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Novel Green Phosphorescence from Pristine ZnO Quantum

Dot: Tuning of Correlated Color Temperature

Abstract:

Creating novel functionality is always fascinating as well as advantageous from device point of view.
We have tried with success to generate green phosphorescence, a novel phenomenon, in pristine
zinc oxide quantum dots synthesized by an alkaline hydrolysis of a methanolic solution of zinc acetate
dihydrate. The appearance of phosphorescence with radiative lifetime 4 — 22 uS is attributed to the
singly charged oxygen vacancy (V). Presence of Vs has been confirmed using electron paramagnetic
resonance (EPR) and micro-Raman spectroscopy. In addition, an optimization of intensity and lifetime
of phosphorescence has been made by tailoring the number of Vs and their variation has been
satisfactorily explained on the basis of donor-acceptor pair recombination mechanism. Tailoring of
the Commission Internationale de I'Eclairage (CIE) coordinates (x = 0.317, y = 0.544 in case of pristine
ZnO quantum dots) of the synthesized quantum dots has been investigated in the presence of V.
Correlated Color Temperature of the quantum dots is evaluated and they are found to be suitable in
cold light application.

Key words: Photoluminescence, time-resolved luminescence spectroscopy, chromaticity diagram,
EPR, Raman spectroscopy
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Introduction:

Semiconductor nanomaterials are important building blocks in the grand architecture of
nanotechnology because of their size-dependent novel electronic and optical properties originating
from surface and quantum confinement effects. These semiconductors find wide applications in
vacuum microelectronics, nanoscale electronic devices, light-emitting diodes, waveguides, sensors,
laser technology, transparent high-power electronic materials, piezoelectric transducers,
phosphors, solar cell to name a few. (112 Phosphors with high efficiency and lower degradation are
important for the development of illumination technology and flat panel displays e.g. plasma
display panels (PDP), field emission display (FED), vacuum fluorescent display (VFD).[13'17]RecentIy
researchers are in search of biocompatible phosphors for in-vivo bio-imaging.[18]

Traditionally metal (cadmium, zinc, calcium, strontium, beryllium etc.) sulphides, selenides and
tellurides are used as phosphors.[lg'm Cadmium is toxic. So also are sulphur, selenium and
tellurium. Therefore they are not suitable for in-vivo bio-imaging. Again, sulphides, selenides and
tellurides are not suitable for high vacuum applications like vacuum fluorescent display (VFD)
because of their high vapour pressure.[zz] They also emit contaminating gases. In contrast, metal
oxide phosphors do not exhibit these drawbacks. However metal oxides alone do not show
sufficient phosphorescence. This is achieved by doping with metal activators e.g. Cr**, Mn?*, Ce*",
Eu®, Eu®, Tb*, Tm**etc. &

Zinc oxide (ZnO) is a direct wide band gap (3.37eV), low refractive index (1.90-2.00), non-toxic
semiconductor with high exciton binding energy (60meV).1?*%! The pL spectra of ZnO usually
consists of two typical emission bands: one in the ultra-violet (UV) region attributed to the band
edge transition or the exciton combination and the other in the visible region attributed to different
crystalline defects e.g. oxygen vacancies, zinc vacancies, zinc interstitial etc. ZnO shows
phosphorescence in the visible range when doped with costly rare lanthanides (e.g. Eu®") or when
are made composites with other sulphides, selenides or tellurides (CdS, ZnS etc.).m’lg] Thin films of
zinc doped zinc oxide formed by sputtering show phosphorescence with lifetime of the order of 1-
10 uS.m] Only, very recently, there has been a paper reporting the presence of phosphorescence in
pristine ZnO nanorods. However the lifetime is not significantly high at room temperature (on an
average ~2.4 uS).m]To the best of our knowledge, until now there is no report on the
phosphorescence of pristine ZnO quantum dots (QDs) having an average life time of ~ 26 - 18 pS.

