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dielectric effect due to dopant and thin film structure have 
been discussed.

1 Introduction

Nanostructured materials offer great advantages over bulk 
materials owing to enhanced properties due to high sur-
face-to-volume ratio and quantum size effects. Semicon-
ducting nanomaterials are known to have peculiar shape 
and size-dependent physical, chemical, electrical and opti-
cal properties which can be engineered as per application 
requirements [1]. These nanomaterials are widely used in 
optoelectronics, electronics, medicine, photonics, etc. [2–
4]. Third-order nonlinearity in semiconducting materials is 
gaining extreme importance because of its potential appli-
cations in optical switching, optical limiters, optoelectronic 
devices, optical signal processing, optical waveguides, 
ultrafast optical communication systems, optical storage 
systems, ultrafast nonlinear optical (NLO) devices, etc. [5]. 
Various sensors and optical detectors are being developed 
and used for scientific and industrial applications. Most of 
them use high-intense lasers for their active operation and 
may cause damage if exposed to lasers for long duration. 
In order to protect such devices from high-intense laser 
beams, need of optical limiters is also evident. Optical lim-
iters are basically NLO materials which work on the prin-
ciple of intensity-dependent refractive and absorptive prop-
erties that result into NLO effects such as self-focusing, 
self-defocusing, saturable absorption and reverse saturable 
absorption [6]. Such NLO materials can serve the pur-
pose of passive optical limiters which perform the job of 
optical limiting without the requirement of any additional 
switches or controlling circuits [7]. Most of the NLO prop-
erties of different materials are studied with picosecond 
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and nanosecond laser pulses for their applications in ultra-
fast devices, optical switching, etc. However, in most of 
the area, continuous-wave (cw) laser is used, and in this 
regime, NLO properties of the materials are also important 
for their possible applications in sensor protecting devices.

Metal oxide nanoparticles (NPs) have attracted great 
attention due to their tunable optical, electronic, magnetic 
and catalytic properties [8]. Nanocrystalline CuO semicon-
ductor is one of the best promising materials as it has poten-
tial applications in optics and optoelectronics. Copper oxide 
is an excellent nanoparticles system for investigating the 
size-induced structural transformations and phase stability. 
Copper oxide has two phases, i.e., cuprous oxide (Cu2O) and 
cupric oxide (CuO). CuO is a p-type semiconductor having 
direct bulk energy gap of about 1.85 eV [9] at room tempera-
ture. The effect of doping on properties of CuO nanostruc-
tures is being studied widely for many practical applications 
such as an efficient catalytic agent, gas-sensing material, 
lithium batteries, solar cells, optical switches and magnetic 
storage media [10–14]. The NLO response of thin films is 
of particular interest because of its application in integrated 
NLO devices [15]. Nanocomposite materials consisting of 
two or more phases are known to show enhanced third-order 
NLO susceptibility due to dielectric effect, quantum confine-
ment and surface states effect [16]. l-Arginine has already 
been used as a capping agent for the synthesis of nanopar-
ticles [17–19]. To the best of our knowledge, there are no 
reports on the investigations of third-order NLO properties of 
Cd-doped CuO NPs embedded in polymer matrix. Compos-
ite materials containing CuO and polyvinyl alcohol (PVA) 
exhibit the merits of blending, processability, flexibility and 
easy thin film-forming properties. Such material designs 
are assumed to show excellent NLO properties, especially 
related to optical limiting properties. With this aim, we pre-
sent here the detailed investigations on third-order NLO 
properties of Cd–CuO–PVA nanocomposite thin films by 
Z-scan technique under low-power cw laser illumination. 
We synthesized Cd-doped CuO nanoparticles (NPs) by using 
l-arginine as capping agent. Thin films of Cd-doped CuO 
NPs with PVA have been prepared using spin coating tech-
nique. CuO NPs and thin films have been characterized by 
various techniques, and results are presented here.

