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Radiation exposure has a profound effect on the optical, electrical and physical
properties of materials, and to the extent which primarily depends on the doses used
[1]. The degree of crystallinity and aligned orientation can be introduced at high
enough doses of radiation. In our study, the GNP nanopowder was first dispersed in
millipore water® and then subjected to gamma irradiation. Upon y -ray irradiation of
liquids, most of the energy is absorbed by water, and so water radiolysis might take
place, which results in formation of reactive species such as oxidizing hydroxyl radical
(OH) and very powerful reducing radicals. The interaction generates free radicals by
radiolysis process which recombine or interact with other species present in the
solution and alter optical properties. High energetic y - irradiation is also capable of
creating and annihilating point defects in chemically stable Gd>O3 system [2, 3]. With
the aim and motive to probe and associate the ED and MD transitions involved in Eu,

a thorough analysis of photoluminescence aspects has been considered in this chapter.

3.1. Identifying relevant D-F transitions in the PL spectra of the RE doped Gd2>0O3
nanosystem

The room temperature steady state PL excitation (PLE) as well as PL emission spectra
for both the undoped and Eu-doped GNP can be found in FIGURE 3.1.The excitation
spectra of doped GNP (Aem=612 nm) displayed a small broad peak at ~230 nm,
attributed to CTB and a highly intense band centring at ~256 nm, known to result in
intense emission from the °Dy levels of Eu3* (inset of FIGURE 3 (B)(a) [4]. The PL
excitation spectra also revealed the CTB observed in the absorbance profiles. It is
known that the Eu3* ions are first excited to higher °Dj 3 levels and then relaxed non-
radiatively by multiphonon emission to populate °Dy level [5]. Moreover, a widely
accepted excitation mechanism for the RE ions displaying PL can also account for
where with the incomplete inner shells. It is known that the introduction of dopant
Eu3* can lead to generation of deep defects i.e. deep levels positioned close to the
middle of the band gap. These defects are responsible for non-radiative recombination

of electrons and holes. Since the dopant and host have isoelectronic character (same
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FIGURE 3.1. PL emission profiles in the (A)(a) blue-green regime, (B)(a) orange-red regime
for the doped samples. The PLE spectra for EuGNP is provided as inset of (B)(a) and
schematic diagram of involved energy levels corresponding to transitions observed in the

(A)(b) blue-green region and B(b) orange red region are shown in (B)(b).

overall charge and appear to be neutral with respect to the host), part of recombination
energy can be transferred to the matrix levels, thereby promoting it to an excited state
[6].

The mechanism of excitation or population of 5Dy level of Eu3* in Gd20O3 host

matrix is via the energy transfer from the trap-levels (defect states of the matrix host
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FIGURE 3.2. Deconvolved PL emission profiles in the (A) blue green regime with 300nm

and (viii-x) 7% EuGNP; and in the (B) orange red regime with 400nm excitation for 5%

EuGNP (i-iii) and 7% EuGNP (iv-vi).

ions, Gd3*) to that of the activator ions. In order to excite the ions to the higher levels,

the system was excited at 300 nm and the emission spectra were observed in the blue-

74



’F—i‘

Influence of dopants and y-irradiation on radiative events in Eu3*:Gd>0Os3

nanosystems

Chapter II1

(A) (@),

4
74
6

Intensity ratio

—&—TLuT3

FWHM ratio

Dopant concentration (mol%)

(b)

w

~
i

-
I

Dopant concentration (mol%o)

B
S

Intensity ratio

—a—T1:TS
—o—T2:T5
—&— T4:T5

=1

—a—T1:T5
—o—T2:TS
—6—T4:TS

2
Dopant concentration (mol%)

0

Dopant concentration (mol%)

B 12
( ) (a)u« T6:T7 -o- Intensity (b) T8:T7 @-613:590
12 ~o— FWHM 104 -0 626:590
1.0 . £ a
0.8 _."/ g ] ®
b= ¥ i B °
206] o N\ @
g o §4°
0.4 0 g
-
0.24 21
o—0 o—9
0.04— . . . . . . 04—y . ; : :
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Dopant Concentration (%) Dopant Concentration (%)
(c)= (d) =
ci T8:T7 @- 613:590 R%= 0.961 @ EuGNP
.35 o @ 626:590 Tw —— Linear Fit
1.204 Bsl oo
o s b
1054 8] ~
g, e -
= 0.90- 9 o | ® B
E 0.75- *-é & e
9
0604 90— ——__ o
B |
0.454— - - - . . . i : 3 . :
1 2 3 4 5 6 7 T 20 48 16 14 42 -0
Dopant Concentration (%) log (x)

FIGURE 3.3. Intensity and FWHM ratios for the various assigned PL emission peaks in

(A) blue green regime and (B) orange-red regime. B(d) displays the plot according to