In this article we report for the first time the high lifetime of green phosphorescence of the order of
10-100 uS in pristine ZnO QDs prepared by a facile, green technique. Secondly we report the
correlation of the emission properties of the ZnO QDs with the variation of oxygen vacancies
induced by low temperature annealing. Lastly, we report on the theoretical interpretation of the
systematic variation of the radiative and non-radiative lifetime as well as the intensity of the green
phosphorescence exhibited by ZnO QDs. Thus these ZnO QDs would possibly find use in some
lighting applications, especially in display tubes and VFDs where lifetimes ~ 10 uS are expected.
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Experimental

Materials & Method

Zn0O QDs were prepared by the hydrolysis of zinc acetate dihydrate (Zn(CHsCOO),.2H,0, E-Merck,
India) in an alkaline methanol solution as reported by D. Sun et al 8] and the larger sized ZnO
nanoparticles were prepared by hydrolysis of zinc acetate dihydrate in an alkaline aqueous solution.
Briefly, 0.896 g (16 mmol) potassium hydroxide (KOH, E-Merck, India) was dissolved in 150 ml of
methanol (E-Merck, India). This solution was refluxed at 55°C for half an hour for proper
homogenization. Separately, 1.756 g (8 mmol) zinc acetate dihydrate was dissolved in 50 ml
methanol and stirred for 15 minutes at room temperature to obtain a homogeneous solution. This
solution was directly added to the KOH solution stirring at 55°C and this mixed solution was refluxed
for another 2 hours at the same temperature. Subsequently, the clear sol, obtained after 2 hours,
was concentrated 10 times at 30°C via rotary evaporation under vacuum. Hexane (E-Merck, India)
and isopropanol (E-Merck, India) was added to this concentrated sol in a volume ratio of ZnO sol:
hexane: isopropanol = 1: 5: 1 to precipitate out ZnO QDs. The white precipitate thus obtained was
collected after centrifugation at 6000 rpm (REMI, R - 24). The collected powder was dried at 110°C for
2 hours (named as ZQD). Subsequently ZQD samples were heated at 150°C in a charcoal boat under
the flow of nitrogen for 1 hour and 2 hours respectively and the samples thus prepared are
designated as ZCF1 and ZCF2 respectively. All the reagents were of analytical grade and were used
without further purification.

In a typical synthesis of larger sized ZnO nanoparticles, calculated amount of zinc acetate dihydrate
was dissolved in water taken in a beaker. In another beaker calculated amount of potassium
hydroxide was dissolved in water. Hereafter these two solutions were mixed and refluxed at 100°C
for 2 hours. The precipitate thus obtained was collected by centrifugation at 6000 rpm and dried
overnight in an oven at 60°C (named as ZNC).
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Characterization

X-ray diffraction (XRD) patterns of all the samples were taken by Ultima Il diffractometer (Cu Kq
radiation, A = 1.5404A, Rigaku, Japan) to identify phases of the synthesized samples. Morphology and
size distribution of the samples were investigated by transmission electron microscope (TEM, JEOL
2100) operating at 200 kV. For TEM analysis, samples were dispersed in methanol by ultrasonication
(250W) and were drop cast onto a carbon coated copper grid. The TEM images and the First Fourier
Transformation (FFT) carried out on the TEM images, are used to identify the morphology and the
phase purity of the samples. Room temperature micro-Raman spectra of the synthesized samples
were recorded using alpha 300, WITEC, Germany having laser source at 532 nm. Photoluminescence
spectra were taken at room temperature to investigate the defect induced emission and their
systematic variation in intensity as a function of annealing time, by using a spectrofluorometer
(Shimadzu RF5301), having a Xe lamp source with an excitation wavelength of 300 nm. The
Commission Internationale de I'Eclairage (CIE) coordinates were calculated for the emission spectrum
which is the superimposition of different emission spectra weighted to their concentrations. Lifetime
of the photogenerated electrons within the naoparticles was investigated by using time resolved PL
(Edinburgh FLSP-980) spectroscopy. Electron paramagnetic resonance (EPR) spectra were recorded at
room temperature using (JEOL — JES FA 200) spectrophotometer operating in the X-band frequency
(9.41 GHz) with a field modulation frequency of 100 kHz.
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Results and discussion

Structural analysis of the sample by x-ray diffraction, high resolution
transmission electron microscopy and micro-Raman spectroscopy
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Figure 1: X-ray diffraction pattern of (a) ZNC, (b) ZQD, (c) ZCF1 and (d) ZCF2.

