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Summary

Semiconductor-in-glass composites are an exciting class of photonic materials for
various fundamental applications. The significant challenge is the scalable elabora-
tion of composite with the desirable combination of tunable structure, high semi-
conductor loading ratio, and excellent transparency. Here we report that the topo-
logical engineering strategy via hybridization of the glass network former enables
to surmount the aforementioned challenge. It not only facilitates the in situ precip-
itation of (Ga2-xAlx)O3 domains with continuously tunable composition but also al-
lows to simultaneously refine the grain size and enhance the crystallinity. In addi-
tion, the composites exhibit excellent transparency and can host various active
dopants. We demonstrate the attractive broadband optical response of the com-
posite andachieve the pulse laser operation inmid-infraredwaveband. The findings
are expected to provide a fundamental principle of in situ modification in hybrid
system for generation of high-performance semiconductor-in-glass composites.

Introduction

Transparent composites embedded with semiconductor nanostructures are of great interest in a wide range of

fundamental applications, including smart electrochromic window, optical signal amplification, light-emitting

diode, and quantum information processing (Brovelli et al., 2012; Sirleto et al., 2012; Llordes et al., 2013; Llordes

et al., 2016; Henderson et al., 2011). Anecdotal evidences have confirmed that the performance of the resultant

composite is cooperatively dominated by the bonding configuration of semiconductor domains and their exist-

ing form (e.g., density anddistribution) inside thecomposite.Despite thegreat success in incorporationof various

semiconductor categories into amorphous matrix, it still remains a long-standing challenge to prepare dense

transparent composite with tunablemicrostructure. Themost popularmethod of co-melting the semiconductor

with the stable glass system followed by thermally induced precipitation usually restricts the available structure

and density (Liu et al., 2018; Xia et al., 2019). This is mainly due to the low solubility of semiconductor in the em-

ployed host and difficulty in controlling the crystallization manner. The attempts to directly incorporate the pre-

designed semiconductorswithdiverse structures intoglassmatrixmay potentially achieve high-density compos-

ite (Liu et al., 2017). Unfortunately, this approach can only be adapted to the solution environment, which usually

causes undesired optical loss associated with hydroxyl or organic groups. New and effective strategy that over-

comes these fundamental limitations could significantly advance the development of transparent composite.

Here, we propose topological engineering in glass matrix for simultaneous in situ structuring and enhancing

loading ratio of semiconductor domains. The approach not only helps to achieve transparent composite

embeddedwith continuously adjustable semiconductor alloy domains but also enables to reach a loading ratio

of �52.05%. As a result, the interesting optical response with finely tunable absorption and luminesce in the

visible, infrared, and mid-infrared region can be realized. Furthermore, we also demonstrate the application

of the collaborated composite for generating pulse laser in mid-infrared waveband for the first time.
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Results and discussion

Design and preparation of semiconductor-in-glass transparent composites

Our strategy to explore novel transparent composite embedded with dense and structured semiconductor

mainly involves the topological engineering of the glass matrix. It mainly includes two major design
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This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:haohaiyu@sdu.edu.cn
mailto:zhoushifeng@scut.edu.cn
https://doi.org/10.1016/j.isci.2020.101984
https://doi.org/10.1016/j.isci.2020.101984
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.101984&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

iScience
Article
principles. First, being different from the generally employed method in which semiconductor was intro-

duced as doping agent, we tried to incorporate the target semiconductor as the primary component of

the network former in glass. This may enable to improve the solubility of the semiconductor precursor. Sec-

ond, we devoted our efforts to hybridize the network former. It was expected that the topological design in

glass matrix by interpenetrating the network chain may provide new opportunity for simultaneously tuning

the precipitation habit of semiconductor domains and in situ modifying their microstructure.

Guided by the aforementioned principle, we demonstrated the success for in situ and tunable structuring

of a prototype semiconductor Ga2O3, which has gained great attention due to their significant technolog-

ical applications such as transparent electrode, solar blind UV detector, solar-cell energy conversion, and

high-temperature gas sensors (Stepanov et al., 2016; Pearton et al., 2018; Chen et al., 2019; Xie et al., 2019).