Dexter’s model following Eqn. 6 for the various doped samples

75



Influence of dopants and y-irradiation on radiative events in Eu3*:Gd>0Os3

nanosystems Chapter III
( )( i) 2500° ( )(!)mo’ ( )(|)
1% Eu:GNP R%=0.9983 1% Eu:GNP 4 1% Eu:GNP r2- p.999s
—— Peak 1 ——Peak 1 20x10°1— peak 1
2.0x10"4 Peak 2 ——Peak 2 —— Peak 2
2 )
o Peak 3 1 axie — palpn - Peak 3 /\ \
& L | ——Peaka =5 N —— Peak sum E} " Peak 4 / i
g 1.5x10" — Peak sum @ D @ 1.5%10° Peak 5 / %
b r2= 0,9997 = 42v10t] e —— Peak sum Y
=y i A z /106 74
] 1.0x10" a a /
657 ] 2,
3 i g : 8 1.0x10 / N
E N £ 1.0x10° 661 ,: -
= 5.0x10" 580 /\ - (=] p 3
; g ]
0.0 : 8.0x10! : ‘ ; 2 == S0
i) 7.50x10 10 iFx10
(") —— 3% Eu:GNP (i) RZ= 0.9982 3% Eu:GNP (") 3% Eu:GNP 708
| ——Peak1 ——Peak 1 ——Peak 1
o 6.00x10°1 ——Peak 2 610 50 —— Peak 2 2.5x10°{ —— Peak 2
o ——Peak 3 o~ 2.0x10° Peak 3 > Peak 3
< , | —Peaka 3 —— Peak sum 3 z Peak 4 \
~s 4:50x10°4 Peak 5 s 58, 2.0x10° Peak 5 |
E.' Peak sum E a. Peak sum |
& 2 =
2 ap0x10’{ R7=0.9985 L B 1.5xq0°] RP=0.9991 / \‘
] £ N H 690
c 2 \ = / \
™ 4.50x10° = i = 1.0x10° 886 f A
N 1ot B, \
iy : - . — - : - , = soxto’ ‘ ] _
560 580 600 620 640 640 645 650 655 660 665 670 680 690 700 710 720
Wavelength (nm) Wavelength (nm) Wavelength (nm)

FIGURE 3.4 Deconvolved PL emission profiles in the orange-red regime with 400 nm
excitation wavelength displaying emissions viz. (A) 5Do-"Fo1,2 (B) 5Do-"F3 (C) 5Do-7F;4 for (i)
1% EuGNP and (ii) 3% EuGNP respectively.

green regime. Excitation at 300 nm has led the undoped Gd.Os displaying two
prominent peaks in the blue-green region, centred at 490 nm and 545 nm (FIGURE 3.2
(a)).

As for the undoped samples, the observed peak at 490 nm is originated mainly
due to Schottky and Frenkel defect types which arise due to thermal Iattice
disordering as a consequence of interstitial Gd3* ions. While the other peak at 545 nm
peak is due to the co-localization of electrons in the Stark level transitions from °G;
state of Gd3*[3]. The 538 nm peak observed can be attributed to excitation
corresponding to 357 to ¢]j optical transitions in Gd3* (FIGURE 3.2(A)(a)) [7]. The host
lattice can henceforth be considered as vacancy type luminescent active system. On
the other hand, the doped samples displayed distinctive transitions in blue-green
regime as evident in FIGURE 3.1 A(b).

In order to acquire a thorough evaluation and a better perspective at large, the
asymmetric PL spectra were deconvolved considering the normalized multi-peak
Gaussian fitting. The condition was to match experimental curve with the empirical

curve, later being emerged as consequence of superposition of deconvolved parts.
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With a good statistical agreement such a fitting enables us to identify the peak
positions and compare intensities as well as FWHM at large. Upon deconvolution, the
peak centres were found to be located at ~ 465 nm, 490 nm, 512 nm, 532 nm and 545
nm, attributing to the °D, — 7Fy, D2 — 7F,, °D2 — 7F;, °D1 — 7F1, and °D1 — 7F;
transitions in Eu3*; respectively [8, 9]. For convenience, these transitions are annotated
as, T1, T2, T3, T4, and T5; respectively (FIGURE 3.2. (A)(b-j)). These transitions are
complicated given that a large number of crystal field transitions influence these levels
and are rarely reported. The observations indicate inhibition of non-radiative
transitions between °D; to °Dy, typical for temperatures below 200 K, and leads to non-

equilibrium back

FIGURE 3.5 Schematic illustration for atomic positioning for (a) C. site and (b) Se site
symmetry (green dot- central atom, blue dot- neighboring atoms)
up of population in °D1 level [5]. Based on the selection rules which are strictly valid
in the Russel Saunders coupling scheme, these transitions are termed- electrically
driven (ED) (T1, T2, T4) or magnetically driven (MD) (T3 and T5). Here, T4 is the most
intense emission and is found to be maximum for 3% EuGNP (FIGURE. 3.1 A(a), 3.2
A(c)). The T2/T5 full width becomes maximum for 3% EuGNP as can be found in
FIGURE 3.3 A(d).