Figure 1 shows the XRD patterns of ZQD, ZCF1, ZCF2 and ZNC. Nine diffraction peaks can readily be
indexed by the Bragg’s reflection from (100), (002), (101), (102), (110), (103), (200), (112), (201)
planes of wurtzite ZnO (JCPDS Card NO. 36-1451). Absence of any other peak in the pattern indicates
the purity of the crystalline ZnO nanoparticles.
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Figure 2: (a) TEM image, (b) HRTEM lattice image of the ZQD samples.

Figure 2(a) shows typical TEM image of ZQD and it is clearly revealed from the image that the ZQD
sample consists of uniform distribution spherical quantum dots. It is evident from the figure that the
synthesized samples possess uniform darkness throughout the sample indicating solid nature of the
nanoparticles. The histogram representing the particle size distribution of ZQDs has been constructed
from the TEM image Figure 2(a). The Gaussian fit to this histogram (ESI, figure S1) supported the
uniform distribution of the QDs. The average size of the QDs obtained from this distribution is 5.38
+0.87 nm. Interplanar spacing d= 0.279 nm, represented in Figure 2(b), matches well with the
standard d(100)= 0.281 nm of ZnO (JCPDS Card NO. 36-1451). Lattice fringes in the image indicate high
crystallinity of the nanocrystalline ZnO. TEM images and the size distribution corresponding to ZCF1,
ZCF2 and ZNC are presented in ESI (Figures S1 —S2).
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Figure 3: Micro-Raman spectra of (a) ZNC, (b) ZQD, (c) ZCF1 and (d) ZCF2. Inset represents the
intensity ratios of A;(2LO)/A1(LO) as a function of annealing time.

Figure 3 depicts the micro-Raman spectra of ZNC, ZQD, ZCF1 and ZCF2 and their magnified version
are presented in ESI (Figure S3) for easy identification of the Raman peaks and the table containing
the corresponding data are also presented in ESI (Table S4). It is observed from figure that the Raman
spectrum of ZNC consists of four highly intense major peaks and few peaks with low intensity. The
peak, obtained at 451 cm™, is associated nonpolar phonon vibrational mode of oxygen sublattice with
E, symmetry and is the fingerprint of wurtzite crystal structure of Zn0.12% 3% The peak, identified at
345 cm™, is attributed to the E,(high) — Ex(low) mode of vibration.”?® Peaks, measured at 593 and
1164 cm'l, originate from first and second order vibration of intrinsic lattice defects e.g. Vo with A;
symmetry (A;(LO), A1(2LO).[31’ 32 | addition to the conventional phonon modes, less intense peak,
obtained at 558 cm™, may be ascribed to the surface phonon'[29] The peaks at 685 and 400 cm™ are
attributed to the TA + LO phonon mode 291 and first order A1(TO) mode vibration (33,34] respectively.
The peak at 729 cm™ corresponds to second order E;. — Byy phonon mode. In the case of ZQD, six
peaks have been identified. The peaks, observed at 345, 451 and 685 cm™ may be assigned to
(Ex(high) — E(low) and oxygen sublattice A;(LO) and TA + LO phonon mode respectively. It is
interesting to note that the energy corresponding to E,(high) — E;(low) or oxygen sublattice or TA +
LO remains unchanged in ZQDs compare to ZNC. The peak, measured at 518 cm™in ZQD, may be
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ascribed to surface phonon mode. Less intense peaks, found at 583 and 1116 cm™, are attributed to
the A;(LO) and A.(2LO) mode of vibration. The Raman spectrum of ZCF1 is found to be identical to
that ZQD except differences in intensities of a few peaks. Four peaks at 384, 444, 518, 685 cm™ have
been observed for ZCF2 sample. In this context, it may be stated that the energy corresponding to
E,(high) — E;(low), measured at 384 cm™ vibration increases in ZCF2 compared to others, whereas
energy of oxygen sublattice mode, measured at 444 cmdecreases. Interestingly Raman shifts
corresponding to surface phonon (at 518 cm™) and TA + LO mode (at 685 cm™) remain unchanged
compared to ZQD. A;(2LO) vibrational peak is found to be absent in ZCF2. Intensity ratios of A;(2LO)
and A;(LO) modes of vibrations that represent the charge carrier — phonon coupling strength, are
calculated for ZQD, ZCF1 and ZCF2 and are shown in the inset of Figure 3.9 It is clear from the figure
that the ratio exhibits the maximum value for ZQD followed by gradual decrease from ZCF1 to ZCF2.
This result indicates that charge carrier — LO phonon interaction successively decreases with
increasing annealing time. Therefore, it may be concluded that the phonon vibration corresponding
to the oxygen deficient sample generates the local electric field that strongly polarizes the
surrounding electrons and holes. During annealing, oxygen deficiency decreases within the samples,
hence polarization of electrons due to lattice vibration i.e. charge carrier — phonon interaction
decreases. This phenomenon has an important bearing on the lifetime of photo-generated electrons
as will be explained latter.