A systematic screening of the glass-forming ability of various glass systems (tellurite, phosphor, silicate,

and germanate) containing Ga2O3 was examined. It was found that homogeneous glasses can be obtained

based on SiO2-Ga2O3 via fast melting-quenching processing, implying the excellent solubility of Ga2O3 in

this system (Ceccato et al., 2001; Zhou et al., 2013). Furthermore, Al2O3 can also be well incorporated into

SiO2-Ga2O3, mainly benefited from the great chemical affinity between Al2O3 and SiO2/Ga2O3. Based on

these facts, material candidates derived from SiO2-Ga2O3-Al2O3 with different Al2O3/Ga2O3 ratios of 0, 0.2,

0.5, 0.7, 1.0, 1.4, and 2.0 were fabricated. The structure analysis based on Raman scattering spectrum (Fig-

ure S1, Supplemental information) indicated that both Ga2O3 and Al2O3 act as the glass network former in

these system.

The transparent composites can be fabricated via simple heat treatment at 850�C for 2 h, and they are de-

noted as A0, A1, A2, A3, A4, A5, and A6 for Al2O3/Ga2O3 ratios of 0, 0.2, 0.5, 0.7, 1.0, 1.4, and 2.0, respec-

tively. The microstructures of the samples were systematically studied. Figure 1A shows the X-ray powder

diffraction (XRD) data of the composites and the standard diffraction patterns of Ga2O3 (JCPDS 00-020-

0426) and Al2.667O4 (JCPDS 01-080-1385). The data show that the precipitated crystalline phase in sample

A0 can be indexed to the pure g-Ga2O3. In addition, the diffraction peaks gradually shift to the higher 2q

with the increase of Al2O3/Ga2O3 ratio, as evidenced in the enlarged region of 60�–69� (Figure 1B). It can be

attributed to the substitution of Ga3+ by Al3+ in the Ga2O3 crystal lattice, because of the relative smaller

ionic radius of Al3+ (0.53 Å) compared with that of Ga3+ (0.62 Å). The results confirm that Ga2O3 and

Al2O3 are mutually soluble over the wide Al2O3/Ga2O3 ratio range and the composition-tunable g-(Ga2-

xAlx)O3 semiconductor alloy domains can be precipitated via in situ crystallization. The Raman scattering

spectra for all composites in the range of 180–900 cm�1 are given in Figure 1C. The observed characteristic

bands can be classified into three groups: high-frequency stretching and bending of [GaO4]/[AlO4] tetra-

hedra (600–800 cm�1), the vibrations of the bridged oxygenGa-O-Ga/Al-O-Al linkages (500–600 cm�1), and

mid-frequency deformation of [Ga2O6]/[Al2O6] octahedra (310–480 cm
�1) (Rao et al., 2005; Yue et al., 2018).

Notably, Raman peaks at 600–800 cm�1 waveband also gradually shift toward higher frequency region as

the Al2O3/Ga2O3 ratio increases, giving additional evidence about the formation of semiconductor alloy

domains. Figures 1D–1G show the transmission electron microscopic (TEM) images as well as the histo-

grams of the domain sizes of A0 and A6 samples. As presented in Figures 1D and 1F, the semiconductor

domains with a mean diameter of approximately�7.81 and 11.37 nm are homogeneously distributed in the

glass matrix. The corresponding high-resolution TEM images exhibit clear lattice fringe, which is estimated

to be �0.250 and 0.244 nm in samples A0 and A6, respectively. They can be ascribed to the d(311) spacing

of g-(Ga2-xAlx)O3 according to the XRD pattern. The average crystalline size and mass fraction for various

samples were calculated and exhibited in Figure 1H. It is evident that the crystalline size of g-(Ga2-xAlx)O3

semiconductor alloy domains first decreases with the Al2O3/Ga2O3 ratio and then increases. The crystallite

size is 7.77 nm for pure Ga2O3, and it decreases to 4.99 nm when the Al2O3/Ga2O3 ratio is 0.7. As the Al2O3/

Ga2O3 ratio surpasses 0.7, the crystallite size increases gradually and reaches amaximum value of 11.50 nm.

In contrast, the crystalline mass fraction exhibits the opposite change trend, and it increases from 44.48% to

52.05% when the Al2O3/Ga2O3 ratio changes from 0 to 0.7, and then decreases to 45.45% with increasing

Al2O3/Ga2O3 ratio up to 2.0.

