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ABSTRACT: The integrated and transparent sodium bor-
osilicate glasses that contain copper exhibiting different colors,
that is, red, green, and blue were synthesized by combining the
sol—gel process and heat treatment in H, gas. To reveal
substantially the cause of different colors in the glass, X-ray
diffraction (XRD), transmission electron microscopy (TEM)
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and high resolution TEM (HRTEM) were systematically applied to investigate and determine the microstructure of the doped
matter. The results showed three different crystals had formed in the red, green and blue glass, and the sizes of these crystals were
range from 9 to 34, 1 to 6, and 1 to 5 nm, respectively. The valence state of copper was further analyzed by X-ray photoelectron
spectroscopy (XPS) and electron energy loss spectroscopy (EELS). The third-order nonlinear optical properties of the glasses
were investigated by using Z-scan technique at the wavelength of 800 nm. Interestingly, the third-order nonlinear absorption of
the red, green, and blue glass can be successfully controlled from reverse saturable absorption, no absorption to saturable
absorption and the optical nonlinear susceptibility * of the red, green and blue glass were estimated to be 6.4 X 107, 1.6 x
107", and 2.6 X 107"* esu in the single-pulse energy of 0.36 uJ, respectively.
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1. INTRODUCTION

As is well-known, borosilicate glass has higher chemical
durability compared to ordinary glass. The remarkably low
thermal expansion coefficient (~3.3 X 107 °C™' at room
temperature) endows borosilicate glass eminent resistance to
thermal shock and breaking."* Such superior properties make
borosilicate glass widely used in laboratory equipment and
optical devices. Sodium borosilicate glass prepared by sol—gel
and heat treatment method undergoes the phase change of
solution—xerogel—glass, during which chemicals can be easily
doped and well dispersed, porous structure can be naturally
formed and substances doped can be well encapsulated and
preserved. Therefore, borosilicate glass is a competent base
glass to load quantum dots or nanoparticles.

Metal nanoparticles can be embedded in the solid trans-
parent dielectric layer to avoid reuniting and forming the
thermodynamics of bulk materials. The electronic density of
states, quantum effect, and dielectric confinement® endow them
unique optical, electrical, magnetic, chemical, and thermal
properties.* Therefore, the facile preparation and effective
characterization of the new nano structural materials (metal-
dielectric nanocomposite) with excellent optical performance
can greatly promote the modern nano technology and nano
photonics research.”™® Glass, because of its advantageous
characteristics such as good transparency, high mechanical
strength, easy processing and preventing the air oxidation of
metal nanoparticles, is widely used as an ideal encapsulation
materials of metal nanoparticles. Nano metallic glass
composites have attracted researchers’ great attention, not
only because they can be applied to photochromic materials,”
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colored glass circulation industry'® and three-dimensional color
crafts,"" but also because of their great potential applications in
nonlinear optical materials,'>"> such as optical data recording
disks and stora%e devices, ' optical waveguide,lo’11 and all-
optical switches.”'°~"? In all these applications, the particle size,
shape, number density, and distribution of nanoparticles
together determine the characteristics and performance of the
nanometer composite materials. Numerous studies have shown
that metal nanoparticles can significantly enhance the third-
order nonlinear optical properties of glass, the third-order
nonlinear optical susceptibility was reported to be the lar§est
1076 esu so far,"* the response time to be picosecond level, ™'
and the excellent nonlinear properties attribute to the surface
plasmon resonance of the metal nanoparticles'” and quantum
size effect.'®

As an important transition metal element, copper has a face-
centered cubic lattice and a cube crystal cell, with the lattice
constant of a = b = cand a = f =y = 90°. Over the past 5 years,
there has been a growing focus on research of copper
embedded in glass matrices."”*' Cu has an unparalleled price
advantage and application prosopect, its superior third-order
nonlinear optical properties'®”® and the unique decorative
effect of Cu nanoparticles exhibiting red in the glass*> make it
exist great potential application value in the field of nonlinear
optics. However, Cu nanoparticles can be introduced into the
glass substrate using different methods, such as sol—ge1,23_25
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high temperature melting metho ion implantation,
ion exchange method,>®*' femtosecond laser irradiation
method,*>* electric field assisted method,>*>° etc. Study on
Cu quantum dots in the field of nonlinear optics also has
attracted great attention due to its distinct physical and
chemical properties. The third order nonlinear susceptibility
2 of the Cu nanoclusters in silica glass was determined to be
32 X 1077 esu at 532 nm and 1.7 X 1077 esu at 1064 nm,
respectively.*’

The valence shell structure of Cu is 3d,y4s;, therefore the
valence of Cu can exhibit 0, +1, and +2, nevertheless,
controlling the chemical valence state of Cu freely in the
glass is still very difficult, especially the +1 of Cu. Different
valence states of copper can show different colors in the glass,
so the research of this aspect is very interesting. In this
Research Article, we carried out a detailed study on the valence
state control of Cu in sodium borosilicate glass synthesized by
combining the sol—gel process and heat treatment in different
atmosphere.

