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transparent display, health monitoring, 
and communication applications.[1] Even 
beyond the realm of fictitious scene, many 
efforts have currently driven toward this 
target and, there have been some reports 
describing the coated glass and composite 
able to response the surrounding environ-
ment changes.[2–7] However, these works 
are still relied on the use of external func-
tional film coated on the glass. Despite 
enormous research efforts, the design 
and synthesis of an inherently smart glass 
remains a significant challenge.

Our strategy to circumvent above fun-
damental limitation involves the crea-
tion of smart spots in glass via rational 
doping. We are particularly interested 
in transition metal ions because of their 
unique electronic configuration. Impres-
sively, their outermost atomic orbitals 
are only partly occupied by electrons, 
which strongly interacts with ligands, 

neighboring ions and foreign species that bind to the metal.[8] 
Inspired by this fact, we supposed that the glass can be poten-
tially “intelligentized” if one can rationally anchor transition 
metal dopants in appropriate sites. Another major challenge for 
realization of smart glass is the design of appropriate glass host 
for transition metal doping. As well known, silica glass can only 
provide distorted tetrahedral position, which is believed to be not 
appropriate for activation of transition metal dopant. From this 
view of point, the most promising candidate should be multi-
component glass because it can provide rich tetrahedral, octahe-
dral and even dodecahedral positions for dopants. Furthermore, 
the multicomponent glass possesses distinguishing kinetic 
constraints and they can be controllably released to trigger local 
ordering for increasing the dopant orientation, which is expected 
to remarkably enhance the optical activity of the system.[9–11]

Guided by this rule, we describe a conceptually new smart 
glass which can simultaneously report the temperature varia-
tions and pressure fluctuations. We find that rational doping 
can be realized via engineering the relaxation of glass phase. 
Significantly, controllable segregation of transition metal 
dopants with precisely defined ligand environment in glass can 
be achieved. As a result, the reconstructed glass shows temper-
ature dependent luminescence with great sensitivity and inter-
esting strain-induced emission. This work represents the first 
proof-of-principle demonstration of smart glass with multifunc-
tional sensing properties.

The development of future transparent intelligent systems demands smart 
glass with multifunctional sensing capabilities. Here, the realization of a 
smart glass with dual temperature and pressure sensing function by using 
Mn2+-doped nanostructured gallate glass for the first time is reported. 
The material exhibits exceptional temperature response in the range of 
323–523 K and the maximal relative temperature sensitivity reaches as 
high as 2.51% K−1 at 523 K. The material is also sensitive to the pressure 
fluctuation and displays bright green pressure-induced luminescence. A 
combination of structural and optical analysis and theoretical calculation 
reveals that the local dopant orientation in nanodomain inside glass 
contributes to the previously unrealized sensing behavior. The critical 
factors governing the sensing performance are identified and the 
cooperative effects between the local chemical bonding and domain size 
contribute greatly to the remarkable enhancement of the sensitivity. The 
results highlight that the precise control over the doping process offers a 
great opportunity to design new smart glass.
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Optically Active Materials

1. Introduction

Fans of the “A Day Made of Glass” series might be highly encour-
aged by the future of the glass-based devices with amazing 
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2. Results and Discussion

2.1. Structural and Spectroscopic Properties

Manganese ion (Mn2+)-doped gallate glass was chosen as the 
model system owing to the ability of Mn2+ to provide single 
fingerprint emission band and the benefit of gallate host 
for producing appropriate crystal field for transition metal 
dopant.[12,13] Furthermore, the Mn2+ dopant acts as not only 
emitter but also paramagnetic center (S  = 5/2), and thus 
potentially gifting the material system with multiple sensing 
capacities.[14–16] For efficient activation of the dopant, thermal-
treatment was processed for inducing glass relaxation by refer-
ring the differential scanning calorimetric analysis (Figure S1, 
Supporting Information). Based on the thermal analysis results, 
nanostructured glass samples were prepared by heat-treating 
the as-made glass at 900, 950, and 1000 °C for 2 h (labeled as 
NG900, NG950, and NG1000, respectively). The obtained sam-
ples were first examined by X-ray powder diffraction (XRD) and 
Raman scattering spectroscopy (Figure 1a,b). The XRD patterns 
of the samples heat-treated above 900  °C exhibit well defined 
diffraction peaks which can be assigned to the pure ZnGa2O4 
spinel phase (JCPDS no. 38-1240).[17,18] In as-made glass, only 
broad humps can be observed, indicating the amorphous 

