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Comparative studies of the spectroscopic
properties of Nd**: YAG nanocrystals,
transparent ceramic and single crystal

M. Pokhrel, N. Ray, G. A. Kumar, and D. K. Sardar”

Department of Physics and Astronomy, The University of Texas at San Antonio, San Antonio, Texas 78249, USA
*Dhiraj.Sardar@utsa.edu

Abstract: Detailed comparative spectroscopic studies of Nd** doped YAG
nanocrystals, transparent ceramic and single crystal have been performed.
Although most of the radiative spectral properties of Nd** are almost in
good agreement between the three hosts, the non-radiative losses are
significantly high in nanocrystals, which are attributed due to the presence
of large amount of hydroxyl groups on the nanocrystals surface which
deteriorates the quality of the material for laser applications. In addition,
wavelength dependent scattering loss for the Nd** doped YAG nanocrystals
is found significantly high compared to those of Nd** doped single crystal
and ceramic.

©2012 Optical Society of America

OCIS codes: (300.1030) Absorption; (300.2140) Emission; (290.5850) Scattering, particles;
(260.2510) Fluorescence; (260.6580) Stark effect; (160.4670) Optical materials; (160.4760)
Optical properties.
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1. Introduction

With the advancement of nanoscience and nanotechnology, transparent ceramic materials
have gained much attention among researchers and photonics industry due to their several
potential applications. In the fabrication of the transparent ceramics, the primary step is to
synthesize the nanoparticle with proper size and shape so that the grains in the final high
pressure sintered compact structure are well distributed with less pores, boundaries and other
kinds of defects [1-8]. Optical transparency in polycrystalline materials is limited by the
amount of light, which is scattered by their micro structural features [2,6]. The amount of
light scattering therefore depends on the wavelength of the incident light. Most ceramic
materials, such as Nd’*: YAG, are formed from fine powders, yielding a fine grained
polycrystalline microstructure, which is filled with scattering centers comparable to the
wavelength of visible light [6,9—-12]. Recently different groups have reported the synthesis
method to get the uniform shape nanocrystals with a desired microstructure [6,9—16]. Most of
this work is concentrated towards the improvement in the microstructure of the nanocrystals,
which ultimately improve the ceramic quality by reducing the scattering centers (pores and
grains) on the surface of the ceramic [6,17-19]. With the improved methods and technology,
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optical quality of ceramics has been greatly enhanced, which has made the ceramic as a
highly efficient laser media as reported in several previous publications [18,20,21].

Though the optical, mechanical and thermal properties of the bulk transparent ceramics
are important in the final device fabrication, it is also important to understand these properties
in the nano or micro structural grains and see how it can change while transforming from
smaller size to a bulk transparent structure, especially in doped ceramic structures. Since the
optical properties such as absorption, emission, optical gain, etc., can be influenced by the
size, shape and distribution of the grains in the final structure. In this work, we are exploring a
comparison of various optical properties of Nd doped YAG nanoparticles to those of
transparent ceramic and single crystals. A detailed calculation of the inter-Stark emission
cross section for the observed emission bands were done and compared with single crystal
and transparent ceramic. Further, wavelength dependent scattering loss spectrum for
nanocrystals has been calculated and compared with those of ceramics and single crystals. To
the best of our knowledge, we are reporting for the first time the detailed comparative
analyses of spectroscopic properties of Nd**: YAG nanocrystals and its counterparts ceramic
and single crystals.

2. Experimental detail
2.1 Synthesis and characterization

Nd** doped YAG nanocrystals were prepared by a precipitation of select rare-earth salts in a
urea solution following the procedure outlined in flow chart as shown in Fig. 1 [22]. All
chemicals are 99. 9% pure and were purchased from Sigma—Aldrich. NdCl; (0.128 mM),
YCl; (2.36 mM), and AICl; (3.93 mM) were dissolved on 1.0 M concentrated urea solution
set with circulating bath at 90°C for 3 hrs upon constant stir. The OH" ions were generated
through solubility of urea in water.

Tackieted bealer comtaidng:
HACl,, ¥ CL & AIC] tomres sobation, Stimed and
heate dfor 3 hunrs.

!

ColMH ) A3H 0 e 00 #+21H +20H
Sloer gerweration of OH remalts i precipitation metal byedrocdde forxdde agame gates.
Y43 0H me V(OH)
Hd' +3 0H = Hd[OH)
A1 +30H e AUOH)

1

Frecipitate & washed & distilled water omce
and ethariol taric e ther dried ot 80°c ovemizht

i

Paticles ame then ground wibh & mortar awd
pestle and then sirtered at 900"c for 1hnmr

Fig. 1. An overview of synthesis protocol using urea precipitation method.