The observed phenomena can be explained based on two physical mechanisms. On one hand, the crystal-

lization thermodynamics theory indicates that the grain growth is mainly affected by the interface energy,

which is the energy difference between the energy level of the interface and that of the interior. It is an

effective way to prevent the grain growth by the reduction of the interface energy (Maciel et al., 2003). It

is supposed that the substitution of Al3+ for Ga3+ in the Ga2O3 lattice structure might create extra defects
2 iScience 24, 101984, January 22, 2021



Figure 1. Structural analysis of transparent composites

(A) XRD patterns of the composites with various Al2O3/Ga2O3 ratios. The standard diffraction patterns of Ga2O3 and

Al2.667O4 are sketched by referring to JCPDS cards (Nos. 00-020-0426 and 01-080-1385).

(B) Enlarged image of XRD from 60� to 69�.
(C) Raman spectra of the composites with various Al2O3/Ga2O3 ratios.

(D–G) TEM images and high-resolution TEM images of sample A0 (D and E) and A6 (F and G). The insets show the

histograms of the size distribution of semiconductor alloy domain.

(H) Crystalline size (black sphere), crystalline mass fraction (red sphere), and lattice distortion (blue circle) versus Al2O3/

Ga2O3 ratio.
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and distortion, which may change the interface energy. According to the definition of the interface energy,

the actual interface energy (gactual) of semiconductor alloy domains can be calculated based on the

following relation (Huang and Yeh, 2010):

gactual = g -- U (Equation 1)

where g is the interface energy with distortion-free interiors and U is the lattice distortion strain energy,

which increases with the lattice distortion (ε2)0.5. The lattice distortion can be calculated according to

the Hall-Williamson method (Bukaemskiy et al., 2006). In this case, the lattice distortion is related to the

inhomogeneous deformation of g-(Ga2-xAlx)O3 lattice. For details, the pure Ga2O3 and Al2O3 is expected

to have the smallest lattice distortion; In (Ga2-xAlx)O3 semiconductor alloy domains, the lattice distortion

gets enhanced when the ratio of Al2O3/Ga2O3 in the g-(Ga2-xAlx)O3 semiconductor alloy domains is close

to the value of 1 and then decreases upon further increase of Al2O3/Ga2O3 ratio. Therefore, the lattice

distortion has a maximum, as shown in Figure 1H. As a consequence, the actual interface energy (gactual)

of semiconductor alloy domains first decreases and then increases and reaches a minimum in sample A3

(i.e., Al2O3/Ga2O3 ratio = 0.7), which is in agreement with the change of the crystalline size. These results

confirm that the lattice distortion reduces actual interface energy and helps to hinder the grain growth. At

the same time, the lattice distortion may simultaneously act as potential heterogeneous nucleation sites

and drive the nucleation process, thus improving the crystalline mass fraction (Figure 1H) (Rao et al.,

2018). On the other hand, the addition of Al2O3 increases the configurational entropy of the semiconductor
iScience 24, 101984, January 22, 2021 3



Figure 2. Optical properties of transparent composites

(A) Photographs of the transparent composites.

(B–D) The luminescence (B and C) and decay curves (D) of blue-green luminescence. Insets: the luminescence photograph

with blue-green emission for sample A6.

(E–G) The luminescence (E and F) and decay curves (G) of red luminescence. Insets: the luminescence photograph with

red emission for sample A6.
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domains, and this ‘‘enhanced entropy effect’’ may hinder the growth of domains due to the sluggish atomic

diffusion. This mechanism has been confirmed in high-entropy system (Yang et al., 2016). As a result, the

highest density and smallest particle size of semiconductor alloy domains can be simultaneously achieved

in transparent composites by hybridizing the network former in glass.
Optical properties of transparent composites

The obtained transparent composites are highly transparent (Figures 2A and S2, Supplemental informa-

tion), implying their promising applications in photonics. According to defect chemistry, substitutional

replacement of Ga3+ with Al3+ may tailor the band structures in the semiconductor domains, thus

potentially imparting new optical properties to the composites. Photoluminescence excitation (PLE), pho-

toluminescence (PL) spectroscopy, and luminescence decay measurements were employed to study the

luminescence features of transparent composites, and the results are displayed in Figures 2B–2G. Under

excitation with UV light, all composites show intense blue-green luminescence with the maximum at

around 506 nm (Figures 2B and 2C). The excitation spectra of the blue-green luminescence exhibit a

notable blue-shift with increasing Al2O3/Ga2O3 ratio, because of the enlarged optical band gap of Al-

doped Ga2O3 compared with that of pure Ga2O3 (Ma et al., 2017). Interestingly, only a slight shift can

be observed in the luminescence spectra, which could be ascribed to the donor-acceptor pairs (DAP)

recombination nature of the radiation transition. The DAP is composed of an electron trapped on a donor

due to oxygen vacancies (VO) and a hole trapped on an acceptor due to gallium ion vacancy (VGa) or a pair of

charged vacancies (VO-VGa) in Ga2O3 (Binet and Gourier, 1998). The photon energy of the luminescence is

governed by the DAP separation distance. According to Wang et al. (2010), DAP separation distance is

affected by many factors, including the defect inside the Ga2O3 semiconductor and the crystalline size.