2  Materials and methods

Undoped and Cd-doped CuO nanoparticles were synthe-
sized by wet chemical method, and thin films with PVA 
were prepared using spin coating technique. All chemicals 
of analytical reagent grade were used as received with-
out further purification. Copper (II) chloride dihydrate 
(CuCl2·2H2O, 99.99 %), sodium hydroxide pellets (NaOH, 
99 %) and ethanol were procured from SD Fine Chemicals, 

Mumbai. Cadmium chloride monohydrate (CdCl2·H2O, 
99.99 %) was purchased from LOBA Chemie, India. 
l-Arginine and PVA (99.99 %, M.W. 10000) were pur-
chased from Sigma-Aldrich, USA. Stock solutions of 1 M 
CuCl2·2H2O, 2 M NaOH and 1 M l-arginine in double-
distilled water were prepared. Initially, CuO nanoparticles 
were synthesized using l-arginine as capping agent (sample 
CLR3). For this, 4 ml stock solution of CuCl2·2H2O was 
added into 100 ml double-distilled water and stirred contin-
uously for 1 h under constant heating at 100 °C. The tem-
perature was maintained above 100 °C throughout the reac-
tion. Three milliliter of l-arginine from stock solution was 
added drop wise into blue-colored copper chloride solu-
tion. The resultant solution was again stirred for another 
30 min. After this, NaOH stock solution was added drop 
wise into this solution. The color of the solution changes to 
black immediately, and large amount of l-arginine arrested 
CuO NPs in the form of black precipitate were obtained. 
The precipitate then centrifuged at 4000 rpm (R-4C, REMI, 
India) for 20 min and washed 2–3 times with double-dis-
tilled water. The precipitate was then dried for 24 h in hot 
air electric oven. For the synthesis of Cd-doped CuO NPs, 
appropriate amount of CdCl2·H2O amounting to 1 wt% 
(CCD1), 2 wt% (CCD2) and 5 wt% Cd (CCD5) have been 
added into copper chloride solution before the addition of 
l-arginine. By following similar steps, black precipitate 
of Cd-doped CuO NPs was obtained. For the prepara-
tion of composite thin film, synthesized undoped and Cd-
doped CuO NPs were dispersed in double-distilled water 
separately and ultrasonicated for 10 h to achieve good sta-
ble suspensions. Solution of PVA was also prepared and 
mixed, amounting 10 wt%, with suspensions of pure and 
doped CuO nanoparticles. The solutions were stirred for 
1 h, ultrasonicated for another 2 h and were used to prepare 
thin films on good optical quality glass slides using spin 
coating technique. Thin films were dried in hot air oven and 
were used for characterization. Thickness of thin films was 
measured by ellipsometric method on Sentech ellipsometer 
(model no.: SEN research SE 850 DUV Variable angle), 
Germany. Table 1 shows average thickness of thin films of 
undoped and Cd-doped CuO–PVA nanocomposites.

All samples of CuO NPs were subjected to structural 
and morphological characterization by X-ray diffraction 

Table 1  Undoped and Cd-doped CuO–PVA nanocomposite thin 
films

Sample code Nanocomposite details Film thickness (nm)

CLP CLR3 0.1 mM + 10 wt% PVA 199

CC1P CCD1 0.1 mM + 10 wt% PVA 218

CC2P CCD2 0.1 mM + 10 wt% PVA 221

CC5P CCD5 0.1 mM + 10 wt% PVA 214
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(XRD) using Rigaku diffractometer Miniflex II with 
nickel-filtered CuKα radiation (λ = 1.5406 Å); transmis-
sion electron microscopy (TEM) using JEM-2100 HR-
TEM, Make-JEOL, Japan; field emission scanning electron 
microscopy (FESEM), Hitachi S-4800, Japan; and energy-
dispersive X-ray absorption spectroscopy (EDX) using 
scanning electron microscope JSM-7000F, JEOL, Japan. 
Ultraviolet–visible (UV–Vis) spectroscopy was performed 
using UV–visible spectrophotometer (BLK-C-SR, Stellar-
Net, USA) in the wavelength range 190–900 nm. Fourier 
transform infrared (FTIR) spectra were recorded using IR 
double-beam spectrophotometer, 8400S, Shimadzu, Japan. 
Open- and closed-aperture Z-scan technique, as developed 
by Bahae et al. [20, 21], was utilized to characterize sam-
ples for third-order optical nonlinearity.