The result was the formation of rare earth hydroxides. The hydroxides were then filtered from
the solution and washed thoroughly with distilled water, ethanol and then dried at 80°C. The
dried powder was then finally sintered at 900°C for 1 h to obtain the corresponding Nd: YAG
nanoparticles.

The microstructure of the Nd**: YAG nanocrystal was characterized by scanning
transmission electron microscope (STEM). Energy dispersive X-ray (EDX) analyses were
carried out using a Hitachi S-5500 at an accelerating voltage of 30 kV. High resolution TEM
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analyses were performed using a JEOL JEM-2010F TEM equipped with a field emission gun
operated at 200 kV. The digital micrograph software GATAN was used to analyze the TEM
images. The sample for XRD measurement was prepared by drying powders and dispersed on
a glass substrate. The crystal structure of the sample has been analyzed using X-ray powder
diffraction (XRD) at 40 KV and 30 mA in the parallel beam configuration using RIGAKU
Ultima IV X-ray diffractometer with Cu Ka (A= 1.5 A).

The sample for taking the absorption spectra has been prepared by mixing nanocrystals
with transparent epoxy in the ratio of two to one and quenched in between two thin
transparent glass slab putting epoxy as a reference. Since the nanocrystals were mixed with
epoxy, effective index of refraction n.s was used for the calculation. The absorption and
transmission spectra were collected for 300-900 nm range using a UV-VIS-NIR
spectrophotometer (Cary, Model 14R) in the transmission mode. The near-infrared (NIR)
emission spectra were recorded under the excitation at 808 nm band of Ti-Sapphire laser
(Spectra Physics, Model 3900S) pumped by an Nd: YAG laser (Spectra Physics, Model
Millennia). The emission from the sample was collected with a 1.25 m single grating scanning
monochromator (SPEX, Model 1250M) and detected by a liquid nitrogen cooled InGaAs
detector (DSS-1GAO20L, Electrooptic System Inc) for the NIR and photo multiplier tube at
—950V bias (Model 1911, Horiba) for the visible. The fluorescence spectrum for NIR
transitions was scanned using a 600 grooves/mm diffraction grating blazed at 1.5 um, with a
spectral resolution of 0.01 nm. The detector signal was processed in a computer coupled to the
data acquisition system through a lock in amplifier (Stanford Research System, Model
SR510,). The entire system was controlled though the data acquisition software Synerjy
(Origin Lab), and HORIBA Jobin-Yvon). For emission lifetime studies, the 808 nm output of
a pulsed (5 ns) Nd: YAG pumped MOPO SL optical parametric oscillator (Spectra-Physics,
Mountain View, CA) was employed on the dry powder as the pumped source. The decay
transients were averaged and recorded using a TDS 220 digital oscilloscope (Tektronix,
Beaverton, OR). All measurements were carried out at room temperature. The FTIR
vibrational spectrum was measured on the solid sample in the transmission mode using the
FTIR spectrometer (Bruker, Model vector 22).

2.2 Phase and morphology

Figure 2(a) shows the X-ray powder diffraction patterns of Nd: YAG powders at 900 °C
compared with standard JCPDS data of YAG (01-073-3184). It is clear that the patterns were
basically consistent with YAG phase and no additional phases were observed. XRD results
reveal that the polycrystalline YAG powder sample has a cubic phase structure with unit cell
parameters calculated from the XRD patterns to be a = b = ¢ = 12.061 A. The values are
greater than for pure YAG as expected due to partial substitution of Y** by Nd**(it should be a
= 12.01 A°, JCPDS No 01-073-3184). From powder X-ray diffraction patterns, the effective
crystallite size (particle size) was calculated based on line broadening of XRD peaks. The
nanocrystal is constituted by very fine roughly spherical nanoparticles with an average size
about ~40 nm, showing a certain tendency to agglomeration.
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Fig. 2. (a) XRD patterns of Nd**: YAG nanocrystals and its comparison with the standard
patterns of YAG (JCPDS No. 33-0040 (b) EDX spectrum of Nd*: YAG nanocrystals (¢) SEM
image of Nd**: YAG nanocrystals (d) TEM images of (400) plane with lattice spacing.