Investigation on the optical properties of the samples by photoluminescence

spectroscopy and time resolved photoluminescence spectroscopy
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Figure 4: Plot of photoluminescence intensity versus wavelength for: (a) ZQD, (b) ZCF1, (c) ZCF2,

(d) ZNC. Inset shows the plot of FWHM of PL peaks vs. annealing time.
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In order to investigate the impurity states formed within band gap and associated optical emissions,
we have measured photoluminescence (PL) property of the synthesized samples (ZQD, ZFC1, ZFC2
and ZNC) at room temperature under identical condition after excitation at 300 nm. Spectra of the
samples, presented in Figure 4, possess typical luminescence property having emission in the UV
range and broad deep-level-emission (DLE) in the visible range. The inset contains the plot of FWHM
of green emissions of ZnO QDs as a function of annealing time. The UV region of the PL spectra has
been enlarged and is presented in ESI (Figure S5) for easy identification of the emission peaks. In
general, UV emission originates from the direct recombination of photogenerated charge carriers,
while the visible emission spectra are attributed to the electronic transition involving various defects
such as neutral vacancies, charged vacancies, interstitial sites etc.l?® 3% pL spectrum of ZQD shows
two UV emission peaks at 357 and 371 nm, blue emission peak at 470 nm and a violet emission peak
at 396 nm. These peaks may be attributed to the band to band transition, excitonic transition, [36]
interstitial Zn (Zn;) to zinc vacancy (Vz,) and transition from the conduction band to V;, respectively.
B7IErom the luminescence spectrum the energy computed for band to band transition is 3.47 eV,
whereas energy involved in electronic transition between conduction band and V;, is 3.13 eV.
Therefore, we may conclude that V, that acts as a shallow electron acceptor state with the energy
level 0.34 eV above the valence band. The broad intense peak for green emission at 545 nm
corresponding to ZQD may be ascribed to the transition of electron from singly charged oxygen
vacancy (V;) to zinc vacancy (Vz,) sites. EPR spectra of ZQD, ZFC1 and ZCF2 (shown in ESI, Figure S6)
also confirm the presence of V; in the synthesized samples. The important point to mention here is
that our synthesized ZQDs don’t possess any violet emission as obtained by other researchers. B8 The
PL spectrum of ZCF1 is found to be similar to that of ZQD except the difference in their intensities
corresponding to the green emission. In addition to the UV and green emissions, the emission peak at
430 nm observed for ZCF2 may be attributed to electronic transition between the Zn; and the valence
band. Presence of such Zn; may be attributed to the displacement of Zn**from its regular position due
to the diffusion of oxygen atoms from the surrounding atmosphere during annealing. From the
calculation by Zhang et al., we may conclude that Zn; produces the shallow deep donor level at 2.88
eV above the valence band.” Significantly, we observed no change in peak position corresponding
either to the UV or the visible emissions of ZQD, ZCF1 and ZCF2 and this observation signifies that the
particle size remains unchanged during the annealing of the samples. This result is further
corroborated by the unchanged particle size computed from the XRD and TEM. In order to
differentiate the PL property of quantum dots with that of larger sized ZnO particles (ZNC), we have
measured the PL spectrum of ZNC that consists of two UV emission peaks at 357 and 384 nm, blue
emission at 470 nm and green emission at 545 nm. Though, energies corresponding to band-to-band
transition, blue emission and green emission don’t change for ZNC, but energy corresponding
excitonic emission decreases due to change in the exciton binding energy. It has been observed that
intensity of the green emission successively decreases from ZQD to ZCF1 to ZCF2. Most importantly,
the intensity of green emission gets significantly reduced in ZNC samples. In general, luminescence
intensity is found to be proportional to the number of luminescent centres and inversely proportional
to the lifetime of the excited electron.”® In the present case, number of luminescent centres
corresponding to the green emission i.e. V; gets reduced during heating the ZnO QD samples in N,
atmosphere. B8] This could be explained qualitatively as follows: the formation of charged oxygen
vacancy can be represented by the following defect equations using the Kréger — Vink notation:
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00 = ]/202 + Vo

