. https://doi.org/10.1063/1.1456241 (2002).

53. Seshadri, M. et al. Thermal and nonlinear optical properties of Tm>*-doped tellurite glasses. J. Therm. Anal. Calorim. 138, 2971~
2978. https://doi.org/10.1007/s10973-019-08344-z (2019).

54. Huang, Y. et al. Improved nonlinear optical properties of chalcogenide glasses in Ge-Sn-Se ternary system by thermal treatment.
Opt. Mater. Express 6, 1644-1652. https://doi.org/10.1364/OME.6.001644 (2016).

55. Ketavath, R. et al. Deciphering the ultrafast nonlinear optical properties and dynamics of pristine and Ni-doped CsPbBr3; colloidal
two-dimensional nanocrystals. J. Phys. Chem. Lett. 10(18), 5577-5584. https://doi.org/10.1021/acs.jpclett.9b02244 (2019).

56. Wang, T. et al. Systematic z-scan measurements of the third order nonlinearity of chalcogenide glasses. Opt. Mater. Express 4(5),
1011-1022. https://doi.org/10.1364/OME.4.001011 (2014).

57. Vijaya Lakshmi, M. A., George, S. & Grebel, H. Nonlinear optical properties of silicon nanoclusters. Appl. Phys. Lett. 70, 708.
https://doi.org/10.1063/1.118246 (1997).

58. Du, X. et al. Coloration and nonlinear optical properties of ZnTe quantum dots in Zn-TeO,-P, Os glasses. J. Am. Ceram. Soc. 97(1),
185-188. https://doi.org/10.1111/jace.12688 (2014).

Scientific Reports | (2023) 13:7627 | https://doi.org/10.1038/s41598-023-34591-0 nature portfolio


https://doi.org/10.1007/s11051-016-3435-9
https://doi.org/10.1117/12.2033133
https://doi.org/10.4172/2332-0796.1000162
https://doi.org/10.1016/j.cplett.2020.137481
https://doi.org/10.1016/j.ceramint.2018.08.080
https://doi.org/10.1103/PhysRevB.40.5544
https://doi.org/10.1016/S0022-3093(01)00701-3
https://doi.org/10.1007/s10854-020-03014-5
https://doi.org/10.1007/s10854-020-03014-5
https://doi.org/10.1016/S0022-3093(01)00701-3
https://doi.org/10.1016/S0022-3093(96)00563-7
https://doi.org/10.1016/j.jnucmat.2017.12.001
https://doi.org/10.1016/j.jnoncrysol.2009.08.044
https://doi.org/10.1016/j.jeurceramsoc.2009.11.001
https://doi.org/10.2109/jcersj.114.791
https://doi.org/10.1111/jace.12688
https://doi.org/10.1016/j.jallcom.2018.11.247
https://doi.org/10.1016/j.jallcom.2018.11.247
https://doi.org/10.1080/14786437008221061
https://doi.org/10.1016/j.physb.2014.11.016
https://doi.org/10.1016/j.physb.2014.11.016
https://doi.org/10.1023/A:1004709601889
https://doi.org/10.1016/j.optmat.2015.06.022
https://doi.org/10.1039/C4RA12447B
https://doi.org/10.1063/1.1741027
https://doi.org/10.1016/j.optmat.2012.12.004
https://doi.org/10.1111/ijag.12213
https://doi.org/10.1063/1.1891272
https://doi.org/10.1016/S0022-3093(00)00169-1
https://doi.org/10.1016/j.mejo.2005.04.021
https://doi.org/10.1063/1.1135818
https://doi.org/10.1103/PhysRevLett.101.085901
https://doi.org/10.1021/jp710588z
https://doi.org/10.1016/0040-6031(85)87017-9
https://doi.org/10.2320/jinstmet1952.65.8_680
https://doi.org/10.1063/1.1456241
https://doi.org/10.1007/s10973-019-08344-z
https://doi.org/10.1364/OME.6.001644
https://doi.org/10.1021/acs.jpclett.9b02244
https://doi.org/10.1364/OME.4.001011
https://doi.org/10.1063/1.118246
https://doi.org/10.1111/jace.12688

www.nature.com/scientificreports/

59. Liu, M., Zhong, J., Ma, X., Huang, Y. & Xiang, W. Sodium borosilicate glass doped with Ni nanoparticles: Structure, formation
mechanism and nonlinear optical properties. J. Non-Cryst. Solids 522, 119560. https://doi.org/10.1111/jace.12688 (2019).

60. Moreira, L. et al. The effect of excitation intensity variation and silver nanoparticle codoping on nonlinear optical properties of
mixed tellurite and zinc oxide glass doped with Nd,O3 studied through ultrafast z-scan spectroscopy. Opt. Mater. 79, 397-402.
https://doi.org/10.1016/j.optmat.2018.02.024 (2018).

Acknowledgements
The authors like to thankfully acknowledge Brazilian Funding Agencies: CNPq, CAPES and FAPEMIG.

Author contributions

R.M.: investigation, methodology, analysis, writing. H.D.: Z-scan measurements, analysis. S.M.: investigation,
writing, methodology. M.J.V.B.: resources, analysis, methodology. A.S.S: samples production, microscopy meas-
urements, analysis. N.O.D.: samples production, microscopy measurements, analysis. V.D.C.D.A.: resources,
writing, project administration, supervision.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-34591-0.

Correspondence and requests for materials should be addressed to V.C.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:7627 | https://doi.org/10.1038/s41598-023-34591-0 nature portfolio


https://doi.org/10.1111/jace.12688
https://doi.org/10.1016/j.optmat.2018.02.024
https://doi.org/10.1038/s41598-023-34591-0
https://doi.org/10.1038/s41598-023-34591-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	ZnNi Te semiconductor nanocrystals in transparent glass for optoelectronic device applications
	Results and discussion
	X-ray diffraction and structural analysis. 
	Optical absorption and emission spectroscopy. 
	Photo-thermal spectroscopy. 
	Third-order nonlinear properties. 

	Conclusions
	Materials and methods
	References
	Acknowledgements