The samples were analyzed for composition using EDX technique. Figure 2(b) shows the
representative EDX pattern for Nd: YAG powder annealed at 900 °C. The presence of Nd
peak suggests the doping of Nd into the host. The doping of Nd** is also confirmed by the
absorption spectra as shown in Fig. 3. The quantitative doping concentration analysis on the
final product was done based on EDX. The EDX analysis on different clusters shows that the
Nd* concentration on the final product is 1.2 wt %, which is 0.8 wt % less than the initial
NdCl, precursor chosen in the starting composition. The dopant concentration was chosen
based on the interest of the single crystal (1wt %) and the ceramic (1wt %) available to us.
The morphology and the sizes of the prepared YAG nanocrystals were investigated using
scanning electronic microscopy (SEM). Figure 2(c) shows the SEM micrograph taken for the
samples annealed at 900°C. The high resolution lattice image for the plane (400) is shown in
Fig. 2(d). It can be seen that the Nd: YAG powder is well-crystallized, which supports the
XRD. The digital micrograph software was used to estimate the lattice spacing‘d’ between
adjacent lattice planes in the [400] direction as shown in Fig. 2(d).

3. Results and data analysis
3.1. Judd-Ofelt (J-O) calculation

The room temperature UV-VIS-NIR absorption spectra of the sample are shown in Fig. 3 with
their spectral band assignments. In calculating the absorption coefficient, the scattering losses
were subtracted in all absorption measurements. The inset of the Fig. 4 show the images of
the sample, which were analyzed for all the comparative study. It was found that all
absorption bands of Nd** in YAG nanocrystals is similar to those of previously reported for
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single crystal and ceramic garnet hosts [12,23]. The spectrum is well resolved so that almost
every Stark components corresponding to different manifold of Nd** are observed.
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Fig. 3. Absorption spectrum of Nd**: YAG nanocrystals at room temperature ranging between
300 and 1000 nm compared to ceramics, and single crystals. SC: Single Crystal, CE: Ceramic,
and NC: Nanocrystals.

Sixteen absorption bands identified in the room temperature absorption spectra between 300
and 1000 nm, shown in Fig. 3 and are tabulated in Table 1. These absorption bands were
chosen to determine the phenomenological Judd-Ofelt parameters [7,17,24] for
polycrystalline Nd**: YAG powder. The effective refractive index n.; was calculated using
the following equation as ngg = XN, + (1-X)nyeq. Where n,. and nyeq corresponds to the
refractive index of nanocrystals and the medium respectively. The “filling factor” x describes
the volume fraction occupied by the nanoparticles aggregates in the surrounding medium,
which was estimated to be 0.59. The calculated wavelength dependent effective refractive
indexes were reported in Tables 1 and 2. The measured and calculated line strengths are given
in Table 1 provided an RMS deviation of 0.20 x 10° cm’. The RMS line strength is
determined to be 2.70 x 107 cm”. The ratio of these two values yields an RMS error of about
7.0%, which is the relative error of fit and falls at the lower end of the range of 5 to 25%, as
obtained by the application of the J-O theory to other laser materials [7,24-26]. The J-O
parameters for Nd: YAG nanocrystals was calculated to be, Q, = 0.22 x 1072 cmz, Q,=3.15
x 1072 cmz, and Q¢ =5.71x 1070 cmz, with an RMS error of 7.0% and these values are found
to be similar with single crystal and ceramic with some experimental similarities.

These phenomenological J-O parameters were subsequently utilized to determine the
emission line strengths corresponding to the transitions from the upper multiplet manifolds **
* 'Ly to the corresponding lower lying multiplet manifolds ** * 'L, of Nd’* in YAG
nanocrystals [7,24,25], radiative decay rates from J to J’, fluorescence lifetime, and branching
ratios for the manifold transitions from 4F3/2 to 419,2, 4111, 4113/2, and 4115/2, as reported in
Table 2. More importantly, the radiative lifetimes are calculated with and without epoxy in
the sample. The radiative lifetime without epoxy was calculated to be 244 us which is shorter
(275 us) by approximately 13% when epoxy was added to the sample. The calculated
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radiative lifetime of nanocrystals with epoxy was found to be greater than that of both the
single crystal and ceramic. The radiative lifetime of the sample with epoxy is expected to be
longer due to the high refractive index of epoxy (1.556) as s surrounding medium compared
to refractive index of air (1.0). The result agrees with what was reported by Meltzer and et al
[27].

