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ABSTRACT: Raman spectroscopy is a powerful technique for a
wide range of materials, including porcelain, and near-infrared
excitation is often used to suppress a fluorescence background from
a sample. When we measured the Raman spectra of porcelains at
785 nm excitation, we observed a strong broad band in a high-
frequency region, and its origin was not clearly elucidated. In this
study, we have measured the spectra of glazed porcelains at 532,
785, and 1064 nm excitation and demonstrated that the broad
feature originates from luminescence around 880 nm and not from
Raman scattering. We provide experimental evidence showing that
the band originates from a thin layer of glaze. Since the band shape
depends on the processing temperature, the luminescence spectra
can be a nondestructive probe for studying the glass formation of a
glaze.

■ INTRODUCTION

Pottery, porcelain, and ceramic artifacts in general are
inorganic, nonmetallic solids prepared by firing and subsequent
cooling. They are also composite materials combining
crystalline and noncrystalline phases and are usually covered
by a thin layer of glaze. The glazing provides a seal, improves
the ceramic body’s durability, and serves a decorative function.
Because ceramic artifacts are chemically stable and one of the
oldest synthetic materials made by human hands, they have
been well studied in archeology. In addition, ceramic materials
are important in modern industry. Thus, the use of
nondestructive techniques in chemical and structural character-
ization is important for ceramic artifacts, and Raman
spectroscopy is one of the most powerful nondestructive
methods.
Raman spectroscopy has been used extensively to investigate

glazed ceramics and colored glasses,1−4 and it provides
information regarding crystalline or glassy structures composed
of the covalent bonds between SiO4 tetrahedral units. The
Raman spectra of a glaze show two broad bands around 1000
and 500 cm−1, and these are due to the Si−O stretching and
bending vibrations, respectively. The intensity ratio of the two
bands is correlated to the processing temperature of the kiln
and also glaze composition.5 For example, silica-rich glazes
exhibit a strong band at ∼500 cm−1, whereas a band at ∼1000
cm−1 dominates for PbO-rich glazes.5,6 Although these features
provide useful information, their intensities are weak, making it
difficult to use Raman bands as analytical signatures for glazes.

In Raman spectroscopy, the selection of an excitation
wavelength is important, since the intensity of the Raman
scattering increases as a sample is irradiated with a shorter
excitation wavelength.7 Because of this wavelength depend-
ence, a visible excitation, commonly 532 nm, is used. However,
a visible excitation often gives rise to a fluorescence that
interferes with relatively small Raman signals. For these cases, a
longer excitation wavelength such as 785 nm in a near-infrared
region is preferred to suppress the fluorescence while retaining
relatively high Raman intensities. Raman spectroscopic studies
on pottery and porcelain have utilized a visible laser as the
main light source. Several studies reported the Raman spectra
of ceramic artifacts with near-infrared excitation.3,8−12 These
studies showed that the spectra obtained at 785 nm excitation
exhibit a broad feature in a high-frequency region around
1300−2000 cm−1, which is not present for visible excitation.
This broad feature was noted as fluorescence12 or simply a
“glassy silicate”.9 It was also attributed to the excitation of
electronic transitions of transition metal ions or rare earth
elements.3,11 These assignments were consistent with the
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specificity to 785 nm excitation,3,9,12 but conclusive evidence
has not been reported.
In this study, we have obtained solid experimental evidence

that the broad feature is due to photoluminescence around 880
nm and not Raman scattering. We also found that this
luminescence arises from a thin layer of glaze. Since the band
shape depends on both the firing temperature and the glaze
compositions, the luminescence band acts as a potential probe
for glazed porcelain.

■ RESULTS AND DISCUSSION
Luminescence Spectra Characteristics of a Glaze.