In general, above bandgap excitation wavelength facilitates nearby carrier
trapping site before reaching the dopant ions; hence 400 nm was also chosen as the

wavelength of excitation [10]. The PL emission profiles in the red regimes were then
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revealed. Various transitions via °Do — 7Fj (J=0,1,2,3,4) in the red and far-red regime
are witnessed with intensities far greater than that from the higher excited levels
(FIGURE 3.1 B(a,b)). For clarity, these transitions are annotated as T6, T7, T8, T9, T10;
respectively. Typically, 7F;, [=0,2,4 (T6, T8, T10) are accompanied by ED transitions;
while |=1,3 (T7, T9) represent MD transitions. In a compound where Eu3* ion occupies
no centre of symmetry at all, both ED and MD transitions are possible. The J=0,3,5
level also display | mixing with other sublevels of [=2,4.

Strikingly, upon deconvolution, we observe the presence of very rarely
reported T6 (°Do-"Fy transition), positioned at ~580 nm which is ordinarily forbidden
according to the Laporte’s rule and can be found from FIGURE 3.4. [11]. Observance
of forbidden T6 transition is explained by many researchers on the basis of [-mixing
due to the crystal field perturbation or mixing of low lying charge transfer states into
wave-functions of 4f° configuration [12-15]. Not surprisingly, we observe the intensity
of T6 to be half to that of T7, for the 3% EuGNP specimen (Figure 3.3)). The intensity
distribution of the transitions among different °Dy — 7F; (] = 0, 1, 2, 3) levels are
dependent on the local symmetry of the dopant ions and can be described in terms of
Judd-Ofelt theory [16, 17]. As witnessed, T7 is a strong MD transition and is largely
independent of the Eu ion environment unlike T8, which is a hypersensitive transition.
[18]. Depending on the chemical environment of the ions, the shape of the spectra may
differ appropriately with a change in the relative intensity as well as crystal field
splitting of the bands. The ED transitions are known to be hypersensitive in nature
i.e., its emission profile may alter with the local symmetry around the luminescent
centres. The nonlinear variation in PL intensity witnessed with increasing doping

levels would suggest that the Eu2Os3 phases are not formed separately [19].

Although rarely discussed, reports suggest that the intensity of the forbidden
transitions can be comparable with that of T7 feature [20]. The intensity ratio decreases
upon increasing doping levels representing possible alterations in site-symmetry. The
single peak for T6 arises due to a non- degeneracy of the involved levels and single
site as well as species [21, 22]. Yet again, as predicted earlier, the origin of ~580 nm

peak indicates that fraction of Eu3* ions occupy Cuy, Cn or Cs symmetry [11]. Another
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FIGURE 3.6. Temperature dependent PL emission profiling of the samples doped below
quenching concentration for (A) 1% EuGNP and (B) 3% EuGNP, studied at 15 °C as shown

in (a-c) and 5 °C as shown in (d-f).

important observation is broad T6 profiles with FWHM ratio of T6 and 17 being
highest for 3%Eu:GNP (FIGURE 3.3 B(i)) which indicates that Eu3* ions occupy the Se
sites (while broad T8 signifies occupation in C; sites) [11]. The dopants in cubic phase
Gd20Os are allowed to reside randomly in cation sites with either of the two
symmetries- C2 (24 non-centrosymmetric sites) and S¢ (8 centrosymmetric sites)

(FIGURE 3.5) [23, 24]. For Eu®* ions occupying the Se site, only the MD will be
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observed on the other hand under C; site symmetry Stark splittings are realised [25].
Only 11% of the total emission intensity is from the excited Eu®* ions that occupy Se
site [26]. Our observations with both MD and ED transitions make it clear that dopant
ions (Eu®*) reside in both the Cz as well as Sg sites [27]. The occurrence of ED T8 depicts
that the Eu’* ions are incorporated away from the centrosymmetric site (FIGURE
3.4(a)) [28]. The T7 and T8 peak splitting with additional peak centering ~ 599 nm
(absent in 1% Eu:GNP) is observed along with strongly intense emission for T8
centring at ~626 nm which indicates that lower doping levels have proper cubic crystal
field and the site symmetry is compromised in higher doping levels [29]. Our XPS
based observations also suggested better interaction between the orbitals at lower

concentrations as discussed in Chapter II.

To be mentioned, close temperature dependent emission profiles are examined
at two distinct temperatures (5 °C and 15 °C), for 1% and 3% doping levels (FIGURE
3.6). While comparing, higher doping levels were not considered, as they suffer from
concentration quenching effect. Interestingly, upon lowering the temperature to 5°C
the intensity of ~612 nm peak in 1% EuGNP is enhanced, while the response of 3%
EuGNP remains constant. The peak splitting was seen to be more prominent for T9 as
well as T10. The vibronic intensity of T8 is known to be suppressed at lower
temperatures and consequently, sharper profiles were observed [30]. The splitting of
~626 nm peak with the occurrence of peaks at ~623 nm and ~628 nm at 15 °C has been
witnessed (FIGURE 3.6 A(a)). Remarkably, the Eu3* transitions were known to split
with a degeneracy of (J+1). At a temperature of 5°C, the peaks appear at ~618 nm and
~627 nm. Thus with a moderate change in temperature, a pronounced effect with
occurrence of a peak at ~609 nm, is possibly due to a splitting of most intense peak in
the spectra at ~612 nm. The proportionate change in vibronic response may account
for such an effect, and noticeable for doping levels below critical concentration.