Vo=V;+ e'

O0=1/20;,+ V;+ e’ (1)
Assuming that [V;] = [e'] the equilibrium constant (K) of equation (1) can be written as:
K =pn" . [Vs]? )

Thus when V; is very high at the beginning (as evident from PL and EPR signal of QD compared to
ZNC) equilibrium partial pressure po, is extremely low, lower than the oxygen partial pressure of
controlled nitrogen atmosphere. Thus when the QDs are heat treated at 150°C for 1 hour and 2 hours
in nitrogen atmosphere in a charcoal boat, oxygen from the surrounding atmosphere of high oxygen
partial pressure will be consumed by the QDs in order to achieve the lower equilibrium partial
pressure of oxygen. Thereby oxygen vacancies are decimated during heating. In order to get more
insight into the intense green emission process, we have fitted the emission spectrum by Gaussian
curve (FigureS7 (A), ESI) and have obtained the full width at half maxima (FWHM) of each spectrum
that gets reduced from ZQD to ZCF1 to ZCF2 as presented in the inset of Figure 4. The FWHM of the
emission spectra significantly depends on the nonradiative transition which in consequence is
determined by the charge carrier - LO phonon interaction.'*” % In this context, it may be stated that
Huang — Rhys factor (S) has been defined to attribute the nonradiative transition and mathematically
is found to be proportional to the square of FWHM corresponding to the photoluminescence
emission spectra (detailed discussion is presented in S7(B), ESI). 4] Therefore the reduction in FWHM
indicates the reduction of the charge carrier - LO phonon interaction and nonradiative transition rate
with annealing. Raman analysis also predicts the similar type of reduction in the charge carrier - LO
phonon interaction.

The time-resolved PL (t-PL) spectra (Figure S - 8, ESI), taken at room temperature, were employed in
an effort to determine the lifetime more deeply and to investigate details of the recombination
mechanism (radiative or non-radiative) of intense green emission corresponding to ZQD, ZCF1 and
ZCF2 after exciting them at 300 nm using microsecond Xenon flash lamp. Careful analysis of the
emission spectra reveals that all the spectra could be satisfactorily fitted (least-squares fitting
method) by triple-exponential decay function: Biexp(-t/t1) + Boexp(-t/t;) + Bsexp(-t/t3), where t; and
Bi (i = 1, 2, 3) represent the time-constant and normalized amplitude of contribution respectively. (43]
After fitting, it has been observed that the green emission spectrum of the ZnO quantum dots consist
of three life-times having different amplitude (presented in details in ESI, Table S-9). S - 10 (in ESI)
contains the standard deviation of the fitted data of S-9.