Figure 1 shows the ancient and modern porcelains investigated

in the present study. An ancient shard, made during 1650−
1670 in Arita, was provided by the Arita Museum of History
(Arita, Saga Prefecture, Japan). The modern porcelains (Seto,
Japan; Jingdezhen, China; Meissen, Germany; and Karatsu,
Japan) were commercially available.
We first measured the Raman/luminescence spectra of a test

porcelain sample. This sample was coated with a wollastonite
glaze, and its firing temperature was 1270 °C. Figure 2
compares the spectra obtained with 532, 785, and 1064 nm
excitation. In these measurements, the sample was cut to make
a cross section, and the spectra at the unglazed body (panel A)
and the glaze layer (panel B) were selectively measured from
the cross section. The Raman spectrum of the body with 532
nm excitation (Figure 2A, trace a) exhibited Raman bands at
126, 194, 461, 797, and 1163 cm−1, and these bands are
characteristics of α-quartz (SiO2).

13 Similar spectra were also
observed with 785 and 1064 nm excitation (traces b and c).
These spectral features are commonly observed in modern and
ancient porcelains in the Arita area of Japan. In Figure 2B, we
show the spectra measured at the glazed layer of the sample.
The spectrum with 532 nm excitation exhibits a broad band
near 500 cm−1 as the predominant component (trace a’). The
broad band shape indicates that the glaze had an amorphous
glassy nature. A similar spectral feature at ca. 500 cm−1 was
seen in the spectra at 785 and 1064 nm excitation (traces b’
and c’). However, the spectrum at 785 nm excitation exhibits
an additional strong band in the range of ca. 1300−2000 cm−1

with a peak maximum near 1390 cm−1. The absence of this

intense broad feature in the spectra of the body indicates that it
is a unique feature of the glaze.
Next, we consider the origin of the intense broad band

associated with the glaze. In some cases, glazed porcelains
show broad Raman bands due to amorphous carbon,14 which
typically exhibits bands between 1340−1400 and 1540−1600
cm−1.15 The frequency for amorphous carbon roughly
corresponds to that for the broad feature of the glaze. We
can, however, rule out this possibility because the Raman
bands of amorphous carbon should appear at all three
excitation wavelengths. Thus, it is possible that the broad
feature originates from a resonance enhancement of a Raman
scattering or the photoluminescence of an unknown chemical
species under 785 nm excitation.
Raman spectroscopy is based on an inelastic light scattering,

and the difference in energy between the incident and
scattered lights, which is called the Raman shift, is independent
of the excitation wavelength. This implies that the absolute
wavelengths of the scattered light differ when we use a different
excitation wavelength. On the other hand, the wavelength of
luminescence is independent of the wavelength of the incident
light. Thus, a straightforward experiment that discriminates the
two mechanisms would involve measurements at different
excitation wavelengths. For this purpose, we used a test
porcelain sample that exhibits a relatively sharp band in the
high-frequency region and measured its spectra by two near-
infrared Raman spectrometers that have different excitation
wavelengths: 785.4 and 784.8 nm. Figure 3 shows the spectra
measured with the different excitation wavelengths. These
spectra were taken at the glazed surface of the sample. Since
the incident laser light penetrated into the body, both the α-
quartz Raman band from the body (∼814 nm) and the broad
feature from the glaze (850−950 nm) were observed. In this
figure, the spectral intensity is plotted against the horizontal
axis of the absolute wavelength (nm), and the broad feature
due to the glaze exhibits the same peak position of 880.7 nm.
In contrast, the Raman band of α-quartz was observed at
different wavelengths of 814.8 and 814.2 nm when the
excitation wavelengths were changed. These observations
indicate that the intense broad band due to the glaze is
luminescence and not Raman scattering. In Figure S1 in the

Figure 1. Analyzed glazed porcelain samples. (A) A test sample
coated with a wollastonite glaze. (B) An ancient porcelain shard
produced in Arita, Japan between 1650 and 1670. (C−F)
Commercially available porcelains produced at (C) Seto, Japan, (D)
Jingdezhen, China, (E) Meissen, Germany, and (F) Karatsu, Japan.