nature. Raman scattering spectra also clearly show the finger-
print vibration bands of the ordered structural units in nano-
structured glass samples. The sharp peaks at 606 and 713 cm−1 
can be well attributed to the T2g mode and A1g vibrations of 
regular ZnOGaO bonding, further confirming the 
formation of ZnGa2O4 crystalline phase.[19]

A representative transmission electron microscopy 
(TEM) image of the NG1000 sample reveals the presence of 
monodispersed nanocrystals (≈40 nm) inside the glass matrix. 
High-resolution TEM (HRTEM) image of a single particle 
exhibits clear lattice fringes of the (111) plane of ZnGa2O4 spinel 
phase with the d-spacing of ≈0.48  nm. High-angle annular 
dark-field image and the corresponding energy dispersive X-ray 
spectroscopic (EDS) maps and line profiles of Mn in NG1000 
sample (Figures S2 and S3, Supporting Information) clearly 
show that Zn, Ga, Mn, and Si elements are homogeneously 
distributed and there are no obvious difference between Zn 
and Ga, indicating the excellent crystallinity of ZnGa2O4 spinel 
phase. The results show that the distribution of Mn element is 
well consistent with Zn and Ga and mainly enriches in the crys-
talline phase, suggesting that Mn2+ ions are selectively incorpo-
rated into the ZnGa2O4 nanocrystalline phase (Figures S2 and 
S3, Supporting Information). The atomic ratio of Zn/Ga is 
estimated to be nearly 1:2 (Figure S4, Supporting Information), 
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Figure 1.  Structural characterizations of the constructed samples. a,b) XRD and Raman patterns of the samples. c,d) TEM and HRTEM images of the 
NG1000 sample.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800881  (3 of 11)

www.advopticalmat.de

further confirming the stoichiometric composition of the 
ZnGa2O4 phase. The atomic ratio of Mn/Zn in ZnGa2O4 spinel 
phase is estimated to be nearly 0.93:100 (Figure S4, Supporting 
Information). The lattice constant and primitive cell volume 
of NG1000 samples were also been characterized (Figures S5 
and S6, Supporting Information). It can be observed that the 
lattice constant and cell volume increase coincidentally with 
the enhancement of the Mn2+ concentration. The lattice con-
stant of ZnGa2O4 and MnGa2O4 crystal is 8.3354 and 8.4577 Å, 
respectively. Above results demonstrate that Mn2+ ions occupy 
the Zn2+ ions in NG1000 sample.

Experimental results show that glass relaxation is critical for 
activation of Mn2+ dopant in glass. Notably, the in-situ precipi-
tation of the ZnGa2O4 crystalline phase inside glass dramati-
cally changes the emission color from red to green (the inset of 
Figure 2a). Photoluminescence studies (Figure 2a) indicate that 
as-made glass shows a single broad excitation band at 304 nm 
and emission band at 635  nm, which can be ascribed to the 
O2− − Mn2 + charge transfer transition and 4T1(4G) → 6A1(6S) tran-
sitions of Mn2+ dopant.[20] In stark contrast, the nanostructured  
glass samples exhibits several sharp excitation peaks at 360, 383, 
426, and 450 nm and a much narrow emission band at 506 nm, 
which can be ascribed to the 6A1 → 4E(4D) 6A1 → 4D(T2g), 6A1 → 
[4G(Eg), 4G(A1g], 6A1 → 4G(4T2g), and 4T1(4G) → 6A1(6S) electronic 