3  Results and discussion

3.1  Optical studies using UV–Vis and FTIR 
spectroscopy

Figure 1 shows absorption spectra and variations of (αhν)2 
versus photon energy (hν) for l-arginine-passivated Cd-
doped CuO NPs samples. All samples show broad exci-
tonic absorption in the wavelength range 330–565 nm due 
to inter-band surface states transitions in CuO NPs [22]. In 
the crystal of semiconductor, electron in conduction band 
and hole in valence band has columbic interaction to cre-
ate excitons. In nanoscale, motion of these excitons is 
highly constrained that results into size-dependent novel 
optical properties. From figure, it can be seen that the maxi-
mum absorption takes place at 365, 350 and 342 nm for the 
samples CCD1, CCD2 and CCD5, respectively. Blue shift-
ing of the maximum absorption wavelength is thus obvi-
ous. CuO NPs doped with highest concentration Cd shows 
strong blue shift, and reduced particle sizes are obtained as 
indicated by quantum confinement effect [23, 24]. How-
ever, absorption intensity goes on decreasing, and absorp-
tion bands become narrow as particle size decreases. This 
indicates that l-arginine effectively modified the surface of 
CuO NPs by annealing surface states. Low density of sur-
face states might have caused less and selective absorption. 
The optical band gap (Eg) of CuO nanoparticles is calcu-
lated using the equation α = A∗(Eg − hν)n/hν, where α is 
absorption coefficient (the absorption coefficient α has been 
calculated using the relation: α = 2.303 log[1/(1− A)]/d,  
where ‘A’ is absorbance and ‘d’ is thickness of the sam-
ple), Eg is band gap, A* is constant and n is equal to 1/2 
for direct transition and 2 for indirect transitions [25]. 
The band gap energy Eg is obtained by extrapolating the 
linear portion of the plot to the energy axis. Blue shift in 

the optical band gaps has been observed as the particle 
size decreases for highest concentration of dopant. As 
obtained particle size for CuO NPs is in the range of Bohr 
exciton radius which is 6.6–28.7 nm [23], this regime 
is treated as strong confinement regime [26]. The ener-
gies of the possible optical transitions can be obtained 
through the relation En = Eg − Eexc + (�2π2n2/2MR2), 
where M (= m*

e + m*
h) is the total mass of the e–h pair, R 

is radius of nanoparticle, Eg is bulk band gap energy, Eexc 
is the exciton binding energy and n is the quantum num-
ber [27]. The particle size for all samples is calculated 
from UV–Vis spectra by using effective mass approxi-
mation (EMA) [28]. The EMA formula can be stated as: 
Eg = Ebulk + h

2/8r2[(1/m∗
e )+ (1/m∗

h)] − e
2/4πε0εrγe, where 

Eg is band gap energy of NPs, Ebulk is energy gap for bulk 
semiconductor (=1.85 eV for bulk CuO [9]), m∗

e and m∗
h are 

effective electron mass (0.65 me) and effective hole mass 
(1.75 me), respectively, γe is Bohr exciton radius, εr is rela-
tive dielectric constant (7.11), ε0 is dielectric constant of 
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Fig. 1  Absorption spectra and optical band gap analysis of CuO NPs
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vacuum and r is the radius of NPs. Particle sizes calculated 
and band gaps determined from Fig. 1 are listed in Table 2.

The functional groups and bonding structure of copper 
oxide (CuO) NPs capped with l-arginine (sample name 
CLR3) and doped with Cd (sample name CCD5) were 
investigated by FTIR spectroscopy. Figure 2 shows FTIR 
spectra of synthesized CuO NPs capped with l-arginine 
and CuO NPs doped with Cd. The broad absorption band 
from 2331 to 2880 cm−1 may be attributed to symmetric 
and asymmetric stretching of O–H and C–H bonding. Peak 
at 1700 cm−1 is due to asymmetric C=O stretching, and 
strong peak at 1504 cm−1 is due to C–H stretching. The 
peaks at 1404 and 1330 cm−1 can be attributed to symmet-
ric stretching vibrations of COO−group. Peak at 1042 cm−1 
is due to C–O bonding, and C–H bonding gives peak at 
948 cm−1. COO− bonding again gives peak at 669 cm−1, 
and torsional modes of CNH2 generate peak at 518 cm−1. 
All these peaks confirm the presence of l-arginine [29]. 
The presence of CuO may be confirmed by peaks at 590, 
530 and 470 cm−1 [30–32]. IR signature of Cd has not been 
identified in the present spectrum as the dopant percentage 
is very low.