Since the vibronic intensity of T8 is known to be lowered at low temperatures,
we also studied the PL response for the system at below room temperature conditions.
Strikingly, a clear peak splitting is evident for the (ED) transitions to 7F2 as the

temperature was lowered. The 7F; has four levels, three non-degenerate and one
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degenerate and speaking in terms of polarization of light, the perpendicular
component leads to peak centering at 619.3 nm (non-degenerate), while component
polarized along c-axis at 615.5 nm (degenerate). As far as the splitting of 650 nm peak
of T9 is concerned, 7F3 has three non-degenerate and two doubly degenerate states.
The peaks at 650 nm has optically active components and those at 654 nm and 656 nm
are due to components perpendicular to c-axis. The peak observed at 652 nm is due to
the component parallel to c-axis. The peak around 648 nm is involved with higher

state transitions [31].

3.2. Concentration quenching effect with dopant variation

We observed luminescence quenching to occur beyond the level of critical
doping (~ 3% Eu:GNP). The intensity ratio of the most prominent ED transition (T8)
to MD transition (17) is found to be maximum for the highest doping concentration
(7% EuGNP), but the peak is found to be sharper than that for 3% EuGNP. The ratio
being as high as 9 times to that of MD T7 being common and can be found in earlier
reports [32, 33]. An observable increase in intensity for the 7% doped Eu:GNP system
beyond critical concentration can be elucidated considering that higher doping
concentrations favour emission from >Dy level at the expense of higher excited states
related transitions and hence the T8 intensity shoots up. The quenching in high energy
level emission could be favourable for lower energy emission following multiple cross

relaxation events [34] viz.,

5D1 (Eud*) + 7Fg (Eud*) — 5Dy (Eu3*) + 7F; (Eu3*) 4)

Concentration quenching is mainly due to the transfer of excitation energy
from an activator to another so that the energy is lost radiationlessly [35]. It is
noteworthy that non-uniform incorporation of Eu®* ions throughout the lattice
possibly increases with increasing concentrations which leads to Eu3* cluster zones
and zones barren of Eu3* ions as well. Therefore, the Eu3* dopants experience a variety
of local environments for higher doping cases leading to altered local field and

asymmetry induced splitting [36]. The distance between nearest neighbours
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(activators) also plays a decisive role in quenching. The critical distance R. for the
critical concentration Xc= 3 mol% was determined to be ~1.36 A using the following

equation otherwise known as Blasse’s energy transfer equation: [37, 38]

1
3

Re = (4731\‘1/)(6) ’ ®)

where, ‘N’ (=32) is number of cations per unit cell for Gd205 and “V” is the unit cell
volume determined using ‘Powder cell for Windows® to be 1268.48 A3. The sudden rise
in intensity for 7% EuGNP can also be explained considering a change in Coulomb
force of dopants upon higher doping level, which allows Eu®* ions to experience

different crystal field and consequently occupy non-centrosymmetric sites [39].

For concentrations beyond critical, most of the activators have other activators
as nearest neighbours and hence the phonon spectrum and lattice constants changes
and the probability of thermal quenching varies. The nature of the concentration

quenching mechanism of Eu3* can be determined following Dexter theory: [21, 40]

s1—1

I « x[l + ,B(x)i] (6)

In equation, s= 3,6,8,10 depends on the series of electronic multipole interaction
and is a decisive factor the value of which indicates the type of interaction involved,
‘"B is a constant [41]. ‘s’ can duly be determined plotting log (I/x) vs log x on a
logarithmic scale of I/x. In our study, s/3 = 1.32, i.e. s = 3.96 FIGURE 3.3(B)(d). This
value, s~3 corresponds to the exchange interaction of ions to be the prime mechanism
behind the quenching. Interestingly, in our case, the effectual contribution of exchange
interaction on splitting of Gd4d XPS signals was profoundly observed. Overlapping
of near zone ED fields of activators occur between activators and at sufficiently low
concentrations only a small quanta of energy is quenched. Such an exchange
interaction between ions occur when the ions are located near one another such that

there is a sufficient overlap in their wave functions along with the coupling of spins
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[42, 43]. Such an observation in red phosphor Eu:GNP is extremely crucial not only

because of fundamental reasons but also its relevance in spin injection and transport.

3.3.  Effect of y-irradiation on steady state and time-resolved photoluminescence

features

The deconvolved emission profiles for the irradiated samples are shown in FIGURE
3.7 for the blue green regime and in FIGURE 3.8 for the orange-red regime. The
luminescence responses for both 1% and 3% doped samples as observed in the 450-
550 nm range arising from higher energy levels-based transitions were found to be
augmented. We are not aware of any known reports elaborating the effects of y -
irradiation in the blue-green region. During exposure, owing to interaction of y -
photon with the medium, electrons are emitted due to the Compton effect. These
electrons can also be accommodated in pre-existing oxygen vacancies. As a
consequence, adequate F* centres are formed. that are responsible for increased
luminescence Usually, an energy transfer between Gd3* and the F?* centres leads to
indirect pairing with excited state and subsequent radiative transition to ground state

can occur thereby augmenting the luminescence [7].