2. EXPERIMENTAL SECTION

2.1. Preparation of the Glass. The Na,0—B,0;—SiO, glasses
containing copper exhibiting three different colors were fabricated by
employing sol—gel and atmosphere control methods. The composition
of sodium borosilicate glass matrix was SNa,0—20B,0;—755i0, (in
wt %). The preparation process was as follows: First, SiO, component
was obtained by room temperature hydrolysis of tetraethyl
orthosilicate (TEOS) in anhydrous ethanol containing deionized
water and nitric acid (HNO;) (pH = 2, as catalyst). Second, B,O; and
Na,O were derived from dissolving boric acid (H;BO;) and metallic
sodium (Na) in 2-methoxyethanol and anhydrous ethanol, respec-
tively. Then, the two obtained precursor solutions were added into the
well hydrolyzed TEOS solution. All chemicals were added according to
the designed proportion of the glass composition. After the mixed
solution was stirred for 1 h at room temperature, an ethanol solution
of copper nitrate (Cu(NO;);3H,0, 2 wt %) was added to form the
homogeneously mixed substrate glass solution containing copper.
Subsequently, the mixed solution was dried at 80 °C for 3 weeks to
form the stiff gel. Finally the stiff gel was heat-treated in tube furnace
under different atmospheres according to the following steps: First, the
stiff gel was heated in oxygen (O,) atmosphere at the heating rate of
°C-h™" up to 400 °C, and kept for 10 h at 400 °C to remove organic
matter and decompose copper nitrate. Second, the xerogel was
exposed to dry hydrogen (H,, 99.99%) at 400 °C for 10 h, Sand 0 h to
form metallic Cu, Cu,O, and CuO, respectively. Finally, the loose and
porous xerogel was heated in nitrogen (N,) atmosphere at a rate of 10
°C-h™! from 400 to 600 °C, and kept for 5 h at 600 °C. At last, the red,
green, and blue well-densified Na,0—B,0;—SiO, glasses containing
Cu, Cu,0, and CuO were obtained. The glass samples cut and
polished are shown in Figure la—c.

2.2. Characterization. To explore whether the crystalline
structure had formed in the glass, X-ray diffraction analysis of the
well cut and polished glasses was performed on a Germany Bruker X-
ray diffractometer (40 kV, 20 mA) using Cu Ka radiation (1 = 0.15418
nm) at a scan rate of 0.02° s™' in the range of 15—80°. The glass
samples for TEM were prepared by crushing the glass pieces in agate
mortar and pestle with ethanol, a drop of the suspension was placed
onto a copper grid covered with lacy carbon film. Transmission
electron microscopy (TEM) imaging was carried out on a FEI Tecnai
F-20 transmission electron microscope at an acceleration voltage of
200 kV. JEM-ARM200F tem (JEOL, 200 kV) equipped with Gatan
Enfina electron energy loss spectrometer was used to analyze the
valence of Cu in different glass samples. High angle annular dark field
(HAADF) images were obtained using 40 um condenser lens aperture
camera 8 cm length, lead to 31 mrad convergence Angle and half set
80 mrad Angle (180 mrad collection Angle). The collection angle for
EELS acquisition was 49 mrad in the equipment. All of the energy
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Figure 1. Photograph of as-obtained glass: (a) red glass, (b) green
glass, and (c) blue glass. (d) The XRD pattern of the glass.

spectrum calibration according to the energy threshold C K edges 284
eV. Then, all the spectra were normalized to copper L; edge for curve
fitting. X-ray photoelectron spectroscopy (XPS) measurement was
carried out using AXI ULTRA DLD spectrometer with monochrome
Al Ka as the excitation source. The linear optical absorption of the
three glasses in the wavelength range of 400—1100 nm was obtained at
room temperature by a PerkinElmer Lambda 750 UV-vis
Spectrometer. The open-aperture and closed-aperture of the 800 nm
Z-scan tests of the red, green and blue glasses were carried out at the
repetition rate of 20 Hz, pulse width of 190 fs and single-pulse energy
of 0.36, 0.72, and 1.5 yJ.