In our case, with the change of Al2O3/Ga2O3 ratio, the size and density of semiconductor domain also

change. So it might be supposed that many factors collaboratively contribute to affect the DAP separation

distance, and as a consequence, the emission band of the composites only shows slight shift. With
4 iScience 24, 101984, January 22, 2021
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increasing Al2O3/Ga2O3 ratio, the emission intensity of blue-green luminescence first decreases and then

increases (Figure S3A, Supplemental information). The decay curves of the blue-green luminescence are

shown in Figure 2D. The decay lifetime can be calculated based on the decay dynamics, and it is significant

to note that the emission lifetime extends from 37.23 ms (A0) to 50.02 ms (A6) with increased Al2O3/Ga2O3

ratio.

In addition, a strong red luminescence can also be observed in the composites. The PLE and PL spectra of

the red luminescence are shown in Figures 2E and 2F, respectively. It is seen that both the excitation and

emission spectra shift to long wavelength with the increase of Al2O3/Ga2O3 ratio and the full width at half

maximum of excitation spectra increases. Notably, it is the first time to observe that Al alloying may help to

tune the red luminescence of Ga2O3 semiconductor domains. However, the red luminescence mechanism

of composites is still unclear. Zhang et al. indicated that the red emission can be ascribed to the electron-

hole recombination via the vicinity donors and acceptors (Zhang et al., 2006). It is also reported that red

emission bands in b-Ga2O3 nanostructures can be correlated with the subband formed by amorphous

Ga2O3 (Zhou et al., 2007), whereas Chang et al. suggested that the presence of red emission is due to ni-

trogen doping (Chang et al., 2011). Based on our investigations, the Al-doped Ga2O3 may generate a deep

acceptor level in the band gap, and the observed red luminescence of semiconductor domains is likely due

to the recombination transition involving a nearby DAP of VO and deep acceptor level. The increase of Al3+

doping level will lead to form a dopant subband in the band gap and decrease the DAP separation dis-

tance, resulting in a shift of the red emission to the lower energies as shown in Figure 2F (Song et al.,

2004). The emission intensity of red luminescence gradually increases with increasing Al2O3/Ga2O3 ratio

(Figure S3B, Supplemental information). The decay dynamics of the red luminescence was also character-

ized, and the results are shown in Figure 2G. Both decay curves can be fitted by exponential functions, and

the estimated lifetimes are �30 ms for samples A0�A5 and 17.74 ms for sample A6.
Optical properties of transition-metal ion-doped transparent composites

Doping of semiconductor alloy constitutes an efficient approach for tuning the electrical, optical, mag-

netic, and catalytic properties. In the next step, we further tried to introduce various active dopants to

demonstrate the possibility of optical property control via in situ structuring in semiconductor-in-glass

transparent composite. As the proof-of-concept experiment, the transition-metal ion species (Co, Ni,

and Fe) were selected as the prototype dopants and introduced into the homogeneous glass. The doped

transparent composites were fabricated via heat treatment at the appropriate temperatures as indicated

above (Figure S4, Supplemental information). Spectral analysis indicates a notable contrast in the absorp-

tion features of as-made glass and composite, confirming the success in incorporation of dopants into

semiconductor alloy domains (Figure S5, Supplemental information). Figure 3 shows the proposed doping

model and the absorption and luminescence spectra of the corresponding transparent composites doped

with Co, Ni, and Fe. Impressively, the spectral features of the transparent composite can be finely tuned via

rational control of the Al2O3/Ga2O3 ratio. The detailed mechanism is discussed based on the electronic

transitions of Co, Ni, and Fe.

