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Production of white light has been a promising area of luminescence studies. In this work, white light
emitting nanocrystals of cubic zirconia doped with Eu* are synthesized by hydrothermal technique.
The dopant Eu?* is used to stabilize crystalline phase to cubic and at the same time to get red counterpart
of the white light. The synthesis procedure is simple and precursor required no further annealing for crys-
tallization. X-ray diffraction patterns show the crystalline phase of ZrO,:Eu>" to be cubic and it is con-
firmed by Fourier Transform Infrared spectroscopy. From transmission electron microscopy images,

g;’:i":gtrg; mal size of the crystals is found to be ~5 nm. Photoluminescence emission spectrum of the sample, on mon-
White light itoring excitation at 0> -Eu>* charge transfer state shows broad peak due to 0%~ of the zirconia and that
Cubic zirconia of Eu* emission. Commission Internationale de I'éclairage co-ordinate of this nanocrystal (0.32, 0.34) is
Nanocrystal closed to that of the ideal white light (0.33, 0.33). Correlated color temperature of the white light

(5894 K) is within the range of vertical daylight. Lifetime (1.32 ms) corresponding to °D, energy level
of the Eu®" is found to be far longer than conventional red counterparts of white light emitters. It suggests
that the ZrO,:Eu®* nanocrystals synthesized by hydrothermal technique may find applications in simu-

Photoluminescence

lating the vertical daylight of the Sun.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since time immemorial human being has been mimicking the
Mother Nature. As a part of it, lot of research is going on to mimic
the Sun light artificially through the fabrication of white light emit-
ters [1-8]. White light can be fabricated by mixing individual red,
green and blue (RGB) lights. However, it is expensive in terms of
both equipment and energy consumption [1,2]. Therefore, emis-
sion of white light from a phosphor is of prime importance due
to growing concern about energy saving and environmental friend-
liness [3]. Furthermore, white light production from a phosphor is
simpler and cheaper than a complex RGB system [5]. In view of
these facts, white light emitting phosphors (WLEPs) have attracted
much attention in the recent years for application in various forms
of lighting devices such as white LEDs [6-10].

Zirconia is an attractive material in both fundamental and
application-oriented research. It is well known for low thermal
conductivity, high melting point, high thermal and mechanical
resistance. It is used as an ideal medium for fabrication of highly
luminescent material due to its high refractive index, low phonon
energy, high chemical and photochemical stability [11-16].
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Recently, there has been an increasing interest in the application
of ZrO, nanocrystals due to their enhanced luminescent properties
associated with their small size [11]. Therefore, extensive amount
of works have been reported on the properties of bulk and nano-
crystalline ZrO, of different crystalline phases [11-17]. Even
though, cubic phase is the most desirable phase of zirconia [17],
to the best knowledge of the authors, no report has been found
for production of white light from cubic ZrO,:Eu>*. Generally, zir-
conia has three crystalline phases, viz.,, monoclinic (<1443 K),
tetragonal (1443-2643 K) and cubic (>2643 K) [8,11-13]. In fact,
as the crystallite size decreases, the crystalline structure transform
to a structure with higher symmetry. Therefore, it is our desire to
synthesized zirconia at low dimension to get high symmetric cubic
phase. Interestingly, in order to fabricate zirconia devices, it is nec-
essary to lock the material wholly or partially into the cubic phase
by a use of stabilizing agent [18]. Meanwhile, it is also found in re-
ports that there is lack of red counterpart in the WLEPs and Eu®" is
a potential candidate to rectify this problem [19,20]. Therefore, it
will be a motivating task if one can synthesize the nanocrystals
of cubic zirconia by Eu* doping; at the same time Eu®* is used
as the stabilizing agent and red counterpart of white light. Most
of the reports for the synthesis of WLEPs used solid state reaction.
However, such reaction suffers from serious drawbacks like reac-
tants should mix to a homogenous system, high viscosity in reac-
tant system, unsuitable for solvent assisted chemical reactions,
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among others [21,22]. Therefore, most of the reported WLEPs are
complex in nature and consequently complex in synthesis [7,19].
As a result, simple hydrothermal techniques for synthesis of WLEPs
are expected to prefer over solid state reaction. It is found in the
reports that hydrothermal technique of material synthesis has
advantages of high purity, narrow particle size distribution, low
crystallization temperature, high crystallinity, high degree of pre-
cipitation, easy to control powder composition, ecological friendly,
etc.,, among others [23-26]. Meanwhile, from the synthesis and
characterization point of views, single dopant phosphors are pre-
ferred for production of white light. Unfortunately, phosphors with
multiple dopants are usually found in the reports for the same
[27,28].