transitions, respectively.[20–25] The drastic decrease in the spec-
tral broadening and appearance of sharp fingerprint peaks is 
probably originated from the selective incorporation of Mn2+ 
inside the nanocrystalline phase, thus indicating the occurrence 
of collective orientation of dopant during glass relaxation. Elec-
tron paramagnetic resonance (EPR) spectroscopy was employed 
to further clarify the exact chemical environment around Mn2+ 
dopant and the results are shown in Figure 2b. In as-made glass 
sample, the EPR signal is mainly originated from the Mn2+ ions 
in octahedral sites. In contrast, in the case of NG1000 sample, 
the EPR signal associated with Mn2+ ions in tetrahedral sites 
drastically increases while the signal originated from Mn2+ 
ions in octahedral sites decreases. This indicates that when the 
ZnGa2O4 crystalline phase precipitates inside the glass, most of 
the Mn2+ ions occupy tetrahedral position and most probably, 
they substitute for Zn2+ ions which are coordinated by four 
oxygen ions.

As a typical transition metal dopant, the hallmark of Mn2+ 
ions is that the electrons in their outmost d orbital strongly 
interact with their ligands. Thus, their optical response feature 
can be further discussed by studying the symmetry of impu-
rity ion sites and the covalency of local chemical bonding, 
which can be described by the crystal field strength Dq and 
the Racah parameter B, respectively. These two parameters can 
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Figure 2.  Optical characterizations of the constructed samples. a) Photoluminescence excitation and emission spectra of the samples. In excitation 
spectra, the monitoring wavelength is 635 nm for glass and 506 nm for the nanostructured glass. In emission spectra, the peak wavelength in the 
excitation spectrum is chosen as the excitation wavelength. The inset shows the photographs of glass, NG1000 sample and the corresponding fibers. 
b) EPR spectra of the glass and NG1000 sample. c) Tanabe–Sugano diagram of the glass and NG1000 sample.
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be calculated from Tanabe–Sugano (T–S) matrices with trees 
correction,[26] as described in the following equations

A S A E G B C( ) , ( ) 10 5 206
1

6 4
1

4 4 α→ = + + � (1)

A S E D B C( ) ( ) 17 5 66
1

6 4 4 α→ = + + 	 (2)

A S T D B C( ) ( ) 13 5 86
1

6 4
2

4 α→ = + + 	 (3)
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1

6 4
2

4 2 α→ = − + + − + 	 (4)

where α is the trees correction parameter. Based on the char-
acteristic electronic transitions obtained from the excitation 
spectra of Mn2+ (Figure 2a), the values of Dq, B, and α were esti-
mated to be 963, 755, and 81 cm−1 for Mn2+ in as-made glass, 
and 861, 740, and 64 cm−1 for Mn2+ in NG1000, respectively. 
Accordingly, we indicate the corresponding energy-level con-
figuration of Mn2+ in the Tanabe–Sugano diagram (Figure 2c) 
and, typically, it presents notable shift to the low crystal field 
strength region after glass relaxation. The results give firm evi-
dence that Mn2+ dopants are selectively incorporated into the 
low coordination sites. The phenomenon of luminescence color 
change can also be understood from the obtained energy-level 
configuration. As shown in Figure  2c, the decrease of crystal 
field strength resulted from the collective orientation of Mn2+ 

may shift the vertical positions of the energy levels, leading to 
a notable change of the energy gap between the 4T1(4G) and 
6A1(6S) levels. Significantly, the activation efficiency of Mn2+ 
dopant in nanostructured glass through glass relaxation was 
estimated to be larger than 95%, which is believed to be much 
higher than the nanostructures fabricated via solution method 
due to the frequently observed “intrinsic self-purification” pro-
cess in solution doping process.”[27] Benefited from the high 
activation efficiency of dopant, the fabricated sample presents 
intense luminescence and it can still be clearly observed by 
naked eye even in tiny fibers (≈100 µm) (Figure 2a). Moreover, 
the sample shows strong green long lasting luminescence when 
it is excited by UV light (Figure S7, Supporting Information).