3. RESULTS AND DISCUSSION
3.1. XRD Analysis. Figure la—c shows real photos of as-

synthesized transparent red, green, and blue sodium
borosilicate glass containing copper, the diameter of which is
about 1 cm. To substantially understand the reason why glasses
containing copper exhibit different colors, the XRD analysis was
performed. Figure 1d shows the XRD pattern of glass samples:
the red curve, green curve and blue curve represented the XRD
pattern of the red, green and blue sodium borosilicate glass
containing copper, respectively. As can be seen from the curves,
there was a big baglike amorphous peak while 26 was about 22°
which was caused by the base glass diffraction. The red glass
had three sharp peaks. The diffraction planes (111), (200),
(220) were in good accordance with the standard card JCPDS
No0.04-0836, and there was no other impurity peaks, which
indicated that pure Cu crystals had formed in the red glass.
Sharp diffraction peaks indicated that the crystallization of Cu
nanoparticles was very good. The average size of Cu
nanoparticles was estimated by Scherrer formula,®® the
calculation formula is

i= KA
B cos 6 (1)

d represented the average particle size of nanoparticles, A
represented X-ray wavelength, f stood for half peak width
(fwhm), € stood for Bragg diffraction angle, and K was
approximately 0.9. We could calculate that the average particle
size of Cu nanocrystals in sodium borosilicate glass was about
18.5 nm. The red glass formed Cu crystals under the control of
temperature and atmosphere was preliminarily confirmed by

DOI: 10.1021/acsami.5b00218
ACS Appl. Mater. Interfaces 2015, 7, 10162—10168


http://dx.doi.org/10.1021/acsami.5b00218

ACS Applied Materials & Interfaces

Research Article

XRD analysis. The green curve and the blue curve had no
signals of diffraction peak except the big baglike amorphous
peak, the reason for which could be that no crystals had formed
in the green glass and the blue glass or that the crystals formed
were too small to lead to agglomeration, causing diffraction
peaks broadening and being not obvious. To essentially and
precisely find out the truth, the following TEM was applied to
have insight into the inner structure of the glass.

3.2. TEM Analysis. To capture the information on the
microstructure of the glass samples, TEM analysis was
subsequently carried out. Figure 2a—c showed the TEM images
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Figure 2. TEM images of the glass samples: (a) red, (b) green, and (c)
blue. HRTEM images of the glass samples: (d) red, (e) green, and (f)
blue. Size distribution images of (g) red, (h) green, and (i) blue glass,
respectively.

of the red, green and blue glass. We were most inspired to find
that there were lots of black particles with different size
dispersedly embedded in each of the glass substrate in Figure
2a—c. HRTEM was conducted to further conform what exactly
the nanoparticles (NPs) in the three glasses were. Figure 2d—f
showed the HRTEM images of NPs in red, green, and blue
glass, the lattice parameters were respectively measured to be
2.09 A, 2.12, and 2.14 A. Compared the measured lattice
parameters with those listed in the Cu containing oxides, we
found that the lattice of NPs in red glass was close to pure Cu
metal (PDF no. 04-0836, 2.088 A for [111] plane), NPs in
green glass seemed to be Cu,0 (PDF no. 34-1354, 2.120 A for
[200] plane), while NPs in the blue glass was comparable to
CuO (PDF no. 44-0706, 2.140 A for [200] plane). The particle
size distribution of the NPs in red, green and blue glass is
shown in Figure 2g—i, it could be seen that the diameter of the
NPs in the red glass was about 9—34 nm, and the average
particle diameter of Cu nanoparticles was 18.8 nm. In the green
glass the NPs was smaller, the average particle diameter of
which was about 3.12 nm; while in blue glass, the size
distribution of particles was the most dispersed and average
diameter was about 224 nm. These results were well in
agreement with the XRD analysis. Combined TEM and
HRTEM analysis, a preliminary summary could be reached

that NPs in the green and the blue glass containing copper in
oxidation state were in the range of several nanometers in
diameter, which could be the reason why XRD techniques
could not be used to quantify the oxidation states of Cu in the
sodium borosilicate glass.