In view of all these facts, present work is devoted to the produc-
tion of white light from single ion i.e. Eu>* doped cubic ZrO, nano-
crystals through hydrothermal technique. To our best knowledge
there are no reports for the production of white light from cubic
ZrO,:Eu®* nanocrystals synthesized by hydrothermal technique.
In the present work, nanocrystalline cubic ZrO,:Eu>" are success-
fully synthesized by hydrothermal technique for production of
white light. The sample is characterized by HRTEM (high resolution
transmission electron microscopy), XRD (x-ray diffraction), FT-IR
(Fourier transform infra-red) and photoluminescence (PL) spec-
troscopy. From the PL emission data, CIE (Commission Internatio-
nale de I'éclairage) chromaticity co-ordinates and consequently
CCT (correlated color temperature) are calculated. PL decay life-
time corresponding to °Dg energy level of Eu®* is also determined
from the ZrO,:Eu>* nanocrystals.

2. Experimental section
2.1. Hydrothermal synthesis

For synthesis of ZrO,:Eu®', zirconium (IV) oxychloride octahydrate,
ZrOCl2-8H20 (Riedel-de Haén, >99.5%) (250 mg) was added to distilled water (Mil-
lipore) (25 ml) and allowed to dissolve with a magnetic stirrer at 1200 rpm (3 min).
Then, europium (III) nitrate pentahydrate, Eu(NO3)3.5H20, (Aldrich, 99.9%)
(6.8 mg) was added to the solution and continued stirring (15 min). Subsequently,
urea, CH4N20 (Merck, >99.9%) (1000 mg) was added to the solution. Then, the
whole solution was transferred to a 250 ml vertical Teflon-liner, autoclave. Next,
the autoclave is kept in a hot air oven of constant crystallization temperature
(433 K) for 24 h. Then, the autoclave was allowed to cool at room temperature nat-
urally. On opening the autoclave, white dense precipitates are obtained in the back-
ground of a clear liquid. The white precipitate thus obtained was collected in a tube
and then centrifuged at 10,000 rpm (5 min). After this, the precipitate was washed
with distilled water (5 times) and then with acetone (3 times). Finally, it was dried
at room temperature and ground to form powder. Similar procedure is used for syn-
thesis of undoped sample.

2.2. Characterization

XRD data of the samples are recorded in PANalytical instrument (40 kV and
30 mA). The wavelength used is that of Cu Ko (1.54060 A). HRTEM images and SAED
(selected area electron diffraction) rings are recorded using JEM-2100 microscope
(JEOL) (200 kV). FTIR spectra are recorded in MB102 spectrometer (BOMEN). PL
emission, excitation spectra and lifetime are obtained from LS55 Luminescence
Spectrometer (Perkin Elmer). All the measurements are recorded at room
temperature.

3. Results and discussion
3.1. HRTEM and SAED

Fig. 1a and b show HRTEM images of ZrO,:Eu** nanocrystals.
The images show size of the crystals to be ~5 nm. Fig. 1c shows
faint rings of SAED (selected area electron diffraction). The faint
rings reveal the small size of the crystals. Interplaner spacings, dy;,
corresponding to the four main rings at 3.38, 3.92, 5.52 and 6.45 1/
nm are calculated. Respectively, they are found to be 2.96, 2.55,
1.81 and 1.55 A. It agrees with the interplaner spacing of (111),

(200), (220) and (311) corresponding to the cubic zirconia (ICDD
Ref. Code: 00-049-1642). Fig. 1d shows the enlarged view of a por-
tion of Fig. 1a. It shows the interplaner spacing, 2.96 A, which cor-
responds to (111) planes of the cubic zirconia. The HRTEM images
and SAED rings confirms that the precursor is crystalline and the
sample required no further heat treatment for crystallization.