To shed more light on the electronic structures of Mn2+-doped 
ZnGa2O4 phase, the first-principles calculations are performed 
based on the density functional theory (DFT). Figure 3a,b shows 
the calculated electronic band dispersion and partial densities of 
states (PDOS) of the perfect ZnGa2O4. The results clearly indi-
cate that ZnGa2O4 is a semiconductor with the computed band 
gap (HSE) of 4.45  eV, which is consistent with the computed 
and experimental value.[28] The stable chemical potential region 
of Mn2+-doped ZnGa2O4 is calculated, as shown in Figure  3c. 
It can be found that the stable region (in orange color) is rela-
tively small. The computed PDOS of ZnGa2O4 after incorpo-
ration of Mn is also presented in Figure 3d. The Mn2+ dopant 
externally introduce defect levels which are mainly contributed 
from Mn2+-3d levels. Our calculations show that doping of Mn2+ 
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Figure 3.  Electronic structures and stability of the precipitated Mn2+-doped ZnGa2O4 phase in the nanostructured glass. a,b) Computed electronic 
band dispersion and PDOS of ZnGa2O4. c) Computed chemical potential region which defines the thermodynamic stability of Mn2+-doped ZnGa2O4. 
d) Computed PDOS of ZnGa2O4 after incorporation of Mn. The Fermi level is set to 0 eV.
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inside the ZnGa2O4 host results in a notable splitting of its 3d 
levels. Furthermore, the calculated formation energy of MnZn is 
smaller than that of MnGa. Our calculations are well consistent 
with the experimental observations demonstrating that Mn2+ 
dopant can be rationally activated through controllable relaxa-
tion in the nanostructured glass.

2.2. Temperature and Pressure Sensitive Luminescence

Given the strong Mn2+-ligand coupling and the high activation 
efficiency of dopant, we examined the capacity of Mn2+-doped 
nanostructured glass for sensing temperature change. Mn2+-
doped nanostructured glass can be drawn into fiber and 
connected to the commercial silica fiber for temperature 
sensing purpose (Figure 4a). We have employed luminescence 
lifetime mode for this purpose since luminescent thermom-
eters are noncontact and can operate in the remote condition. 
The set-up for the measurement of temperature dependent 
luminescence and decay is given in the Figure  4a. The meas-
ured luminescence spectra in the range of 323–523 K for 
NG1000 sample are shown in Figure 4b. It can be observed that 
the luminescence intensity decreases notably with increasing 
temperature, indicating the high potential sensitivity. The tem-
perature dependent luminescence decay curves of the same 
sample are shown in Figure 4c. The decay curves can be well 
fitted to the second order exponential equation

I t A t A texp / exp /1 1 2 2τ τ( ) ( )( ) = − + − 	 (5)

where I is the luminescence intensity, t is the time, A1 and A2 
are constants, τ1 and τ2 are short and long parts of lifetime. The 
average lifetimes can be calculated from the following formula

A A A A/1 1
2

2 2
2

1 1 2 2τ τ τ τ τ( ) ( )= + + 	 (6)

The lifetime of the NG1000 sample dramatically decreases 
with increasing temperature and the temperature dependent 
lifetime values are shown in Figure 4d.

The critical parameter that makes doped materials relevant 
for temperature sensing applications is sensitivity (S), which 
can be calculated by the following equation

S
d

dT

1
τ

τ= 	 (7)

The results are shown in Figure 4d and it can be clearly seen 
that the relative sensitivity remarkably increases with enhance-
ment of temperature. The maximal relative sensitivity is found 
to be 2.51% K−1 at 523 K. We summarized the sensitivity of 
some sensing materials based on the same lifetime mode, as 
shown in Table 1. It is exciting that the sensitivity is superior to 
that of the other doped material system.[29–33]