3.3. XPS Analysis. XPS was conducted to further confirm
the valence state of copper in the three glasses. Figure 3a
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Figure 3. XPS spectra of the red, green and blue NBS glass containing
Cu: (a) XPS full spectrum and (b) Cu 2p high-resolution spectrum of
the blue, green, and red glass.

showed the survey scan XPS spectra of the glass, in which red,
green and blue curves were corresponding to the color of the
glass. As seen from the diagram, the glass sample component
elements: Na, B, Si, O, and Cu signals were all showed. Figure
3b represented the high resolution X-ray photoelectron
spectrum for Cu 2p of the blue, green and red sodium
borosilicate glass, in which the spectral line shape of the red
glass curve and the green glass curve in Figure 3b was similar
including two peaks that corresponded to Cu 2p3/2 and Cu
2pl/2, their binding energy were respectively 932.67 eV,
952.56 and 932.16 eV, 952.12 eV, which indicated the valence
state of Cu in the sample was 0 or +1, well consistent with the
values reported in the literature.’”*® However, we could not
confirm the valence state was 0 or +1 because the binding
energy position of Cu 2p and the spectral line shape of Cu’ and
Cu'* were almost the same.*® The top curve of the blue glass in
Figure 3b had a small peak at 942.11 eV between the two
strong peaks, which was the characteristic peak of Cu®*,*
consistent with the HRTEM analysis of the blue glass. To more
clearly reveal the valence state of Cu in the glass, especially in
the red and green glass, electron energy loss spectrometer
(EELS) was used.

3.4. EELS Analysis. Figure 4a was the high angle annular
dark field (HAADF) image of the red glass, in which the signal
intensity was proportional to the atomic numbers (I ~ Z?
where Z was atomic number and I was the signal intensity),*'
therefore the bright Cu NPs could be clearly visualized in
Figure 4a. Figure 4b represented 3D view of the result of EELS
linescan from A to B (all spectra were with equal distance and
background subtracted for clear view). A distinct peak appeared
(as indicated in Figure 4b) which corresponded to Cu edge
when the electron probe was moved on to the bright spot in
Figure 4a, and disappeared simultaneously when the electron
probe moved to glass matrix. All of the three glasses had the
same phenomena after repeated examination, which proved
that the NPs in NBS glass were Cu rich particles.

The spectrum of Cu-NPs showed in red line at the top of
Figure Sa, for its filled 3d orbit, it presented as flat and broad
edges of L; and L, instead of sharp peaks. The medial one in
green line represented Cu,O, besides L, 3, there was an extra
small peak located in 947.5 eV. The transitions into the Cu 4s
states above the Fermi level might be responsible for this
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Figure S. (a) Reference EELS spectra of Cu. (b) The experimental
EELS spectra reproduced from Figure 4b.

phenomenon.**** The bottom blue line belonged to the EELS
spectrum of Cu®*, in which the FWHMs of L, and L, were
smaller than that of Cu”. Figure Sb showed the EELS spectra of
L,; of Cu in the glass. Take the EELS spectra of copper in
Figure Sa as reference, the shape of the curves in Figure Sb
were very similar to the reference ones. The red line proved
metallic Cu existed in the red glass, the green one was
consistent with the standard reference of Cu,O, the result of
blue line showed that mainly Cu®* existed in the blue glass. It
should be illustrated that the reference EELS spectra of Cu ions
with valence of +1 and +2 exhibited a sharp peak, while the
experiment EELS spectra shown a broad peak, which may be
attribute to the doping concentration of Cu ions in the sodium
borosilicate glass was only 2.0 wt % and the response signal was
lower than the reference Cu ions. Furthermore, the valence of
Cu ions in green and blue glass was not only +1 and +2,
respectively, which may be some Cu" in blue glass and Cu**
green glass. And the further reasons are under way. In a word,
combined with XRD, HRTEM, and XPS analysis, the main NPs
in the red, green and blue glass were finally confirmed to be Cu,
Cu,0O and CuO nanocrystal, respectively, and they were mainly
embedded in the glass matrix.

3.5. Nonlinear Optical Property. To determine the
nonlinear refraction and absorption of the copper doped
sodium borosilicate glass samples, linear absorbance (in Figure
6), open aperture (OA) and closed aperture (CA) Z-scan
measurements were carried out. Figure 7 represented open-
aperture (S = 1) and closed-aperture (S = 0.05) Z-scan results
with single-pulse energy of 0.36 yJ for Na,O—B,0;—SiO, glass
containing Cu, Cu,O and CuO NPs, respectively. Here the
black squares in the figure indicated the experimental result
while solid line for theoretical fit of the normalized trans-
mittance. Figure 7a—c showed that the OA of Cu, Cu,0, and
CuO NPs doped glass. Figure 7a was symmetric relative to the
focus (z = 0) where it had minimum transmittance of the red
glass, illustrating reverse saturable absorption would occur in
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Figure 6. Linear optical absorption spectra of the red, green, and blue
glass.