3.2. XRD

Fig. 2 shows XRD patterns of the ZrO, and ZrO,:Eu>" nanocrys-
tals. Due to nanocrystalline nature, the patterns show peak broad-
ening. Analysis of the patterns by PANalytical’s X'Pert High Score
Search Match show that undoped ZrO, present both P21/c mono-
clinic (ICDD Ref. Code No. 01-086-1451) and P42/nmc tetragonal
(ICDD Ref. Code No. 01-079-1770) phases. However, the pattern
of ZrO,:Eu®* shows Fm-3m cubic phase (ICDD Ref. Code No. 00-
049-1642). The patterns for the said codes are also shown in the
Fig. 2. From the XRD patterns, it is clearly observed that the mono-
clinic and tetragonal phases of undoped ZrO, is stabilized to cubic
phase when Eu®* is introduced in the host zirconia. This can be ex-
plained on the line of substitution of Zr** by Eu* thereby creating
02~ vacancy. The appropriate place for Eu* in the host ZrO, is Zr**
site and charge difference is compensated by an oxygen vacancy
(0?7) when Eu®* substituted Zr**. Since, oxygen vacancy serves to
compensate the difference in charge between Eu®* and Zr**, one
oxygen vacancy is evolved for every two Zr*" replaced by two
Eu* ions [8,11].

3.3. FT-IR

The XRD patterns of tetragonal and cubic phases of zirconia are
similar. Therefore, the FT-IR spectra of the samples are recorded to
substantiate the XRD patterns. To observe the characteristic band
due to ZrO,, FT-IR spectra are shown within the finger print region,
300-900 cm~! (Fig. 3). The spectrum of the ZrO, where both
monoclinic and tetragonal phases exist show bands at 357, 418,
455, 507, 577 and 728 cm~'. The bands at 357, 418, 507 and
728 cm™~! are characteristic of the monoclinic phase ascribed to
the 5A, and 6B, active modes. While the bands at 455 and
577 cm™! are attributed to Zr-O stretching of the tetragonal zirco-
nia [8,29]. However, ZrO,:Eu3* shows no band due to tetragonal
phase. Rather it shows a broad band at 447 cm™' and a shoulder
at 615 cm™!. This is consistent with the statement that only one
fundamental mode is active in cubic zirconia [30]. Thus, the
Zr0,:Eu>* is confirmed to be cubic in phase.

3.4. PL excitation and emission

Photoluminescence excitation and emission spectra of the cubic
ZrO,:Eu®" nanocrystals are shown in Fig. 4. On monitoring the
emission at 609 nm corresponding to structurally sensitive,
Do — ’F>, electric dipole transition of Eu®*, the excitation spec-
trum shows a peak at 244 nm and a hump at 260 nm. The peak
(244 nm) is attributed to 0> -Eu>*charge transfer originating from
electronic transitions from 2p orbital of 0%~ to 4f orbital of the Eu®*
[8,17]. While, the hump at 260 nm is attributed to the presence of
oxygen vacancy arises due to substitution of Zr** by Eu>* described
above.

On monitoring the excitation at the charge transfer state,
244 nm, a broad peak centered at 486 nm and well known Eu®*
peaks are observed. The peak at 486 nm is attributed to 0% va-
cancy [29,31]. This is expected as the presence of oxygen vacancy
is observed from the XRD and PL excitation spectrum. The peak
at 592 nm is attributed to magnetic dipole transition, >Dg — "Fy,
of Eu®*. On the other hand, the peak at 609 nm is attributed to
structurally sensitive electric dipole transition, Dy — “F,, of Eu*.
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Fig. 1. (a and b) HRTEM images, (c) SAED rings and (d) enlarged view of (a) showing interplaner spacing of the cubic ZrO,:Eu®* nanocrystals.
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Fig. 2. XRD patterns of the (a) cubic ZrO,:Eu®*, (b) ICDD Ref. Code: 00-049-1642, (c)
ZrO, (monoclinic + tetragonal), (d) ICDD Ref. Code: 01-079-1770 and (e) ICDD Ref.
Code: 01-086-1451.

Relative intensity of the electric (E) and magnetic (M) dipole tran-
sitions (i.e. E/M), also called asymmetry ratio, strongly depend on
the local symmetry of Eu**. The asymmetry ratio of the sample is
1.04. This value is lower than that of reported tetragonal phase.
It suggests that the sample have higher symmetry than tetragonal
phase i.e. the sample is cubic [32,33].
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Fig. 3. FT-IR spectra of ZrO, (monoclinic + tetragonal) and ZrO,:Eu3* (cubic)
nanocrystals.
3.5. CIE chromaticity and CCT