In Co-doped transparent composites, the absorption bands at about 550, 590, and 640 nm in the visible

region and 1,000–2,000 nm in the infrared region can be assigned to the fingerprint electronic transitions

of 4A2(
4F) / 2A1(

2G), 4A2(
4F) / 4T1(

4P), 4A2(
4F) / 2E(2G), and 4A2(

4F) / 4T1(
4F) of [CoO4]

6-, respectively

(Figure 3B) (Lin et al., 2019). When excited with 532 nm, Co-doped samples show intense red luminescence

at around 680 nm, which can be indexed to the 4T1(
4P)/4A2(

4F) radiative transition of [CoO4]
6- (Figure 3C)

(Volk et al., 2007). These results strongly suggest that Co2+ selectively incorporates into semiconductor

alloy domains through substitution of tetrahedral Ga3+ (Figure 3A). Significantly, the characteristic absorp-

tion bands and emission bands of Co2+ exhibit gradual blue-shift with the increase of Al2O3/Ga2O3 ratio.

From the electronic absorption spectra, the ligand field parameters of Co2+ ions in semiconductor domains

were calculated using the Tanabe-Sugano matrix, and the results are presented in Table S1 (Supplemental

information). It can be clearly observed that the crystal field strength (Dq) of Co2+ increases with the rise of

Al2O3/Ga2O3 ratio. As a consequence, the energy gap between the excitation state and the ground state

becomes larger, which causes the blue-shifts in the electronic transitions of Co2+ ions.

Similar phenomenon has also been observed in Ni-doped samples. As shown in Figure 3E, the absorption

spectra exhibit an intense peak at around 370 nm and a broadband band between 570 and 700 nm, which

can be assigned to the 3A2(F) /
3T1(P) and

3A2(F) /
3T1(F) electronic transitions of [NiO6]

10� (Moncorge
iScience 24, 101984, January 22, 2021 5



Figure 3. Structure model and optical properties of transition-metal ions (Co, Ni, and Fe)-doped transparent

composites

(A–C) (A) Structure model, (B) absorption spectra, and (C) luminescence spectra of Co-doped samples.

(D–F) (D) Structure model, (E) absorption spectra, and (F) luminescence spectra of Ni-doped samples.

(G–I) (G) Structure model, (H) absorption spectra, and (I) luminescence spectra of Fe-doped samples. In the structure

models, O, Ga/Al, and transition-metal atoms are colored in white, gray, and red, respectively.
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and Benyattou, 1988; Zhou et al., 2013). Obviously, the peak position continuously shifts to the blue band

region with the increase of Al2O3/Ga2O3 ratio. Under excitation of 808 nm, Ni-doped samples show intense

near-infrared luminescence in 1,000–1,600 nm waveband region (Figure 3F), which can be attributed to the

electronic transition of 3T2(F) /
3A2(F) (Zhou et al., 2013). Similar to the absorption features, the emission

peaks also present obvious blue-shift from 1,256 to 1,196 nm. These results indicate that Ni2+ ions occupy

octahedral position in semiconductor alloy domains (Figure 3D).

In addition, the optical properties of Fe-doped transparent composites have also been investigated. As

shown in Figure 3H, the absorption bands at 700–1,250 nm and 1,500–2,600 nm waveband region corre-

spond exactly to the 5T2/
5E transition of [FeO6]

10� and 5E/ 5T2 transition of [FeO4]
6-, respectively (Bing-

ham et al., 2002). Under the excitation of 360 nm, Fe-doped samples exhibit intense red emission, which

originates from the 4T1(
4G)/6A1(

6S) transition of octahedral [FeO6]
9- (Figure 3I) (Pathak et al., 2014). These

results indicate that there are two types of dopant centers, Fe2+ and Fe3+, in the composite. Furthermore, it

can be known that Fe2+ ion can simultaneously substitute for Ga3+ in the tetrahedral and octahedral sites,

whereas Fe3+ ion may only incorporate into octahedral sites in the semiconductor domain (Figure 3G).

Importantly, as the Al2O3/Ga2O3 ratio increases, the absorption bands of Fe2+ gradually shift to the shorter

wavelengths. In contrast, the emission bands of Fe3+ only experience slight change, which may be associ-

ated with the fact that the electron configuration of Fe3+ is less sensitive to the local chemical environment.
Doping mechanism of transition-metal ions in transparent composites

To further clarify the dopingmechanismof transition-metal ions in the semiconductor-in-glass transparent com-

posite, we employed the density functional theory (DFT) for calculations of the local structure of Co2+ in g-

Ga2O3 and g-(Ga2-xAlx)O3 as our primary model system. As shown in Figure 4, DFT calculations show that

the substitutional doping of Co2+ in pureg-Ga2O3 andalloyed g-(Ga2-xAlx)O3 leads to the formation of different
6 iScience 24, 101984, January 22, 2021



Figure 4. Theoretical investigation on the doping mechanism

(A and B) Atomic configurations of [CoO4] tetrahedron in pure g-Ga2O3 (A) and alloyed g-(Ga2-xAlx)O3 (B). O atoms are

colored in white, and Co atoms are colored in red.