the red glass, Figure 7b showed no sign of nonlinear absorption
while OA of CuO doped glass in Figure 7c suggested a
saturable absorption would occur in the blue glass. Figure 7d—f
displayed the CA of the copper doped glasses. The CA Z-scan
curves with prefocal (Z < 0) minimum and the postfocal (Z >
0) maximum indicated a self-focusing process and a positive
sign of nonlinear refractive index (y > 0). Both nonlinear
absorption coefficient (/) and nonlinear refractive index (y) of
the glasses were calculated from the OA and CA Z-scan curves
according to the well-known theory.** The real and imaginary
parts of the third-order nonlinear susceptibility were deduced
according to the parameters /3 and 7, as shown in egs 2 and 3.*

ﬂeoc no

Im 7 (esu) = =252 B(m/W)

@)

2 2
Rey™ (esu) = ="y (m’ /W)

©)
A €y ¢, and ny are the wavelength of the laser light, permittivity
of free space, speed of light, and linear refractive index of the
glass, respectively. The total opt1cal third-order nonlinear
susceptibility 5 is given by eq 4.*

U{(3)| (esu) = {(Re)(“))z + (Im)((3))2}1/2 @

All of the nonlinear parameters are listed in Table 1.
Obviously, the introduction of Cu, Cu,0, and CuO nanocryst-
als in sodium borosilicate glass would result in different third-
order nonlinear properties of the glass. For example, when Cu’
presented in the glass, the third-order nonlinear absorption was
reverse saturable and the third-order nonlinear susceptibility
was as high as 6.4 X 107'* esu, which was the maximum of the
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Figure 7. Z-scan normalized transmittance curves of the glasses with single-pulse energy of 0.36 4J: (a) open-aperture Z-scan curve of the red glass;
(b) open-aperture Z-scan curve of the green glass; (c) open-aperture Z-scan curve of the blue glass; (d) closed-aperture Z-scan curve of the red glass;
(e) closed-aperture Z-scan curve of the green glass; (f) closed-aperture Z-scan curve of the blue glass. (Theoretical data in black squares and fitting

curves in solid line).

Table 1. Third-Order Nonlinear Optical Parameters of the Three Glasses at 800 nm with Single-Pulse Energy of 0.36 uJ

parameters Y (mz/w) Re)(("’)(esu)
Cu’ 53 x 107% 29 x 1071
Cu'* 29 x 1072 1.6 x 107
Cu* 42 x 1072 23 x 1074

B(m/w) Im)((3>(esu) )((3)(esu)

41x 1078 5.7 x 1071 64 x 1071

0 0 1.6 x 1071
—8.0 x 107 1.1 x 107 2.6 x 1071

three glass samples. While Cu®" doped in the glass, it turned
out to be saturable absorption and the third-order nonlinear
susceptibility reached 1.6 X 107'* esu. The Z-scan test with
single-pulse energy of 0.72 and 1.5 pJ showed similar results
and they are presented in Supporting Information Figures S2
and S3.

4. CONCLUSION

In summary, the integrated and transparent red, green and blue
copper containing sodium borosilicate glasses were successfully
synthesized by the sol—gel and oxidation and reduction
atmosphere control methods. On the basis of XRD and TEM
analysis, Cu, Cu,0, and CuO nanocrystals were found in the
red, green, and blue glass matrix and the average sizes of these
crystals were 18.8 nm, 3.12 and 2.24 nm, respectively. XPS and
EELS analysis further revealed the valence state of copper were
mainly 0, +1, and +2 in red, green, and blue glass, respectively.
Therefore, the red, green, and blue colors of the glass
respectively correspond to Cu (Cu’), Cu,O (Cu'*), and CuO
(Cu®*) nanocrystals doped in the glass. The convenient
quantitative doping of copper and effective control of heat
treatment atmosphere contribute greatly to the successful
synthesis of Cu, Cu,0O, and CuO nanocrystals doped colored
glass and pave a way in valence control of metallic element in
preparation and modification of new materials. In addition, the
nonlinear optical properties of the glasses were determined
using Z-scan and the results indicated that the glass had
excellent third-order optical nonlinearities, the )((3) of the red,
green and blue glass were measured to be 6.4 X 107 1.6 x
107", and 2.6 X 107" esuy, respectively. In addition, the
adjustment of nonlinear absorption of the copper doped
sodium borosilicate glass from reverse saturable absorption to
saturable absorption in the single-pulse energy range of 0.36—
1.5 yJ by controlling the valence state of copper was realized.

10166

Therefore, the glasses may have potential applications in the
field of nonlinear optics with further improvement.
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Supplementary experimental results and supporting data,
including SAED patterns and Z-scan results with singe-pulse
energy of 0.72 and 1.5 yJ of the red, green, and blue glass
samples. The Supporting Information is available free of charge
on the ACS DPublications website at DOI: 10.1021/
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