Table 1. Measured and Calculated Absorption Line Strengths of Nd** in Nd** Doped

YAG Nanocrystal

Transitions from Iy, A (mean) Nefr Smeas Scal (AS)2
10*em? | (10%cem?) | (10 cm®)

*Piy + Pip 392 1.737 0.193 0.128 0.0042

*Kisn + *Gop + ‘Gun 481 1.727 0.317 0.224 0.0084

Kz + ‘Grp + *Gop 531 1.724 0.896 1.00 0.0115

Gy + *Gsp 588 1.721 2473 247 0.000

*Fonn 684 1.717 0.314 0.267 0.002

*Fon + *S3n 748 1715 3.705 3912 0.042

*Fsp + “Hop 808 1.714 4.00 3.704 0.090

*Fin 882 1.707 0.799 1.036 0.056

Q=022x 10" cm? Q=3.15 x 10 cm?, Qs =5.71 x 10" cm’, rms deviation = 0.20 x 10 cm?

Table 2. Predicted Fluorescence line Strengths (Sc..), Radiative Decay Rates(Aj;),
Branching Rations (f;;-), and Radiative lifetime of Nd**in Nd* Doped YAG Nanocrystal

at 300 K
Transitions A (mean) DNeff Seale Ay (ED) By (%) Trad (us)
(107 cm?) )
*F3n = s 1852 1.700 0.165 21.23 0.6
*Lian 1333 1.707 1.191 41745 11.5
Tun 1053 1.707 2.703 1924.96 52.9
*lon 881 1713 1.036 1273.21 35.0 275
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Fig. 4. Fluorescence spectra of Nd*: YAG nanocrystals within the manifold “Fyp > 419,2, 1,
132, 152 transitions at room temperature compared with ceramic and single crystal. Inset of the
figure shows the samples studied for comparison.

3.2 Inter-Stark and intermanifold emission cross sections

The peak emission cross section for the inter-Stark transition is one of the most important
parameters of laser design because it describes the maximum spatial amplification of emission
intensity. The inter-Stark transition in Nd: YAG nanocrystals are accurately fitted by a
Gaussian line shape with a respective full width at half maximum (FWHM). A Gaussian line
shape is indicative of inhomogeneous broadening. This inhomogeneity is coming from
changes in the local Nd** site symmetry, due to the substitution from Nd** ions on the Y** ion
site. All the NIR emission spectra collected for nanocrystals, single crystal and ceramics
under 808 nm excitation are shown in Fig. 4. The detailed characterization of the Stark energy
levels of the 419,2, 4111,2, 4113,2, and 4115/2 multiplets have been determined from the room
temperature emission spectra within the manifold 4F3/2 - 419/2, 4F3,2 - 4111/2, 4F3/2 - 4113/2,
and 4F3/2 — 4115/2 transitions of Nd** (4]‘3) in YAG nanocrystals as shown in Fig. 5
respectively. The energy-level diagrams of the Stark components for the intermanifold *F;,
- 4[9/2, 4F3/2 - 4[11/2, 4F3/2 - 4[13/2, and 4F3/2 e 4115/2 transitions are presented in Flg 6
respectively.

The inter-Stark emission cross sections for all the Stark transitions are determined from
the corresponding spectral line shapes provided they are properly resolved as shown in Fig. 5.
The peak emission cross sections (o,) for all the transitions can be expressed accordingly in
the following generalized equations [28—30].

ﬂ, 2 1n2 172
ap(RlyzaW,X,Y,Z):‘W”CA];[”} AR, >W.X.Y.Z), (1)

But for the particular inter-Stark transition such as (R;—Y>), the following equation is used:

In2

12
o)

172
A(R, —>Y,), 2
4rn’cAv } ( ! 2) @

#159671 - $15.00 USD Received 15 Dec 2011; revised 3 Feb 2012; accepted 6 Feb 2012; published 8 Feb 2012
(C) 2012 OSA 1 March 2012/ Vol. 2, No. 3/ OPTICAL MATERIALS EXPRESS 242



where 4, is the wavelength at the peak position of the emission band, c is the speed of light,
and Av is the FWHM line width. The radiative probabilities of the inter-Stark transitions R

— Y, can be expressed in the following respective equation [28-30]:
B -1
A(Rl—>Y2)=(1+eA”‘T)ﬂ(Rl—>Y2)xﬂ(4Fm - 111/2)7'(4}73/2) > 3

where 4 is the difference in energy between the Stark levels R and R, of the ‘F 3, manifold.
The analyses of absorption and emission spectra corresponding to 4F3/2 indicate that the 4F3/2
manifold of Nd**: YAG polycrystalline powder is split into the Stark components R, and R,
with an energy difference of 92 cm™ + 0.1 cm™'. Similarly, & is the Boltzmann constant, T is
the absolute temperature, 7 (4F3/2) is the radiative lifetime of the 4F3,2 level, f (Ry —> Y>)
represent the branching ratios for the corresponding inter-Stark transitions and g (‘Fsy, —
4 112) 1s the branching ratios for the respective intermanifold transitions. The branching ratio
for the inter-Stark transition is determined by dividing the area of the sharp inter-Stark
transition band to the total area of the intermanifold transition. The constants ¢ and k have
their usual meanings and values.