The broad peak of the vacancy state and Eu®* peaks within the
visible range (400-700 nm) disclose that this nanocrystal will emit
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Fig. 4. PL excitation and emission spectra of the cubic ZrO,:Eu®" nanocrystals.

white light. Therefore, Commission Internationale de I'é clairage (CIE)
co-ordinate of the nanocrystal is calculated. The CIE co-ordinate is
found to be (0.32, 0.34), which is closed to that of the ideal white
light (0.33, 0.33). The emission of white light from this nanocrystal
can be attributed to comparable intensities of the vacancy and Eu**
emissions in the visible range of electromagnetic spectrum. To
identify technical applicability of this white light, correlated color
temperature (CCT) is determined from CIE coordinate. Fig. 5 shows
Planckian locus in the CIE chromaticity diagram for calculation of
CCT. The lines perpendicular to the Planckian locus is called iso-
therm lines and they nearly converge towards a point on the chro-
maticity diagram. A slope line can be drawn by joining the point
and the coordinate (x,y) in quest. With this slope, CCT at the coor-
dinate (x,y) can be calculated by using the approximation:

CCT(x,y) = —449n° + 35251 — 6823.3n + 5520.33 1)

Where n = (x — x.)/(y - ¥.) is inverse of the slope line and (x, = 0.33,
Ye=0.19) is the convergent point [34,35]. The calculated CCT value
of this nanocrystal is 5894 K which corresponds to vertical daylight
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Fig. 5. CIE diagram showing the coordinate (0.32, 0.34), Planckian locus and point
of convergence (0.33, 0.19).
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Fig. 6. PL decay curves result from °D, energy level of Eu®*.

(5500-6000 K) [34]. Therefore, the white light emitted from this
nanocrystal can be used for artificial production of vertical daylight
of the Sun.

3.6. PL lifetime

Fig. 6 shows the PL decay curve of °Dy energy level of Eu®*. The
decay curve is recorded on monitoring the excitation and emission
wavelengths at 244 and 609 nm respectively. The figure is shown
in logyo (Intensity) vs. time to observe the difference in mono-
exponential and bi-exponential fittings vividly. From the figure it
is clearly observed that bi-exponential decay fits better than
mono-exponential decay. The goodness of fit for bi-exponential de-
cay fit is 0.9999. While the goodness of fit for mono-exponential
decay fit is 0.9992. The fitted bi-exponential equation is of the
form:

I =lexp(—t/ty) + Lexp(—t/12) + Io (2)

where I; and I, are intensities at two different values of time (t) i.e.,
71 and 75; and Iy is the offset. The validity of bi-exponential decay
suggests that the PL decay is associated with two different probabil-
ities of decay [36]. From the fitting the values of 7, and 7, are found
to be 0.78 and 1.53 ms corresponding to I; and I, values of 314
(43%) and 415 (57%) respectively. Slow component (1.53 ms) results
from the Eu®* in the inner core of the crystals and the fast compo-
nent (0.78 ms) results from the surface Eu®*.

Assuming the shape of the nanocrystals as spherical, average
life time, 74, is calculated by using the equation [8]:

Tave = (W75 + 1,73)/(hT1 + 12 T2) 3)

The calculated 7, is found to be 1.32 ms. This value is six order of
magnitudes longer than lifetime of red counterpart of conventional
WLEPs [37]. It suggests that problem of short lifetime encountered
by red counterpart of conventional WLEPs can be rectified by the
cubic ZrO,:Eu®* nanocrystals synthesized by hydrothermal
technique.

4. Conclusion

Our results open an efficient way to produce vertical daylight of
the Sun artificially. The white light emitting cubic ZrO,:Eu>* nano-
crystal can be synthesized by hydrothermal technique. The precur-
sor is crystalline in nature and the crystallization temperature is
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low. Cubic phase observed from XRD result is substantiated by FT-
IR spectra and PL. TEM images show the size of the crystals to be
~5 nm. The dopant Eu?* is used to stabilize the crystalline phase
to cubic and at the same time to get red counterpart of the white
light. The broad PL emission due to oxygen vacancy combines with
that of the dopant to give white light from the sample. The longer
lifetime corresponding to red counterpart of the sample may re-
solve the problem of short lifetime faced by conventional WLEPs.
The vertical daylight emission from this nanocrystal suggests that
the nanocrystal may find uses in mimicking daylight of the Sun. By
fabricating LEDs from this nanocrystal, electronic flash, lightings of
theater and opera may enter to a new generation.
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