The temperature sensitivity of the materials is decided by 
many factors such as energy separation between thermally 
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Figure 4.  Temperature sensing properties of the nanostructured glass. a) Set-up for temperature sensing measurements. b) Temperature dependent 
luminescence spectra of the NG1000 sample. c) Temperature dependent decay curves of the NG1000 sample. d) Lifetime and relative sensitivity values 
of the NG1000 sample.
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coupled levels, radiative transition probabilities, which in turn 
depends upon the local chemistry around the dopant. First, 
the nature of intrinsic chemical bond is one of the important 
factor and it has been found that temperature sensitivity of 
the material is directly proportional to the bond covalency.[34] 
Hence, the increase in the covalency of the system may poten-
tially lead to the enhancement of the sensitivity. The degree of 
covalency in transition metal activated materials is determined 
by the parameter called nephelauxetic ratio β = B (Racah para
meter in complex)/B0 (Racah parameter in free ion). Generally, 
the decrease in the value of β increases the covalency of the 
materials due to the suppressed interelectronic repulsion. In 
the present work, β was calculated by keeping the B0 value as 
960 cm−1 for Mn2+ ion and the value of β is found to be 0.7708 
for the NG1000 sample. A comparison of β value for different 
material systems is given Table 1. It can be found that β value 
of the obtained nanostructured glass is smaller than previously 
reported material systems except for Cr3+-doped ZnGa2O4. 
The results indicate that the high bond covalency of Mn-O in 
nanostructured gallate glass greatly contributes to the observed 
superior temperature sensitivity.

Another important parameter that influences the tem-
perature sensitivity of the system is the extrinsic nonradiative 
relaxation channels. Especially in the case of nanothermom-
eter with reduced physical dimension, the concentration of 
surface dopant ions increases and the fluorescence from 
these ions should be remarkably influenced by the nonradia-
tive relaxation process due to residual hydroxyl ions, surface 
defects and other impurities.[35,36] To study this factor, the size 
of nanodomain obtained from TEM results in the present work 
have been compared with the other previously reported life-
time based temperature sensing systems. As shown in Table 1,  
it can be found that the size of nanodomain of the present 
work is higher than the other systems. This indicates that the 
present system has lesser nonradiative relation rate than other 
systems, which in turn led to the increased temperature sen-
sitivity. Importantly, the temperature sensitivity follows a sys-
tematic trend with the size of nanocrystals. It can be used to 
explain the case in Cr3+ doped ZnGa2O4 system which shows 
lower β value while less temperature sensitivity: the physical 
size of ZnGa2O4 nanostructure is much smaller compared with 
that of the nanodomain in the present work; it might lead to 
the higher nonradiative relation rate in the former material 

system and smaller temperature sensitivity. According to the 
Raleigh–Gans–Debye theory,[37] the increase of crystal size 
beyond certain limit (above ≈70  nm) leads to maximum light 

Adv. Optical Mater. 2018, 1800881

Table 1.  Physical parameters of various material systems used for temperature sensing.

System Temperature range [K] Racah parameter Β [cm−1] β [cm−1] Crystal size [nm] Relative sensitivity [%K−1] (temperature, K) Ref.

Cr3+:Ga2O3 GC 298–563 739 0.8050 2–5 0.46 (370) [29]

Cr3+:ZnGa2O4 GC 298–563 648 0.7058 5–8 0.58 (420) [29]

Yb3+/Er3+/Cr3+: YF3+/

Ga2O3 GC

303–563 723 0.7875 8 0.59 (386) [30]

Cr3+:LiGa5O8 GC 293–563 733 0.7984 8–15 0.76 (295) [30]

Cr3+:LiAl5O8 20–670 737 0.8028 – 0.83 (447) [31]

Cr3+:LiGa5O8 GC 293–563 729 0.7941 – 1.15 (350) [32]

Mn2+:Zn2SiO4 303–573 – – – 1.65 (573) [33]

Mn2+:ZnGa2O4 NG 323–523 740 0.7708 40a) 2.51 (523) This work

a)Calculated from X-ray diffraction.