The peak emission cross sections of the inter-Stark transitions obtained for ‘F 3 —> 419,2,
4F3/2 4 4111/2, 4F3/2 4 4113/2, and 4F3/2 4 4115/2 are presented in Table 3, Table 4, Table 5, and
Table 6 respectively including comparison with single crystal and ceramic. In this comparison
study, we found that the inter-Stark cross section for Nd**: YAG nanocrystal for the inter-
Stark transition within the manifold 4F3,2 — 4111,2 corresponding to 1064 nm is 4.27 x 107
cm’, where inter-Stark cross section for the same transition in single crystal and ceramic are
found to be 3.85 x 10° cm” and 3.76 x 1072° cm” respectively. This shows that these values
are very much similar with single crystals and ceramics with some experimental uncertainties
as reported in Tables 3, 4, 5, 6, and 7.

f 4 ]
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Fig. 5. Fluorescence spectra for Nd*: YAG nanocrystals within the manifold By > Lo, *Fin
= T, *Fyp > 4113,2, and *Fs» — “I;5» transitions at room temperature.
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Fig. 6. Energy level diagrams of Nd*: YAG nanocrystals for the observed inter-Stark
transitions within the 4]:“3/2 — 419/2 41:“3/2 - 41[1/25 4]:“3/2 — 41[3/2, and 4F3/2 — 41[5/2 manifolds
transitions at room temperature.

Table 3. Radiative Properties of Various Stark Levels Observed for the Transition within

the Manifold “F3,—*L, and Its Comparison with the Single Crystal and Ceramic

Transition 1 (nm) 869 876 | 879 885 886 892 901 938 946

41:3/2—>419/2

Nano An (cm™) 16.9 15.5 | 30.1 21.5 25.5 249 | 36.2 17.5 15.7

Crystal

B(0.341) Aij(S") 81.7 40.4 | 63.8 2232 | 345 275 271 297 441

Trad T

(0.275 ms) (107" cm”) 1.56 0.85 | 0.7 347 4.54 375 | 2.59 6.37 10.7

Single An (cm™) 17.3 13.5 | 25.7 24.7 25.3 254 | 39.0 17.8 16.7

Crystal

B(0.370) Ay(ST 1044 | 490 | 76.7 | 2958 | 378.1 | 3237 | 323.8 | 3478 | 5327

Trad 30 .2

(0.250 ms) (107" cm?) 1.73 1.06 | 0.87 3.54 4.44 3.84 | 2.55 6.52 10.8

Ceramic An (cm™) 16.3 13.7 | 24.7 25.7 25.8 25.8 | 39.2 17.2 16.8

B(0.351)

Trad Aij(S") 90.4 424 | 66.5 256.1 | 327.3 | 280.1 | 280.2 | 301.1 | 461.1

0274 ms) 0 em?) [ 150 | 091 [ 076 |31 |38 33 |22 | 565 |92

Table 4. Radiative Properties of Various Stark Levels Observed for the Transition within
the Manifold *F3,—*L11, and Its Comparison with the Single Crystal and Ceramic

Transition 1 (nm) 1052 | 1055 1062 1064 | 1068 | 1075 | 1079 | 1106 | 1112 1116 1123
41:3/2—>411 12
Nano An (cm™) 9.85 16.7 | 9.2 10.2 | 20.2 10.3 154 | 244 16.5 | 209 16.8
g(roy *;;16) Ai(S™ 211 | 24 518 | 895 | 277 | 348 | 259 | 193 | 232 149 149
Toad ' 6(107%° cm?) 10.1 0.66 27.3 42.7 6.6 16.7 | 835 | 4.15 | 7.46 3.78 4.78
(0.275 ms)
Single An (cm™) 7.7 20.3 9.1 10.6 16.6 10.6 152 | 20.6 16.6 20.7 16.7
g(rgsggz)) Ay(ST 135 | 18 538 | 949 | 256 | 364 | 261 | 195 | 234 | 151 | 151
Tos 6.(10®cm? | 735 | 045 | 252 | 385 | 668 | 151 | 7.6 | 439 | 6.63 | 346 | 433
(0.250 ms)
Ceramic An (cm™) 5.88 18.9 11.34 11.9 11.6 4.5 8.7 15.4 13.6 13.88 10.9
PO.528)  TALsT 246 | 11 | 478 | 993 | 202 | 342 | 242 | 207 | 208 | 157 | 157
Tra -
0274 ms) | o107 cm?) | 175 | 042 | 189 | 376 | 75 | 332 | 122 | 625 | 721 | 536 | 693
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Table 5. Radiative Properties of Various Stark Levels Observed for the Transition within
the Manifold *F3,—*L13, and Its Comparison with the Single Crystal and Ceramic