(C) Calculated bond length and bond angle of [CoO4] tetrahedron in pure g-Ga2O3 and alloyed g-(Ga2-xAlx)O3.

(D and E) Computed electronic band dispersion and PDOS of Co2+: g-Ga2O3 (D) and Co2+: g-(Ga2-xAlx)O3 (E).
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[CoO4] structural unit. Specifically, for Co
2+ in pure g-Ga2O3, the average bond length of Co-O is 2.058 Å and

the average bond angle is 109.47� (Figures 4A and 4C). In contrast, for Co2+ in alloyed g-(Ga2-xAlx)O3, the

average bond length of Co-O decreases slightly to 2.051 Å, and parts of bond angle change aroundG1� after
incorporation of Al3+ (Figures 4B and 4C). Based on the aforementioned calculations, the electronic structure

and the partial densities of states (PDOS) of Co2+ in g-Ga2O3 and g-(Ga2-xAlx)O3 can be obtained, and the re-

sults are shown in Figures 4D and 4E. Notably, Co2+ dopant additionally introduces electronic levels into the

band gap of both g-Ga2O3 and g-(Ga2-xAlx)O3. The PDOS clearly shows that these impurity levels originate

from Co 3d orbitals. Moreover, the corresponding 3d orbitals split into t2 and e orbitals, mainly associated

with the strong interaction between Co ions and the matrix lattice. The calculated energy gap between t2
and e orbitals is estimated to be 0.394 and 0.424 eV for Co2+ in g-Ga2O3 and g-(Ga2-xAlx)O3, respectively.

The results confirm that the crystal-field splitting energy (10 Dq) in g-(Ga2-xAlx)O3 is higher than that in g-

Ga2O3, which is well consistent with the experimental results estimated from absorption spectra.
Passive Q-switch performance of Fe-doped transparent composite

The intriguing optical response of the constructed transparent composites prompts us to further explore its

application in photonics. As depicted in Figure 3, Fe-doped transparent composites exhibit a strong absorption

band at 1,500–2,600 nm. This suggests their great potential as passive mid-infraredQ-switch for construction of

mid-infrared pulse laser, which has been widely applied in molecule detection, environmental monitoring, and

optical communication. To verify the proposal, the pulse lasing performance of the sample was evaluated by

using the Tm-doped YAlO3 (Tm: YAP) crystal as the laser gain medium. Figure 5A displays the schematic dia-

gram of the experimental setup, and the detailed illustration can be found in the experimental section. Figures

5B and 5C show the output power and laser spectrum, respectively. As shown in the picture, the absorbedpump

power threshold of the Q-switching is 0.49 W, and the average output power can be improved with the

increasing absorbed pump power. The resultant slope efficiency is estimated to be �30.85%. The maximum

average output power of 0.24 W with the corresponding laser spectra peaking at 1,992 nm can be obtained

at an absorbed pump power of 1.19 W. Figures 5D and 5E display the variations of repetition rate, pulse width,

pulse energy, and peak power with the absorbed pump power. Obviously, with the enhancement of pump po-

wer, the repetition frequency, pulse energy, andpeak power gradually increase, whereas thepulsewidth of laser

first expands and then contracts. The typical pulse sequence with a repetition frequency of 66.82 kHz and short-

est pulsewidth of 670 ns can beobtainedunder the absorbedpumppower of 1.19W, as presented in Figures 5F
iScience 24, 101984, January 22, 2021 7



Figure 5. Pulse laser operation in the mid-infrared waveband

(A) Experimental schematic diagram.

(B) Average output power versus absorbed pump power.

(C) The spectrum of the output laser.

(D) Pulse width and repetition rate of the pulse laser versus absorbed pump power.

(E) Pulse energy and pulse peak power of the pulse laser versus absorbed pump power.

(F) Pulse train recorded by the oscilloscope.

(G) Single pulse with the pulse width of 670 ns.
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and 5G. With the corresponding average output power of 0.24W, repetition rate of 66.82 kHz, and pulse width

of 670 ns, themaximum pulse energy and peak power can be calculated to be 3.56 mJ and 5.32W, respectively.