Newer peaks are visible after irradiation that are ascribed to the defect
formations due to radiation exposure. The important ED transition in this range
centred at 532 nm is found to gain intensity (three-fold) after irradiation. As for the
FWHM ratio of ED and MD transition in the red regime, we observe an irradiation
dosage dependent improvement for both 1% and 3% doping levels. We can thus be
ascertained that irradiation has induced creation of closely packed non-radiative trap

centres which include both neutral as well as ionized vacancies.

In reference to un-irradiated system, as for the 1% EuGNP initially at Irr-A (0.8
KGy), the intensity ratio T8:T7 decreased and then increased to regain a comparable
value upon subjected to Irr-B (2.4 kGy). Conversely, in 3% EuGNP the intensity ratio
T8:T7 increases for irr-A but declines at the higher dose, irr-B as depicted in FIGURE
3.7.
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FIGURE 3.8. PL emission profiles observed in the orange red regime for y-irradiated (A) 1%

EuGNP and (B) 3% EuGNP. Comparative plot for the effect of irradiation on the intense ED

and MD transitions is displayed for 1% EuGNP in (B) (a) and for 3% EuGNP in (B) (b) & (c).

A comprehensive histogram illustrating the intensity ratio for the important ED and MD

transition in the orange red regime.for 3% EuGNP can be found in (B) (d)

85



’F—i‘

Influence of dopants and y-irradiation on radiative events in Eu3*:Gd203
nanosystems Chapter III

MD transitions ~590 nm (and ~585 nm) after irradiation impact. In all cases we
observed that the build-up phase did not begin from zero indicating possibility of two
excitation pathways to populate the 5Dy level, one being via °D; level and the other

promoting ions directly into 5Dy [5].

In order to obtain further insight into the species excited state dynamics, and
its relevance with dose dependency, TR-PL analysis has been performed. In all cases
we observed that the build-up phase did not begin from zero indicating possibility of
two excitation pathways to populate the Do level, one being via 5D1 level and the other
promoting ions directly into 5Dy (FIGURE 3.9)[5]. Almost all of the emission peaks
featured decay profiles that were single exponential. Lifetime is reported to be 1 ms
for C; site emission while for Eu®* ions in S¢ sites the life-time increases by at least
three-fold (~3-4 ms) [4, 27, 44]. The lowering in lifetimes, upon increasing doping
concentration is attributed to an increase in non-radiative relaxation caused by the
surface defects acting as quenchers [45]. In this regard, a very limited literature was
devoted to determining the decay parameters of the transitions in the blue -green

regime.

In order to determine the decay lifetime, all curves were primarily fitted to a
single exponential function using Origin 8.5%. Interestingly, a steep decrease has been
realized for the lifetimes of peaks centred at ~490 nm and 545 nm, upon doping. In
our study, we observed the lifetime of T8 to be ~1.6 ms for 1% EuGNP and ~1.4 ms
for 3% EuGNP. These transitions are dominated over by the strong D-F transitions
upon Eu®* doping, thereby changing the decay dynamics of the peaks. The effect of
irradiation can be observed to induce impacts for both the doping levels, where the
lifetime drops for Irr-A and again regains its value for Irr-B in case of 590 nm and 626
nm emission lines. As for 613 nm, the lifetime of both 1% and 3% doped levels gets
lowered upon irradiation and gained equal values. The lifetimes associated with MD
transitions at ~590 nm, ~613 nm and ~626 nm followed similar trends upon varying
doping levels. The lifetime of the both strongest MD and ED transitions drops

substantially upon increasing the doping levels (up to 3%). However, the lifetime of
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FIGURE 3.9. (A) TR-PL decay dynamics upon y-irradiation for various transitions observed
in (A) (a-d) blue-green region and (B) (a-c) orange-red region. (C) The effect of y-irradiation

on the average lifetime of the prominent D-F transitions in the orange-red regime.

~626 nm peak increased by ~0.12 ms upon increasing the dopant concentration from
1 mol% to 3 mol%. This incongruity with variation in lifetime of other peaks can be
defined considering this peak arises from the splitting due to crystal field and since
for a higher doping level the field is stronger and hence the transition has a different
recombination route as compared to the other two transitions.

In the orange red regime, with increasing irradiation dose we observed a
nonlinear variation in the intensity ratio for T8:T7. Nevertheless, for the lower dose
the ratio drops but gets augmented as the dose was increased. The track interaction
model (TIM) suggests localised entity as the electron-hole doubly occupied spatially
correlated trap centre/luminescent centre pairs. For lower doses, number of generated
luminescent / trap centres would be small which may not contribute to extra PL. We
believe that at a relatively higher dose, formation of such localized entities would be
greater as a result of which the spacing between them tends to decline. More
importantly, the contribution to extra PL intensity would increase as observed in our

case for higher doses.
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Irradiation based experiments induce dislocations of activator ions to interact
with the defect centres and hence complex multifaceted decay dynamics is expected.
Effect of irradiation can be observed to have equally impacted both the doping levels,
where the lifetime drops for irr-A and again regains its value for irr-B in case of 590
nm and 626 nm. Strikingly, for 613 nm the lifetime of both 1% and 3% doped levels

dropped upon irr-B and gained equal values.