The presence of three different lifetimes signifies the presence of three different decay or capture
process in this green emission process. Amplitude of 13 is found to be very insignificant compared to
T; and T, for all the samples; hence its contribution is neglected for the present analysis. The first
decay contribution (B:) is noticed to be dominating over the second one (B,) for all the samples.
Further, it is noticed that t; which may be attributed to the non-radiative recombination of shallow
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trapped electrons and shallow trapped holes increases with annealing time whereas the intensity of
the emission decreases.!* This is also elaborated in S — 11 of ESI. Completely opposite phenomenon
has been observed both in terms of the lifetime t,and the associated intensity of emission originating
from the radiative recombination within quantum dots. ! Importantly, the decay process
corresponding to this emission is found to be of the order of uS, whereas other researchers noticed
time-constant of the order of nanosecond or picosecond for band to band UV emission.!* 34 | this
context, it may be stated that green emission lifetime ~ uS has been reported in Eu doped ZnO and
Zn0O nanorods by Armelao et al. 46l and He et al. " respectively. Such high value of the decay time-
constant was investigated by several researchers in terms of deeper trap and less shallow trap states.
71 In recent time, Studenikin et al. explained the puS lifetime on the basis of electron — hole
recombination in a donor-acceptor complex. 48] |n this context, it has to be mentioned that energy-
state ¥ and the electron-phonon coupling model 4 were also developed to describe such high
value of the decay time. In general, decay rate of the photoluminescence process is determined by
the photo-luminescence time-constant (tp;) which in turn is described by the radiative (zz) and non-
radiative (Tyg) time-constants as given byrp, "' = 1371+ g 1.The longer lifetime that we
obtained after fitting may be attributed to the radiative donor-acceptor pair (DAP) recombination in
which Vj acts as shallow donor level, whereas V,,, forms the shallow acceptor level. It is clear from
Figure 5 that radiative lifetime decreases whereas its amplitude increases with the annealing time.

Within DAP recombination mechanism, the radiative recombination rate, Wy (= Ti), may be written
R
in terms of the optical matrix elements between the state (y;) of the crystal that formed by an

electron bound to a specific donor and a hole bound to a acceptor and the state (}5) of the crystal in
empty condition B and is described by equation (3)

Wy o | [ s Ppidv|’ (3)

where P represents the momentum operator. In the case when they are not tightly bound to the
crystal, the radiative recombination rate can be expressed as, (51,52]

Wr(r) = Wre=2/a8 “4)

Where r and ag represent the delocalization of the electron-hole pair and Bohr radius respectively.
From intensed green emission band, we may conclude that our synthesized ZnO quantum dots
contain high concentration of V; and forms impurity band. During annealing the sample, V; gets
reduced asexplained earlier i.e. width of the impurity band decreases that results in decrease in
delocalization of the electron. Hence Wx(r) increases with annealing and consequently the radiative
lifetime decreases.
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Figure 5: Variation of radiative life time and PL intensity of ZnO QDs as a function of annealing

time.

The other lifetime (1) may be ascribed to the non-radiative part of the green emission. In contrast to
radiative lifetime, it has been observed that non-radiative lifetime increases whereas a sharp
reduction in its amplitude has been observed with increasing annealing time (Figure 6). From the
Raman and photoluminescence intensity pattern, it was concluded that the ZnO QDs possess strong
charge carrier — LO phonon interaction that successively decreases with annealing the samples as
described earlier. Therefore, the nonradiative DAP recombination that involves high energy ~ 2.29 eV
may be attributed to the interaction of charge carriers within the impurity band — LO phonon having
frequency w; . In order to understand the variation of nonradiative lifetime, we consider Huang —
Rhys factor (S) that is generally used to express the charge carrier — LO phonon interaction and is
given by the following equation, (53]

- V| 2
S = Zq (thO)Z |pq| %)

Where, V, and p, represent the strength of the carrier — LO phonon interaction and Fourier
transform of the charge density respectively. ‘h‘is the reduced Planck’s constant. For DAP
recombination process ‘S’ is simplified to the following relation,

s=(2- )20+ o)+ LA+ 400 -0 - 1]} ©)

€0 g0/ ap hwro
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Where, €..(€y) and a; are the high (static) frequency dielectric constant and the orbital radius for
hole respectively. oand R represent the ratio of orbital radii of hole to electron (= a/a,) and the
distance between them respectively. The parameters, A, and A, are given by the following

equations:
R 2R
A= [1-30%+(1- “z)a_e] exp (- a—e) %
and,
Ap= o* [3 -0+ (1- 0% i] exp(— 22y 8)
an ap