Therefore, Fe-doped transparent composite would be a promising passive Q-switch for 2 mm pulse laser gen-

eration and applications. Notably, to the best of our knowledge, this is the first report that transparent Fe-doped

semiconductor-in-glass composite can be used as the saturable absorber to produce Q-switched laser in a

Tm:YAP laser cavity. In addition, taking into account the tunable optical response feature of the sample, the

pulse laser operation in a broad waveband in the mid-infrared region can be potentially realized.

Conclusion

We have demonstrated a novel strategy for in situ and tunable structuring of semiconductor-in-glass trans-

parent composite, by topological engineering of the glassy phase. The topological control for hybridiza-

tion of the glass network former enables to in situ and precisely tune the composition, size, and loading

ratio of the embedded semiconductor domains. The elaborated transparent composites exhibit intriguing

broadband optical response, and the application for generation of pulse laser operation in mid-infrared

waveband has been demonstrated for the first time. It should be noted that the strategy should be universal

to a wide category of semiconductor-in-glass transparent composite. Furthermore, our understanding of

the in situ structure modification mechanism is greatly improved, offering new possibility to explore the

extraordinary physical characteristics of semiconductor-in-glass composites and their new applications.

Limitations of the study

The effects of the Al2O3/Ga2O3 ratio on the passive Q-switch performance of Fe-doped transparent com-

posites deserve to be further studied.
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Figure S1. Raman spectra of as-made glass with various Al2O3/Ga2O3 ratio. The 

characteristic peaks at 494, 561and 778 cm−1 can be assigned to the regular [Ga2O6]/[Al2O6], 

the vibrations of the bridged oxygen Ga-O-Ga/Al-O-Al linkages and [GaO4]/[AlO4] structure 

units, respectively (Rao et al., 2005; Yue et al., 2018.). Related to Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

Figure S2. Transmission spectra of transparent composites with various Al2O3/Ga2O3 ratio. 

Related to Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

Figure S3. Optical properties of transparent composites. a) The blue-green luminescence of 

composites. b) The red luminescence of composites. Related to Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

Figure S4. Photographs of the Co-doped (a), Ni-doped (a) and Fe-doped (c) transparent 

composites. Related to Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

Figure S5. The absorption spectra of as-made glass (red line) and composite (blue line) doped 

with Co (a), Ni (b) and Fe (c). Related to Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

Table S1. Estimated crystal field parameters and fitted energy levels of Co2+ in transparent 

composites. Related to Figure 3. 

  Dq B 
4A2(4F)→ 

4T1(4F) 

4A2(4F)→ 
2E(2G) 

4A2(4F)→ 
4T1(4P) 

4A2(4F)→ 
2A1(2G) 

A0:Co 
Expt. [cm-1]   6476.68 15455.95 16750.42 17889.09 

Fitted [cm-1] 372.05 804.36 6483.1 15774.62 16755.52 17802.05 

A1:Co 
Expt. [cm-1]   6527.42 15503.88 16806.72 17921.15 

Fitted [cm-1] 375.07 805.47 6517.55 15813.07 16821.69 17804.66 

A2:Co 
Expt. [cm-1]   6605.02 15576.32 16863.41 18018.02 

Fitted [cm-1] 379.73 805.11 6617.16 15784.63 16891.05 17865.05 

A3:Co 
Expt. [cm-1]   6653.36 15600.62 16891.89 18018.02 

Fitted [cm-1] 382.64 804.4 6675.38 15792.15 16910.4 17883.54 

A4:Co 
Expt. [cm-1]   6697.92 15649.45 16949.15 18083.18 

Fitted [cm-1] 385.28 805.91 6687.84 15800.24 16941.97 17981.06 

A5:Co 
Expt. [cm-1]   6752.19 15698.59 16977.93 18115.94 

Fitted [cm-1] 388.56 804.88 6747.66 15780.14 17018.63 17992.34 

A6:Co 
Expt. [cm-1]   6802.72 15723.27 17006.8 18148.82 

Fitted [cm-1] 391.62 804.06 6809.08 15764.12 17001.36 17974.09 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

Transparent Methods 

Materials 

The as-made glass with the composition (in mol%) of 53SiO2-(30-x)Ga2O3-xAl2O3-7Na2O-

10MgO, where x = 0, 5, 10, 12.5, 15, 17.5 and 20, respectively, were prepared by the classic 

melt-quenching method. The transition-metal ions species (Co, Ni, and Fe) (0.002 wt%) 

which act as active dopants were introduced into as-made glass. The high purity SiO2, Ga2O3, 