Figure 2. Raman/luminescence spectra of a porcelain sample coated
by a wollastonite glaze at 532, 785, and 1064 nm excitation. The
spectra were measured at (A) the body and (B) the glaze portions of a
cross section of the sample.
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Supporting Information, we also show the same spectra with
the horizontal axis of the Raman shift (cm−1). This is a
common format for showing Raman spectra, and the Raman
band of α-quartz at 461 cm−1 is observed at the same
frequency. However, the broad band from the glaze is shifted
when the excitation wavelength is changed, confirming that a
porcelain glaze exhibits luminescence at ∼880 nm with 785 nm
excitation.
Luminescence at Near-Infrared Excitation Is General

for a Glaze. Next, we examine whether the luminescence at
∼880 nm is general to most porcelain glazes or specific to a
wollastonite glaze in Arita, Japan. For this purpose, we
measured the Raman/luminescence spectra of several
porcelain samples, which Figure 4 compares. The selected

samples include an ancient porcelain shard produced in Arita
and modern porcelains produced at Seto (Japan), Jingdezhen
(China), Meissen (Germany), and Karatsu (Japan). As shown
in the figure, all porcelain samples examined here exhibit broad
bands at 850−950 nm. A similar feature was also observed for
Medici3,8 and ancient Chinese porcelains.9,11 These observa-
tions imply that the luminescence band is generally observed

for glazed porcelains. This result is reasonable since a similar
broad feature near 880 nm at 785 nm excitation has also been
observed for a glass material16,17 and obsidian.18 It is therefore
likely that the luminescence band is generally observed for a
glassy silicate produced from natural raw materials.
Here, we note that there are detectable differences in the

luminescence spectra shown in Figure 4. For instance, the band
maximum for the porcelain from Meissen is blue shifted by ∼2
nm compared to that for the wollastonite glaze (traces e and
a). More strikingly, the spectrum for the porcelain from
Karatsu shows distinct bands at 876, 879, 889, 906, and 922
nm (trace f), which are not seen in the wollastonite glaze. The
present result is consistent with a previous finding for Medici
porcelains, in which relatively sharp bands were observed in
the soft (more crystalline) body, whereas broad bands were
seen in the glaze (glassy phase).3,8 The origin of these spectral
differences is unknown, but Colomban3 suggested that the
luminescence band arises from 3d or 4f ion-doping.
Analogously, previous reports on a glass material specu-
lated16,17 that a similar feature is the result of a trace amount of
rare earth elements. The identification of the luminescent
center is beyond the scope of the present study, but we will
undertake it in future studies.

Luminescence from a Glaze as an Analytical Tool. A
glaze is a thin layer of silicate glass that covers a porcelain
body, and its Raman spectra are broad and weak in intensity.
These spectroscopic features make it difficult to measure a
glaze’s Raman spectrum; a sophisticated confocal Raman setup
is usually required.1,2 In contrast, the intensity of the
luminescence reported here is relatively strong. We, therefore,
expected that the luminescence spectra with 785 nm excitation
act as a nondestructive analytical tool for studying glaze
characteristics such as processing temperature. To explore this
idea, we examined the effect of the processing temperature on
the Raman/luminescence spectra of porcelain samples coated
by a wollastonite glaze. The data shown in Figure 5 indicate
that the processing temperature significantly affects the
luminescence bands around 850−950 nm. These results can
be summarized in two points. First, the luminescence spectra
of the glaze prepared under lower processing temperatures

Figure 3. Raman/luminescence spectra of a glazed porcelain sample
with 785.4 and 784.8 nm excitation. The spectra were measured at the
surface of the sample. The horizontal axis was shown as the absolute
wavelength (nm).

Figure 4. Raman/luminescence spectra of the glazed porcelain
samples with 784.8 nm excitation. (a) A test sample coated with a
wollastonite glaze. (b) An ancient porcelain shard produced in Arita,
Japan between 1650 and 1670. Modern porcelains from (c) Seto,
Japan, (d) Jingdezhen, China, (e) Meissen, Germany, and (f) Karatsu,
Japan.