3.4. Manifested luminescence features upon inclusion of co-dopants (Na+*, K*)
The room temperature PL emission spectra of the as-prepared Gd>Os:Eud*
nanosystems co-doped with Na* and K* ions are mainly depicted in the orange-red
regime, in FIGURE. 3.10 (a)(i-vi). We do not observe any changes in the overall profile
of the spectra upon inclusion of co-dopants into the system. The most intense ED and
MD transitions maintained their positions in the spectra with relatively weak
subsidiary peak at ~626 nm is due to the splitting of the ~612 nm transition. Here also,
we witnessed the ED based °Do—7Fy transitions positioned at, ~580 nm. The effect of
co-doping generally accounts for enhancing the PL response, as can be found in
FIGURE 3.11 (a,b).

The EuGNP system offers a greater augmentation in the emission with K+ co-
doping as compared to its Na* co-doping counterpart, or simply without co-doping.
We further analyzed the intensity of the ED transition (~612 nm, red emission) relative
to the MD transition (~590 nm, orange emission), shown in FIGURE. 3.11 (c) and
TABLE 3.1. It clearly shows that the ED- to- MD intensity ratio is relatively higher for
the nanorod system (EuGNR) than for the nanoparticles (EuGNP), and without co-
doping case. When codoped with either Na*, or K*, it was EuGNP which gave a
stronger feature. Observably, the intensity ratio rises from ~2.9 for EuGNP to nearly
four times upon co-doping with the alkali ions. Conversely, the EuGNR system
exhibits a value of ~3.67 which enhances only slightly up to 3.74 with the inclusion of
co-dopant K* into the EuGNR system (Fig. 3.10(c)). Interestingly, upon co-doping
with Na*, the intensity ratio gets lowered to ~3.5. Fig. 3.10(d) displays the schematic
representation of underlying mechanisms such as energy sensitization and energy

transfer between the involved dopant and co-dopants, leading to apparent
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FIGURE 3.10: (a) De-convoluted photoluminescence spectra of (i) EuGNP, (ii) EuGNP(Na),
(iii) EuGNP(K), (iv) EuGNR, (v) EuGNR(Na), and (vi) EuGNR(K) nanosystems. (b) TR-PL
decay curves for 1% EuGNP system corresponding to emission peak (i) ~590 nm, and (ii)

~612nm. A schematic of important transitions is illustrated in (iii).

augmentation of luminescence discussed in later sections. We have also compared the
subsidiary E D (°Do—7F), ~626 nm peak with the MD (°Dy—7F1), ~590 nm peak, and
observed a rise in case of the co-doped EuGNP (Fig. 3.11 (a)). But a steady fall has been
realized in case of the co-doped EuGNR (Fig. 3.11 (b)). This anomalous observation is

discussed in the successive sections.
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TABLE 3.1: Relative intensity ratios for various Do—F; (j= 0,1 and 2) transitions for doped
and co-doped Gd2Os nanosystems

. Relative intensity
Samples Ratio - -
Eu only Eu with Na Eu with K

613-580 nm 5.83 5.87 4.06

} 613-590 nm 2.90 4.01 3.98
GNP

626-590 nm 0.35 0.45 0.44

590-580 nm 0.49 0.42 0.42

613-580 nm 7.12 3.27 4.71

613-590 nm 3.67 3.53 3.74
GNR

626-590 nm 1.94 0.93 1.26

590-580 nm 2.01 1.47 1.02

3.4.1. Effect of co-doping on local symmetry
As discussed earlier, Eu3* ions occupying the sites with inversion centers reveal
intense °Dyp—7F; transition peaks while the °Dy—7F; transition remains parity
forbidden. Hence, for intense red emission (°Do—7F>), it is required that the Eu3* ions
are located away from the inversion center and in addition, their local symmetry be
distorted. Know that here intensity describes the number of transitional events
occurring in each transition while FWHM is linked with their line broadening aspect.
Upon co-doping, the intensity ratio as well as FWHM ratio of 590 nm peak
(*Do— 7F1)- t0-580 nm peak (°Do— 7Fop) would drop substantially (FIGURE 3.12 (a,b)).
It is important to note that the intensity of MD transition (~590 nm) is insensitive to
the changes in local symmetry of dopants and the observation suggests that the 580
nm peak has been broadened. Notably, the intensity and the FWHM of the peak
positioned at ~580 nm defines the amount of Eu®* ions occupying Cuw, Cy, or Cs
symmetry [11]. Also, in FIGURE. 3.12 (a), we observe a decrement in intensity ratio
between the ~612 nm and ~580 peak. This in turn suggests that as the co-doping led
occupation in C; sites tends to rise, it results in a more intense ~580 nm peak
noticeably. Apparently, GNPs derived via citrate gel route are likely to offer a better
co-doping effect in the desired C:sites as compared to the hydrothermally processed

GNR.
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on a comparative basis. The underlying mechanism in the augmentation of emission

process is shown in a scheme, in (d).