It has been predicted earlier that Vyconcentration gets reduced during annealing the as synthesized
guantum dots in N, atmosphere. Hence we assume that the average distance between donor and
acceptor increases from R to R + AR. As R increased to R + AR, assuming AR<<R the first order change
in the value of4, and 4,to A,and A), respectively can be given by,

R AR 2R
B,= B, —[2(1 = 0?) = +1-50%] T exp (— a—e) 9)
and,
R AR 2R
A, = Ah—a4[2(1—62)a—h+5 —az]a—hexp (_a_h) (10)

Thus from above equations it is clear that the value of A,and A), gets reduced due to enhancement of
the average distance (AR > 0) between donor and acceptor. Hence, reduction in the ‘S’ parameter i.e.
electron — LO phonon interaction results in the enhancement of the corresponding non-radiative
lifetime.
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Figure 7: Chromaticity plot of(a) ZQD, (b) ZCF1, (c)ZCF2.
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To evaluate the pixels behaviour of the synthesized quantum dots, the emission colour
coordinates (x, y), known as CIE 1931 chromaticity coordinates, were calculated at an excitation
wavelength300 nm. This procedure offers more precise colour measurement because the
parameters are evaluated on the basis of spectral power distribution (SPD) of the light, emitted
from the coloured object. The emitted colour which is the superposition of three primary colours
(blue, green and red) is represented on the chromaticity diagram (Figure 7(a) — (c)) by a triangular
gamut that is generated by joining three coordinates corresponding to three primary emissions at
its corners. For instance, it is clear from chromaticity diagram that ZQD, ZCF1 and ZCF2 exhibit
chromaticity coordinates (0.317, 0.544), (0.326, 0.544) and (0.315, 0.508) respectively. Thus the
emission can be easily tuned by annealing. The correlated colour temperature (CCT), is calculated
from the well-known McCamy’s reIation,[54], given by, CCT = 449n° + 3525n% + 6823.3n + 5520.3,
where n = (x - 0.3320) / (0.1858 - y) and (x, y) represents the chromaticity co-ordinates. Using the
chromaticity co-ordinates for ZQD, ZCF1, ZCF2 in the above equation, the correlated colour
temperatures have been computed as 5812.4K, 5635.9K and 5890.4K respectively. Therefore the
synthesized quantum dots may be suitable for cool light application. Quantum yields, calculated
from the following equation, are found to be 0.15, 0.18 and 0.21 for ZQD, ZCF1 and ZCF2
respectively.[ss' 561

1/_[2
QY = Ut p, (11)

Interestingly, quantum yield of ZnO quantum dots, dispersed in ethanol (3 - 5%), 7 or excitonic

emission corresponding to bulk ZnO (0.016),"® was measured to be very low compare to our
synthesized samples.

Conclusion

Pristine ZnO QD was prepared by a facile, green synthesis technique. This is for the first time we are
reporting the phosphorescence having lifetime between10pus -100 ps in pristine ZnO QDs. This unique
green phosphorescence of the as prepared and heat treated quantum dots arises due to the
presence of singly charged oxygen vacancies (V). It was further observed that the PL intensity
decreases gradually with increasing annealing time at 150°C in a charcoal boat in nitrogen
atmosphere. This leads to the understanding that the as prepared quantum dots was so rich in V;that
even the low oxygen partial pressure in the atmosphere was sufficient for the annihilation of such
defects. The systematic variation of the radiative and non-radiative life time, as well as the intensity
of the green phosphorescence of pristine ZnO QDs as function of annealing time has been
satisfactorily explained by using theoretical models. It was understood from these analyses that a
provident optimisation of the particle size somewhere in between quantum dot and bulk ZnO would
lead to maximum radiative lifetime resulting in the fullest exploitation of this material as a phosphor.
Also the colour temperatures of the QDs were calculated from their respective CIE plots. The ZnO
QDs due to their green emission with a lifetime of 10-100us and correlated colour temperature in the
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range of 5600-5900 K may find applications in illumination technologies, especially VFDs, display
tubes and cool lighting.
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