Al2O3, Na2O, MgO, CoO, NiO, and Fe2O3 were used as the raw materials. Approximate 30 g 

batches of raw materials were homogeneously mixed and melted in a corundum crucible at 

1600 oC for 30 min in ambient atmosphere. Then the melt was poured on the copper plate to 

form transparent glass. Subsequently, the as-made glass samples were heat-treated at 850 oC 

for 2 h to form transparent composites (denoted as A0, A1, A2, A3, A4, A5 and A6 for 

Al2O3/Ga2O3 ratio of 0, 0.2, 0.5, 0.7, 1.0, 1.4 and 2, respectively). The samples were cut into 

pieces and polished for optical measurements. 

Characterization 

The X-ray diffraction (XRD) measurement was carried out to identify the crystalline phase 

and calculate the crystalline size and mass fraction. It was performed on a PANalytical X’Pert 

Pro X-ray diffractometer with Cu/Kα radiation at 40 mA and 40 kV (λ = 1.5406 Å). The 

crystalline size of semiconductor domain was evaluated by Scherrer formula according to the 

XRD diffraction peak broadening, and the crystalline mass fraction was calculated from the 

crystalline/amorphous areas of the X-ray diffractogram. Transmission electron microscope 

(TEM) was used to examine the microstructures of the samples which was performed on a 

FEI Tecnai G2 F20 with a field emission gun operated at 200 kV. The Raman measurement 

was conducted on the Renishaw inVia Raman spectrometer with the 532 nm laser as the 

excitation source. Absorption spectra were recorded on a Lambda 900 UV/VIS/NIR 



  

 

 

spectrophotometer. Visible and infrared luminescence spectra were recorded on an Edinburgh 

Instruments FLS980 spectrometer and FLS920 fluorescence spectrometer, respectively. 

Laser Experiments 

A fiber-coupled semiconductor laser with a center wavelength of 795 nm was used as the 

pump source. The coupled fiber core diameter is 400 μm and the numerical aperture is 0.22. A 

Tm-doped YAlO3 (Tm:YAP) crystal was utilized as the laser gain medium. The a-cut 

Tm:YAP crystal with dimensions of 3 × 3 × 10 mm was chose as the gain material and the 

two ends were laser-grade polished. The laser cavity was a traditional plano-concave design, 

in which the input mirror M1 is plated with the high transmission of the pump light at 795 nm 

and high reflection to the laser band. The plano-concave mirror with a radius of curvature of 

50 mm, which has a 3% transmittance at 2 µm, was used as the output coupler M2. The 

Tm:YAP crystal was wrapped in indium foil and installed on a copper block which was 

maintained at a temperature of 10 °C by circulating water. Fe-doped transparent composite 

was inserted into the laser cavity as a Q-switched optical switch. In order to obtain a larger 

adjustment range, the sample was placed near the output coupling mirror M2. The cavity 

length was finally optimized to be about 45 mm in the following experiments. The laser 

output power, laser spectrum, pulse repetition frequency and pulse width were measured and 

recorded by power meter (Newport, model 1916-R), spectrometer (Optical Spectrum 

Analyzer OSA 205) and digital oscilloscope (Tektronix, MSO 72504DX), respectively. 

Theoretical Simulations 

The first-principles calculations were performed based on the density functional theory, by 

using the Vienna ab initio simulation package (VASP) code (Kresse and Furthmuller, 1996.). 

The projector augmented-wave (PAW) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965.) 

method was employed with the Perdew-Burke-Ernzerhof (PBE) (Perdew et al., 1996.) type 

generalized gradient approximation (GGA) for describing the exchange-correlation potential. 

The cut-off energy of a plane-wave basis set was 520 eV with the energy convergence within 



  

 

 

10-5 eV. The reciprocal space integrations were sampled with a Gamma centered mesh of 4 × 

4 × 4 obtained by the Monkhorst-Pack method (Monkhorst and Pack, 1976.). We adopted 

DFT-1/2 method to obtain more accurate bandgaps with respect to the conventional gap-

underestimation functional (Ferreira et al., 2008.). The optimal values of CUT for DFT-1/2 

selected for O p orbital was 2.67 (Ferreira et al., 2008.). In our calculation model, the doping 

concentration of Co atom in Ga2O3 was 1.88 %, and the concentration of Al in Co:Ga2O3 was 

1.85%. 
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