Figure  5.  Pressure sensing luminescence of the nanostructured glass.  
a) Photograph of the NG1000 sample captured after 10 min of switching 
off UV lamp in the dark environment. Only very weak luminescence 
can be observed with naked eye. b) Photograph of the NG1000 
sample captured when the sample was exerted with a shock pressure.  
c) The luminescence spectra before and after applying pressure.
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scattering and affects the transparency. Thus, a perfect balance 
has to be maintained between the crystallite size and transpar-
ency of material in order to achieve higher sensitivity in fiber 
detector.

Significantly, we also found that Mn2+-doped nanostructured 
glass can be used for indicating the pressure fluctuation. In 
a typical experiment, the sample (NG1000) was irradiated 
with 254  nm UV lamp for 5 min. After switching of the UV 
lamp, the sample shows bright green afterglow luminescence 
and the luminescence intensity gradually decrease. After 
10 min, the afterglow luminescence cannot be clearly observed 
with the naked eye and the corresponding photograph is shown in 
Figure 5a. Interestingly, the sample emits bright green lumines-
cence again when it was exerted with an outward shock pressure  
(Figure 5b). The pressure-induced luminescence was measured 
and the result is shown in Figure  5c. It can be observed that 
the corresponding spectrum is completely consistent with the 
luminescence of Mn2+ in the nanostructured sample. Notably,  
as-made glass sample does not show any pressure-induced lumi-
nescence. Thus, the observed pressure-induced luminescence 

should be associated with the selective incorporation of Mn2+ in 
nanocrystalline phase in nanostructured glass.

The origin of the observed pressure-induced luminescence in 
nanostructured sample might be associated with the external field 
dependent electron and/or hole releasing, which is mainly gov-
erned by the carrier traps. As well known, ZnGa2O4 nanodomain 
precipitated from glassy phase owns unique structure. It belongs 
to spinel compound having the formula of AB2O4 in which most 
of Zn2+ and Ga3+ ions occupy tetrahedral A and octahedral B sites, 
respectively. Importantly, it is characterized by the coexistence 
of structure inversion: part of Zn2+ ions occupy the octahedral 
(B) sites and Ga3+ ions occupy tetrahedral (A) sites. This site 
exchange of cations creates the point/lattice defects with different 
charges in the host matrix and these defects are called as antisite 
defects. Furthermore, the tetrahedral and octahedral site defects 
associated with the Ga3+ and Zn2+ ions and rich oxygen vacancies 
may also act as carrier traps for electrons and holes respectively.

To clarify the dominated defects, we performed calculations 
on the formation energies (ΔHα,q (μi,EF)) of various defects 
according to the formula

Adv. Optical Mater. 2018, 1800881

Figure  6.  Theoretical calculations of defect levels. a–c) Calculated formation energy of various defects as a function of the Fermi energy EF.  
d) The formation energy of O vacancy with different charge states as a function of the Fermi energy EF. e) Calculated transition energy levels for various 
defects.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800881  (8 of 11)

www.advopticalmat.de

H E H n qEq
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, (0,0),
F

,
F∑µ µ( )∆ = ∆ + +α α 	 (8)

where a defect α is ionized to the charge state q, μi is the chem-
ical potential of the component elements, EF is the Fermi energy, 
ΔHα,q(0, 0) is the formation energy when μi  = 0 and EF  = 0,  
μi (q) is the number of removed element i when form the defect 
α in the charge state q. As an example, nGa = −1, nZn = +1, and 
q = +1 when the antisite defect GaZn

1+  is formed. Three extreme 
cases (O-poor, O-medium, and O-rich) are calculated for various 
possible defects, including GaZn, VO, OGa, Oi, OZn, VGa, ZnGa, 
and VZn. We mainly focus on the O-poor condition because this 
case is more close to the experimental condition and the forma-
tion of other Mn–O related competitive phase can also be well 
prevented. Additionally, VO with different charge states is also 
studied since the removement of one O atom leads to the for-
mation of two unpaired electrons which can be easily ionized. 
As shown in Figure 6a–d, it can be found that GaZn, VO, VZn, 
and ZnGa show relatively low formation energies.