Transition 1 (nm) 1320 | 1335 | 1336 | 1339 | 1341 | 1354 | 1357 | 1358 | 1414 | 1431 | 1444
4Fs/2—>4113/2
Nano An (cm™) 124 |11 [ 102 ] 10 [ 17 [ 112 ] 60 | 69 | 134 | 145 | 135
Crystal
BOA1T) | AT 167 | 92 | 110 | 145 | 8 | 37 | 45 | 49 | 37 | 20 | 34
I8d275 ) 6.(10cm? | 10.1 | 638 | 827 [ 112 | 56 | 25 | 587 | 558 [ 234 | 1.74 | 224
Single An (cm™) 123 | 882 | 883 | 846 | 134 | 954 | 650 | 650 | 141 | 142 | 12.9
Crystal
ﬁ(‘g 5136) Ai(S™ 180 78 95 | 136 | 103 | 30 | 481 | 49.7 | 429 | 313 | 35.0
Egdzso ) c.(10cm? | 9.68 6.1 73 | 111 | 524 [ 220 | 520 | 539 | 231 | 1.73 | 2.16
. ms
Ceramic An (cm™) 124 | 89 | 92 | 94 [ 136 [ 102 | 67 | 67 | 151 | 151 | 13.1
0.115
EFd ) Ai(S™ 150 [ 651 | 790 | 114 | 852 | 25.1 | 40.1 | 415 | 357 | 26.0 | 29.1
0.274ms) 75700 cm?) | 81 | 51 | 61 | 91 | 436 | 1.83 | 433 | 448 | 193 | 144 | 1.79
Table 6. Radiative Properties of Various Stark Levels Observed for the Transition within
the Manifold 4F3/2—>4115/2, and Its Comparison with the Single Crystal and Ceramic
Transition 1 (nm) 1739 1752 1759 1769 1773 1784 1801 1877 | 1893
41:3/2—>4115/2
Nano An (cm™) 13.84 597 598 13.7 15.76 12.9 18.5 9.1 7.95
C‘gsotgé AT 324 | 082 | 083 | 401 | 505 | 474 | 436 | 386 | 6.77
E(d' ) 6:(107 cm?) 0.31 0.18 | 0.18 | 039 | 044 | 050 | 028 | 053 | 0.13
(0.275 ms)
Single An (cm™) 10.58 109 | 920 | 105 | 11.86 | 11.24 | 17.63 | 1156 | 8.60
Crystal Ai(S™ 1.99 058 | 077 | 316 | 463 | 313 | 3.18 | 3.89 | 492
8(0'004) 6.(107 cm?) 0.22 0.64 | 0.11 | 036 | 047 034 | 022 | 046 | 0.79
rad
(0.250 ms)
Ceramic An (cm™) 1152 | 11.84 | 9.10 | 1149 | 11.78 | 11.52 | 18.63 | 12.6 8.7
5(0'0'006) Ai(S™ 2.73 080 | 1.05 | 432 | 634 | 428 | 436 | 532 | 6.74
({)‘f‘274 ms) | 0107 cm?) 0.30 009 [ 014 | 049 | 065 | 046 | 029 | 063 | 1.08
. A BT
o(J,157)= ~———¢(V), “)
8ren T,

where 1 is the wavelength at the peak emission, ¥ = A" is the wave number, 3 (J, J') is the
fluorescence branching ratio for the transition from the upper manifold J to the lower
manifold J', z; is the radiative lifetime of the excited manifold J (J = 3/2), and g(.) is the line
shape function. The line shape function was obtained from the fluorescence spectrum using
the following expression [28]