Figure 5. Raman/luminescence spectra of the porcelain samples that
are coated by a wollastonite glaze. The processing temperatures are
(a) 900, (b) 1100, (c) 1200, and (d) 1270 °C. The spectra were
obtained with 784.8 nm excitation.
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(900−1100 °C) consist of several distinct bands at 849, 855,
871, 881, 899, and 908 nm. As the temperature increases
(>1200 °C), these spectral features become less clear, and a
broad band centered at ∼880 nm is observed. The broad
spectral feature demonstrates a glassy nature at higher
temperatures, implying that the luminescence spectra reflect
a melting process (i.e., glass transition) of the glaze. Second,
careful inspection of the spectra in Figure 5 shows that the
relative intensities of the luminescence band at 880 nm and the
Raman band at 461 cm−1 (814 nm) vary when the processing
temperatures are changed. Although quantitative analysis is
difficult because the thickness of the glaze layer may differ
among the samples, the photoluminescence intensity increases
with the processing temperature. This result suggests that the
glass transition may alter a change in the local environments of
photoluminescence centers.
In summary, we have shown that glazed porcelains exhibit a

broad luminescence band around 850−950 nm that appears
when a glaze layer is excited at 785 nm. This band is assigned
to luminescence because the band did not shift when the
sample was excited at slightly different incident wavelengths.
The present finding is consistent with a previous suggestion
that the feature observed with near-infrared excitation is due to
luminescence,3,8,9,11 and we provided unambiguous exper-
imental evidence for this conclusion. In a further investigation,
we have found that the processing temperature significantly
affects the luminescence spectra. Since its intensity is distinctly
large compared to Raman intensities, the luminescence spectra
can be a potential nondestructive marker for the processing
temperature of a porcelain glaze.

■ EXPERIMENTAL SECTION
Sample Preparation. The test samples of glazed porcelain

as well as modern and ancient porcelains were used in the
present study. The body of the test samples was prepared with
Amakusa porcelain clay, and a wollastonite glaze was used.
This glaze is commonly used in Arita, the center of porcelain
production in Japan. The studied glazes had the following
compositions: 25% feldspar (Taishu), 25% feldspar (Masuda),
21% silica stone, 14% wollastonite, 8% kaolin (New Zealand),
4% limestone, and 2% potters stone (Amakusa). The samples
were fired under a reducing atmosphere (10% CO, 80% N2)
between 900 and 1270 °C in a gas-fired kiln.
Raman/Luminescence Measurements. Four Raman

spectrometer systems were used to measure the Raman/
luminescence spectra. The spectra at 532 nm excitation were
obtained by a backscattering Raman spectrometer consisting of
a microscopy unit (COMET; Photon Design Co.), a diode-
pumped solid-state (DPSS) laser (Cobolt Samba 04-01;
HÜBNER Photonics), and a 0.3 m imaging spectrograph
(SpectraPro 2300i; Princeton Instruments) equipped with a
thermoelectrically cooled charge-coupled device (CCD)
detector (PIXIS: 256E; Teledyne Princeton Instruments).
Most of the spectra at 785 nm excitation were measured by a

near-infrared Raman spectrometer.19 The excitation light at
784.8 nm was obtained from a diode laser (iBeam-smart-785;
Toptica), and backscattered light was collected by collection
optics. The spectra were obtained by a lens spectrograph
(Acton LS 785; Princeton Instruments) equipped with a
thermoelectrically cooled CCD detector (PIXIS: 256E;
Teledyne Princeton Instruments). We also measured near-
infrared Raman/luminescence spectra with 785.4 nm ex-
citation. For this measurement, we used a spectrometer system

that was originally designed to measure Raman optical activity
spectra.20,21 This instrument consists of the same type of lens
spectrograph (Acton LS 785) equipped with a thermoelectri-
cally cooled CCD detector (PIXIS: 400BR eXcelon; Teledyne
Princeton Instruments) and a diode laser (Cobolt 08-NLD 785
nm; HÜBNER Photonics).
A 1064 nm light from a DPSS laser (Cobolt, Rumba 05−01;

HÜBNER Photonics) was used to measure the Raman spectra
with this excitation wavelength. The backscattered light from
the sample was collected by an aspheric glass condenser lens
and refocused by an achromatic lens to the end of a single core
fiber with a core diameter of 200 μm. A long-pass edge filter
(OD > 6; Semrock Inc.) rejected the laser light before the
refocusing lens. The light was directed into a spectrometer
(SpectraPro HRS-300; Teledyne Princeton Instruments)
equipped with an InGaAs array detector (iDus-1.7; Andor).
The Raman spectra were calibrated using neat fenchone as a

standard sample. The emission spectra from a neon lamp were
used to calibrate the spectra in an absolute nanometer unit.
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