Integration of alkali co-dopant metal ions in the host lattice structure generates
local stress in the adjacent ions and disturbs the native environment of activator ions.
The alkali metal ions substitute for Gd3* in the matrix, which could then aggravate the
local symmetry and result in the formation of point defects, mainly oxygen vacancies.
These defects can act as sensitizer and facilitate transfer of energy between the host
Gd3* and Eu®* ions. Such a strong mixing of charge-transfer states can eventually lead
to augmentation in the emission profiles depending on their ionic radii and type of
co-dopants affect local structural ordering [46]. While some ions act as sensitizers,

others enter into the host lattice which promotes creation of oxygen vacancies,
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primarily realized in oxide compounds [47, 48]. The co-dopants may also alter the
crystal field due to the host matrix adjoining the activator ions, thus affecting their
phosphorescence [49].

The mismatch in the ionic radii and charge state of M* with that of the host RE
ions could act as the cause for the introduction of some bound e-h pairs. As a

consequence of generation of stress, the reduced symmetry alters the crystal field

92



’F—i‘

Influence of dopants and y-irradiation on radiative events in Eu3*:Gd203
nanosystems Chapter III

around the Eu®* ions and improve the possibility of radiative electronic transitions,
which leads to a rise in PL emission intensity with lifted parity selection rule [50, 51].
Furthermore, manifestation of lattice defects due to incorporation of co-dopants as
revealed by a lowering of crystallinity and thereby the increment in dislocation
density, greatly influences the local symmetry of the Eu3* ions. The availability of
uneven ionic charges could lead to the enhancement of the local distortion, thereby
facilitating ED mediated transitions [52].

Transitions from °D; levels are responsible for the occurrence of peaks in the
blue green regime. If we observe closely in FIGURE 3.11, the peak intensity in the blue
green regime has decreased in the case of EuGNR(K). This indicates that there is an
increase in population levels in the °Dy level due to radiationless transitions from
higher energy levels like, °Dj, °D; to ground °Dy level, followed by the increase in
intensity in the red-regime. Although the emission intensity of EuGNR(Na) drops as
compared to that of the EuGNR, it is observed that the intensity ratio of the two major
D-F transitions (612 nm and 590 nm) is greater in EUGNR system as compared to that
of the EuGNP (FIGURE 3.11 (c). However, the ratio of intensity of the two transitions
is maximal in the case of EuGNR(Na) which allows it to be termed as a better red
phosphor amongst the ones studied. Surprisingly, as for nanorods, the ratios do not
increase to a greater extent and lies between ~ 3.5-3.8. While elaborating the results,
the variation in ionic radii should also held accountable. Knowing that the ionic radius
of K*is 1.33 A and that of Na* is 0.97 A, the variation upsurges the range of available
sub-lattice structure around the activators, thereby stimulating the spin-orbit coupling
and also disturbs the crystal field effect on Eu3* ions [53, 54]. Creation of some bound
electron-hole (e-h) pairs due to incorporation of metal alkali atoms in the host can also

be anticipated.

3.4.2. Effect of morphology on luminescence response
As shown in FIGURE 3.10, most of the nanosystems presented a better PL
feature in presence of co-dopants. This can be validated considering presence of

surface trap sites that quench the luminescence profiles [55]. The nanorods are formed
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FIGURE 3.13. A comparative account on the PL relative intensity features accompanied

via different transitions for the GNP and GNR nanosystems.

due to oriental attachment of nanoparticles and are greater in size as compared to the
spherical nanoparticles. It has been reported that the particle size has negligible effect
in the D—F transitions of Eu3* ions considering the intra-4f transition mediated
emission bands in Eu3* ions [56, 57]. However, smaller sizes imply a larger surface
and thus greater number of defects that act as quenchers rather than sensitizing the
luminescence response [58, 59]. A decrease in thickness also implies decrement in
radiative transition probability due to surface quenching effect resulting in trapped
energy of activators by surface defects and other quenching sites present in the surface

[60]. As compared to the nanorods (GNR), the nanoparticles (GNP) have greater
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surface areas and hence quenching due to near surface sites is prevailed. Surface sites
also carry dominant recombination routes, which however can be shifted upon by
incorporation of an impurity in the confined structure.

The morphology dependent emission intensity observed in our case can also
be corroborated considering the variation in number of particles per unit area facing
towards incident light. This tends to alter according to variation in morphological
features and thereby the number is different for particles and rods [61]. For RE based
activators, the transition induced by dopants can be localized and thereby significant
increase in the radiative efficiency of emission can be realized [62]. Non-radiative
transitions decrease with an increment in aspect ratio and thus EuGNR system with
aspect ratio ~3 displayed a better luminescent behavior as compared to the EuGNP
having aspect ratio unity [63]. 1D nanostructures can also display lower e-h
recombination rate due to a greater mobility of electrons being laterally confined and
are guided to move in axial direction [63, 64]. Henceforth the photoluminescent
behavior of GNRs can be improved upon either by modifying the aspect ratio or by

incorporation of dopants/co-dopants [65].