. I(V)
g(")—w» %)

where I(V) is the intensity at ;7. The line shape functions for the transitions within the
manifold 4F3/2 4 419/2, 41:‘3/2 —> 4111/2, 41:‘3/2 —> 4113/2, and 41:‘3/2 4 4115/2 can therefore be
determined by dividing the peak intensities /(v ) by the integrated areas of the respective
fluorescence spectra. The values of g(y ), along with the values of radiative lifetime and
intermanifold branching ratios from Table 2, and the values of 1 and n are applied to Eq. (4)
to determine the emission cross sections for the *F 3n —> 419/2 and ‘F 3 —> Vi 11/25 ‘F 3 —> 4113/2
and 4F3,2 - 4115/2 intermanifold transitions. The emission cross-sections calculated for the
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transitions within the manifolds 4F3/2 e 4[9/2 and 4F3/2 b 4]1 1725 4F3/2 - 4[13/2 and 4F3/2 - 4115/2
of Nd: YAG nanocrystals are reported in Table 7. These values for the Nd: YAG nanocrystals
are found to be very much similar to single crystal and ceramic with some experimental
uncertainties.

Table 7. Spectroscopic Properties of 1.5% Nd** Doped YAG Nano Particles and Its
Comparison with 1% Nd* Doped YAG Single Crystal and Ceramic

Parameters Nano Crystal Single Crystal Ceramic
Q, x 102 cm? 0.22 0.22 0.2
Qx 102 cm? 3.15 3.55 4.69
Qe x 102 cm? 5.71 5.33 5.00
Trad (4F3/2—)419/2) us 275 238 250
e (‘Fy>'To) cm? 391x 107" 465x 107" 401x 107"
6. (“Fasp—T110) cm® 7.80x 107" 7.31x 107" 723x 107"
6. (*Fap—Ti3n) cm® 574x 107" 5.88x 107" 6.19x 107"
6. (*Fap—Ti5p) cm® 0.36x 107" 0.19x 107" 035x 107"
B (Fsn—>'ln) % 34.1 40.9 37.0
B (4F3/2*>4I|1/2) % 53.6 48.1 50.0
B (‘Fsn—>'Tisn) % 11.7 10.8 12.6
B (‘F3n—*Lisn) % 0.6 0.2 0.4

3.3 Scattering loss

The scattering loss coefficients of Nd**: YAG and pure YAG nanocrystals were calculated
using Fresnel’s equation and compared with those of single crystals and ceramics. Since the
dopant concentration of Nd** is low, the refractive indexes used were taken from the literature
for YAG nanocrystals [31]. The scattering loss coefficient, a (A), was determined using the
following equation [2,6,28];

a(2) ==t In[ I(A)/ I,(WT A ], (6)

where [( )1 (A),T(A), and ¢ denote the transmission light intensity of the sample at a

particular wavelength A, incident light intensity, Fresnel loss correction factor, and the sample
thickness. The value of I(A)/I,(1) was estimated from the background level of the

transmittance because of the Nd** absorption. The Fresnel surface loss, 4(A) assuming normal
incidence and absorption was calculated using the following expression;

B =[ (D)= 1 (n(D)+1)* ], (7)

where n(A) is the refractive index at wavelength A . The correction factor is obtained by,
T(A)=1-p(A). Since the calculation is based on the transmission spectrum along with its

background level of transmittance and compared with the absorption spectra, all the scattering
centers are included into the calculation. Based on the wavelength of light used, size of
particles and their agglomeration size, and difference in relative refractive index between
epoxy (1.556) and the particles (1.7-1.85), one can easily conclude that scattering [32] is one
of the dominating loss within these nanocrystals mixed with the epoxy. Since the
agglomeration size of the YAG nanocrystals (400 to 500 nm) approaching the optical
wavelength used as shown in Fig. 2(c), the scattering loss in nanocrystals have been found
more in UV range as shown in Fig. 7. The calculation shows that maximum scattering loss is
3.42 cm™ at 400 nm, where the scattering loss is 1.43 cm™" at the excitation wavelength (800
nm). Furthermore, the scattering intensity was estimated using Rayleigh’s equation [6] and
the ratio of 400 nm to 800 nm scattering loss intensity was calculated to be 14:1. This verifies
that wavelength dependent scattering loss in nanocrystals is significantly high compared to
those of ceramics and single crystals. The scattering loss in ceramics is due to the existence of
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the grain boundary but the calculation shows that single crystals also has some scattering
centers which are unknown and needs more analysis.

—=— Nd: YAG Single Crystal
—&— Nd: YAG Ceramic
3 —4a— Nd: YAG nanocrystals

Scattering loss (cm™)

M
0F —s

400 500 600 700 800 900

Wavelength (nm)

Fig. 7. Dependance of scattering loss coefficients of Nd*: YAG nanocrystals to wavelength
and its comparison with single crystal and ceramic.