The contributions of various defects to the optical prop-
erties can be discussed based on the trap depth, which is 
mainly dependent on their transition energy levels. The tran-
sition energy levels of various defects with different charge 
states were calculated and plotted relative to the valence 
and conduction band edges (Figure 6e). Taking into account 
the stability of various defects (Figure  6a–d), it can be con-
cluded that VO should be the dominate defect in the inves-
tigated system. The thermodynamic transition levels of VO 

are located at 0.86 and 0.93  eV, respectively. To support the 
theoretical simulations, thermoluminescence measurements 
were performed and the trap depths and distributions can be 
obtained by fitting glow curve (Figure  S8, Supporting Infor-
mation). The experimental trap depths are 0.78 and 0.89 eV, 
which correspond to the simulated shallow and deep traps, 
respectively.

Based on the above theoretical and experimental analysis, 
a schematic drawing was used for explaining the pos-
sible mechanism of pressure sensitive luminescence. As 
illustrated in Figure 7, the fluctuation of pressure may poten-
tially leads to the redistribution of carriers around the defect. 
Especially, when stress is applied to the Mn2+ doped nano-
structured glass samples, the local electric-field is created 
around the nanodomain region due to the triboelectrification 
process.[38,39] The induced electric field tilts the conduction 
and valence bands of ZnGa2O4, which leads to the lowering 
of bottom of the conduction band. Consequently, the elec-
trons trapped in the defect states are detrapped and released 
into the conduction band. Thereafter, a recombination occurs 
between the excited electrons and the trapped holes through 
the nonradiative process and the energy released in this 
process is transferred to the Mn2+ ions. Subsequently, Mn2+ 
ions are excited into the higher level and then emit green 
luminescence associated with T1(4G) → 6A1(6S) transition 
during their de-excitation. This is well consistent with the 
fact that the observed pressure-induced luminescence shows 
spectrum remarkably similar to that of the photolumines-
cence (Figure 5c).

Repeatability/reproducibility is an important parameter for 
the pressure sensing candidate. We tested it by repeating this 
experiment for many times and the corresponding photographs 
of pressure-induced luminescence are shown in Figure 8. It can 
be found that the pressure-induced luminescence produced in 
this material is highly reproducible, indicating the potential 
application of the material in nondestructive and reliable 
pressure or touch sensor. Furthermore, it can be potentially 
explored to indicate the breaking process of bulk glass, which 
is critically important for studying the mechanical response of 
glass materials.

2.3. Anticounterfeiting and Secure Communications

Humans have always been fascinated by the art of hiding 
information like steganography. Writing secret messages or 
patterns to prevent the information from visual observation 
and retrieving the actual content at appropriate moment is 
an important task in anticounterfeiting and secure communi-
cations. Encouragingly, we found that the fabricated NG1000 
sample can be potentially used for this purpose. To demon-
strate this process, the snake-like pattern has been carved 
inside the glass by using laser (Figure  9a). The sample was 
exposed to UV light for one minute and then the excitation 
light was turned off. When applying a shock pressure, the 
pattern can be clearly observed (Figure  9b). Furthermore, 
the covert message such as 2D code and image can be well 
delivered by combining the afterglow and shock-pressure 
enhanced luminescence (Figure  9c,d). In contrast to the 

Adv. Optical Mater. 2018, 1800881

Figure  7.  Illustration of the possible mechanism of pressure-induced 
luminescence.
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conventional intelligent media reliant on metastable nano-
particle inks and photochromic molecules,[40–42] our approach 
provides a multitude of advantages, including much 
reduced background noise, high security and negligible 

photobleaching. It should be further noted that the con-
structed smart glass shows thermal stability up to 650  °C 
(Figure  S1, Supporting Information), indicating its virtually 
unlimited service lifetime.