3.4.3. Cause of anomalous trend in EuGNR with Na* co-doping

It was a matter of surprise on observing an anomalous trend in the PL emission feature
of the EuGNR system with the red-emission not augmented upon co-doping with Na*.
The possible reason can be elaborated considering the reactants used in the
hydrothermal route. The route normally involves fixing of pH using NaOH as base
and HNO; as the acidic component. The acid reduces RE oxides into their nitrate
products; upon a maintained pH by addition of NaOH, RE hydroxides are produced
with NaNO; being the possible byproduct in the reaction. Notably, the crystallinity
predicted for EuGNR(Na) was compromised as compared to EuGNP(Na) which may
imply that incorporation of Na* into the lattice is more favored in the latter case. The
general reactions for obtaining GNR can be as described below:

(Bulk) Gd205 + HNO3 — Gd(NOs)s + 3H20,

Gd(NOs); + NaOH — Gd(OH)3 + 3NaNO3,
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Gd(OH)3; — (Nanoscale) Gd»0Os.

While for Na* co-doping the precursor used is NaNOj, it is highly possible that
various sites are already occupied by Na* during the preparation of Eu3*:Gd>03 and
hence the increment in the 612 nm-to-590 nm ratio as compared to that prepared via
the citrate gel route. With the addition of NaNOs the reaction is compromised with a
tendency to go beyond the optimal doping of Na* ions, which in turn could not assist
further incorporation of Na* into the host matrix. The intensity ratio is at par with the
EuGNR, and yet more than that of EuGNP. An excess of atoms could also aggregate
on the grain boundaries due to a low solubility of alkali atoms in Eu3*:Gd20s leading
to surface states which would affect the surface kinetics. The low level of crystallinity
revealed for EuGNR(Na) implies that the synthesis route is not suitable to produce
highly crystalline sample and a reasonable amount of unwanted byproduct is
attained. Existing literature also suggests that for the >Do—7F; transition in RE based
system, the choice of precursors also plays a significant role [56]. On the other hand,
an increased shielding of the Eu3* activator ions from quenching collisions in RE
acetates can result in an increased asymmetry in Eu®* locality [56]. Such shielding
involved in routes with acetate precursors (citrate gel route), can facilitate adequate
ligand-ligand exchange between the activator RE species and co-dopant alkali ions
which could activate radiative mechanism [66] and consequently, a profound increase

in PL intensity has been realised.

3.5. Concluding remarks

The concentration quenching was witnessed at a critical concentration of 3% EuGNP.
Our analysis following Dexter’s theory led to a stimulating observation due to an
exchange interaction of ions. The Effect of overlapping of near zone ED fields of
activators hence needs to be further investigated and discussed in detail. For 7%
EuGNP nanosystem, a rise in intensity of peaks for 5Dy — 7F transitions was observed
while intensity for 5D1 — 7F transitions decreased. This can be elucidated citing higher
doping concentrations favour emission from °Dy level at the expense of higher excited

states related transitions. Following the emission profiles in the blue-green regime, it
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can be established that a large number of crystal field transitions influence these levels
to follow non-radiative transitions between °D; to 5Do. Moreover, the quenching in
high energy level emission could be favourable for lower energy emission following
multiple cross relaxation events. Profound splitting of ED transitions into non-
degenerate and degenerate components was revealed too. Furthermore, the peak for
’F3 were found to split into optically active components. Out of the various transitions
via °Do-"Fj (J=0,1,2,3,4) in the red and far red regime the 5Do-"F transition, positioned
at ~580 nm is a captivating observation confirming J-mixing due to crystal field
perturbation and/or mixing of low lying charge transfer states into wavefunctions of
4fe configuration. PL profiling upon temperature variation enabled us to outline the
vibronic contribution to the spectra. PL emission profiles of y-irradiated samples
further elate the effect of distorted local field leading to peak splitting. Non-uniform
incorporation of dopant ions leads to Eu?* cluster zones and zones barren of Eu3* ion
leading to different local field and symmetry induced splitting. To the best of our
knowledge, no reports available elaborates the effects of y-irradiation in the PL
response at the blue-green region. Defect formations due to irradiation induced
creation of closely packed non-radiative trap centres include both neutral as well as
ionized vacancies. Hence, indicating two possible excitation pathways to populate the
5Dy level, one being via °D1 level and the other promoting ions directly into 5Dy upon
higher dose, as the distances between localised entities decrease. Non-radiative
relaxation caused by the surface defects acting as quenchers was also observed after
irradiation. Moreover, the remarkable 4-fold increment of PL intensity ratio for the ED
and MD transition due to the inclusion of the alkali metal ions as co-dopant can be

credited to the distortion introduced in crystal field surrounding Eu3* activator.
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