3.4 Non-radiative processes and internal quantum yield

A quantitative way of measuring the internal quantum yield for a particular emission band is
done through the fluorescence lifetime measurements. Non-radiative processes such as multi-
phonon relaxation, vibrational losses by surface (such as hydroxyl) species and energy
transfer (ET) interactions quench the fluorescence intensity and the efficiency. The observed
lifetime of the emission can be written as [33].

1
— A

rad
Z-I um

+me +W0H +WET’ (8)

where A, Wip, Won, Wer are the radiative transition rate, transition rate from multiphonon
relaxation, hydroxyl groups and energy transfer interaction respectively. The contribution to
non-radiative decay comes from multi-phonon relaxation from the host and energy transfer
interactions between nearby ions. The transition probability by energy transfer is dependent
on the distance between the donor (D) and acceptor (A) ions, Rpa, and hence dependent on
the concentration of the ions. When the ions are homogeneously distributed in the matrix, the
energy transfer relaxation rate Wgr can be written as [34].

aN?, )

W.,a

6
DA

where N is the dopant concentration. Since the dopant concentration in this sample is (1.5 at
%) low, ET has nominal contribution for lowering the fluorescence lifetime and intensity. On
the other hand, the radiative transition probabilities and multi-phonon relaxation rates do not
depend on the dopant concentration. The values of Woy and Wy, can be determined from
quantitative measurements of the OH content and from the low frequency vibrational modes
in the sample measured from the infrared FTIR spectrum shown in Fig. 8. Multiphoton non-
radiative loss (Wy,,) was calculated using the following equation [35]
W = Bexp"’AE, (10)

mp
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where AE is the energy gap between the manifold transition ‘F 3 —> 4111/2, the other
parameters B and o are constant taken from literature [35]. Using these values, the multi-
phonon vibrational loss for the 1060 nm emission band was calculated to be 0.000001cm™,
which is negligible. Thus the major contribution for the non-radiative decay is coming from
the water present in the sample which is confirmed by the absorption band at 3450 cm™ in the
FTIR spectrum shown in Fig. 8. The amount of water content in the samples can be obtained
from the measurement of the absorption coefficient at the OH peak of the IR spectrum and is
estimated to be nearly 19.5 cm™'. An OH concentration of 360 = 100 ppm gives absorption of
~2.8 cm™' [36]. By comparison, the corresponding water content was estimated to be 2507
ppm (4.0 x 10 molecules/cm’®). The major sources of OH content in the Nd**: YAG
nanocrystals are from the starting chemicals and atmosphere during synthesis. A higher level
of water content can be suppressed by using moisture free chemicals melted in water free
environment

1000 2000 3000 4000

Nd®':YAG single crystal

08 AA A
Nd*":YAG ceramic|

Absorbance (a. u.)

10 ma

Nd*:YAG nanogrystals
3450 cm’'

0.0 L
1000 2000 3000 4000
Wavenumber (cm”)

Fig. 8. FTIR spectrum of Nd**: YAG nanocrystals compared to single crystal and ceramics.

The internal quantum efficiency, (7, can be evaluated from the ratio of the fluorescence
lifetime to radiative decay time [25,32]. The fluorescence decay time obtained for the Nd**:
YAG nanocrystals corresponding to 1060 nm is 70 us as shown in Fig. 9, which is
significantly low compared to >230 us for single crystal and ceramics. This gives an internal
quantum yield of 25.4% for the transition through “F5, which is significantly less compared to
> 75% for ceramic and single crystal. This shows that the major non-radiative losses are
coming from the surface hydroxyl groups for present nanoparticles, which is absent in the
single crystal and transparent ceramic as evidenced from the FTIR spectra in Fig. 8.
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Fig. 9. Fluorescence decay curve for 1060 nm emission in Nd**: YAG nanocrystals.
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4. Conclusions

Comparison of the radiative and non radiative spectral properties such as absorption cross
sections, fluorescence branching ratios, emission cross sections of the inter-Stark transitions
and cross sections of the intermanifold transitions show that most of the radiative spectral
properties of the three hosts are in good agreement. However the fluorescence decay time and
hence the quantum efficiency of the nanocrystal was too low due to the presence of large
quantity of hydroxyl groups on the nanoparticle surface. In addition, because of the large
agglomeration of the particles with average size of around 400 nm, wavelength dependent
optical loss calculated using Fresnel’s equation for the Nd** doped YAG nanocrystals is
significantly high compared to those of Nd** doped single crystals and ceramics. Thus in
practical applications of this nanocrystals for making transparent ceramics for laser or other
photonics application, careful heat treatment and water free synthesis has to be adopted to
achieve high fluorescence quantum yield.
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