Adv. Optical Mater. 2018, 1800881

Figure 8.  Reproducibility test of pressure induced luminescence. a) Photographs of the NG1000 sample captured after 10 min of switching off UV lamp 
in the dark environment. b) Photographs of the NG1000 sample captured when the sample was applied with a shock pressure. c) The reproducibility 
test with 5 cycles.

Figure 9.  Anticounterfeiting application with the nanostructured glass. a,b) Snake-like pattern recorded in glass by using laser micromachining and the 
corresponding luminescence profile. c,d) The recorded 2D code and logo image which can be read out by combining the afterglow and shock-pressure 
enhanced luminescence.
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3. Conclusion

Smart glass with temperature- and pressure-sensing functions 
have been demonstrated in the Mn2+-doped ZnGa2O4 nanostruc-
tured glass. The maximal relative temperature sensitivity for the 
glass is found to be 2.51% K−1 at 523 K, which is higher than 
those of previously reported systems with lifetime approach. The 
observed high sensitivity can be attributed to the strong cova-
lency and optimum crystallite size of the nanostructured system, 
which ensures the reduced nonradiative relaxation rate and 
enhanced efficiency. In addition, pressure-induced bright green 
luminescence has been observed in the sample due to the tribo-
electric effect. The excellent temperature- and pressure-sensing 
performance of the constructed material suggests that it may find 
prospective applications in remote thermometry, real-time pres-
sure monitoring, anticounterfeiting and secure communications. 
Furthermore, the findings reveal that the basic understanding of 
bonding nature and rational engineering of structure relaxation 
of noncrystalline solid is critical for functionalization of glass.

4. Experimental Section
Preparation: Glass with the composition of 55SiO2–5Na2O–16.9ZnO–

23Ga2O3–0.1MnO (in mol%) were prepared by melt-quenching 
technique using analar grade SiO2, Na2CO3, ZnO, Ga2O3, and MnCO3 
chemicals. The mixtures of composition were melted in a platinum 
crucible at about 1600 °C for 1 h and then the melt was quenched on 
the preheated stainless steel plates. The prepared glass samples were 
annealed at 550 °C for 3 h to remove the thermal stress. The samples 
were then cut, ground and finally polished to a thickness of 1  mm to 
make them suitable for optical measurements. In order to check the 
fiber-drawing ability of this material, the glass fiber was fabricated by 
manual pulling process. In this process, the glass was melted again and 
the temperature slowly decreased until the viscosity of the melt became 
appropriate for pulling glass fibers manually. The diameter and length of 
the produced glass fiber is found to be 100 µm and 3 m.

Characterization Methods: Differential scanning calorimetry (DSC) 
experiments were performed on powdered specimens under Argon gas 
atmosphere at the heating rate of 10  °C min−1 using STA449C Jupiter 
(Netzsch, Bavaria, Germany). The X-ray diffraction measurements of the 
samples were carried out on a PANalytical (Almelo, the Netherlands) X- ray 
diffractometer with Cu Kα radiation (λ = 1.5406 Å) at room temperature. The 
nanostructure and the elemental composition of the samples was examined 
through transmission electron microscope (TEM), high-resolution 
transmission electron microscope (HRTEM), scanning transmission 
electron microscope (STEM) with a high-angle annular dark-field (HAADF) 
detector and energy dispersive X-ray spectroscopy (EDS) using FEI 
Tecnai G2 F20 S-TWIN system (FEI company, USA). The Raman spectra 
of samples were recorded using Renishaw inVia Raman spectrometer. 
Electron paramagnetic resonance (EPR) spectra were recorded with an 
X-band spectrometer (ELEXSYS, Bruker). The excitation and emission 
spectra and decay curves from room temperature to 523 K were recorded 
on an FLS920 spectrofluorometer (Edinburgh Instruments). A Xenon Xe900 
lamp and a µF900 microsecond flash lamp were used as excitation sources 
for the steady-state and decay curves measurements respectively. Pressure-
induced luminescence signals were measured using the Ocean Optics fiber 
spectrometer. The photographs of the samples with/without pressure were 
captured by Canon 5D4 camera in long exposure mode.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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