3.2  Structural and morphological studies using XRD, 
TEM, FESEM and EDX

Figure 3 shows XRD spectra for undoped and Cd-doped 
CuO NPs. All the d values corresponding to the XRD peaks 
show the presence of a monoclinic end-centered phase 
of crystalline CuO with cell parameters a = 4.6927 Å, 
b = 3.4283 Å and c = 5.1370 Å, α = γ = 90o and 
β = 99.55o which is in good agreement with the reported 
values (JCPDS card no. 80-1916). Peak broadening con-
firms the nanocrystalline nature of CuO crystals [33]. 
The intensity of peaks has not been significantly changed 
with increasing concentration of Cd in CuO, which indi-
cates that the crystallinity of the particles is retained. The 
peaks corresponding to the metallic Cd/CdO have not been 
detected in XRD. This suggests that Cd has been doped 
into the lattice at Cu lattice sites. Considering the spheri-
cal nature, particle size of these nanoparticles is calculated 
by Debye–Scherrer formula, d = k�/(β cos θ), where k is 
a constant (k = 0.93) and β is width of the diffraction peak 
at half maxima. The average crystallite size calculated for 
(−111), (111) and (−202) planes was found to be 11, 10 
and 8 nm for 1, 2 and 5 wt% Cd-doped CuO NPs samples. 
This is the average particle size, and different crystallites 
may have different sizes for different samples. Particle size 
of Cd-doped CuO NPs was found to decrease with increase 
in the concentration of Cd dopant. The role of l-arginine is 
also evident for Cd-doped CuO NPs as all passivated NPs 
possess smaller particle size. Table 2 shows particle size of 
all Cd-doped CuO NPs calculated using various characteri-
zations and also the optical band gap calculated using UV–
Vis spectra.

Table 2  Particle size and optical band gap of CuO NPs

Sample Particle size (nm) Energy gap (eV)

XRD EMA model TEM

CLR3 12 9 – 2.51

CCD1 11 7 – 2.05

CCD2 10 6 – 2.19

CCD5 8 5 7 2.25
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Fig. 2  FTIR spectrum of l-arginine-capped CuO NPs
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Figure 4 depicts TEM micrographs and SAED pattern of 
5 wt% Cd-doped CuO NPs taken at various magnifications. 
Micrographs clearly attest formation of CuO NPs with 
uniform near spherical structure. Few micrographs show 
agglomeration of CuO NPs which may be due to excess 
quantity of nanopowder taken at the time of sample prepa-
ration and less ultrasonication. TEM data show that CuO 
NPs with average particle size of 7 nm have been obtained. 
This result is in good agreement with XRD and UV–Vis 
data.

Figure 5a, b depicts FESEM images of 5 wt% Cd-
doped CuO–PVA nanocomposite thin film. Images show 
that Cd-doped CuO NPs have been uniformly dispersed 
in PVA matrix. All doped CuO NPs have uniform mor-
phology, and their shape and size are retained in the 
polymer matrix. PVA thus acts as good host matrix for 
the dispersion of CuO NPs. Figure 6 shows EDX spectra 
for the sample of 5 wt% Cd-doped CuO NPs. The spec-
trum indicates the presence of only Cu, O and Cd which 
confirms the purity of prepared samples and doping is 
confirmed.

3.3  Z‑scan study

Nonlinear refraction coefficient n2, nonlinear absorption 
coefficient β and third-order optical nonlinear susceptibil-
ity χ(3) have been determined using closed-aperture and 
open-aperture Z-scan technique described and developed 
by Bahae et al. [34]. The intensity-dependent nonlinear 
refraction is expressed by the relation.

where n0 is the linear refractive index, n2 is the nonlinear 
refractive index and I is the intensity of the laser beam.

For a third-order NLO process where nonlinear absorp-
tion can be neglected, the nonlinear refractive index n2 
can be deduced from the empirical relation between the 
induced phase distortion and change in transmittance (�φ0 
and �Tpv) [20, 21].

(1)n(I) = n0 + n2I

(2)�Tpv = 0.406(1− S)0.27�φ0

(3)
�φ0 =

2π

�
n2I0Leff

Fig. 4  TEM micrographs of 5 wt% Cd-doped CuO NPs
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where �Tpv is change in transmittance between peak and 
valley, �φ0 is induced phase distortion, S is transmittance 
through aperture, Leff is effective thickness of sample 
(Leff =

1−exp(−αL)
α

, α is linear absorption coefficient and L 
is measured thickness of sample) and I0 is peak intensity at 
the focus.

Nonlinear absorption coefficient β can be evaluated 
using following relation.

where q0(z) = βI0Leff/(1+ z2/z20), z0 =
kω2

0
2

 is Rayleigh’s 
range and ω0 is beam waist.

When laser light falls on optically nonlinear medium 
(weakly absorbing), part of light is absorbed by the 

(4)n2 =
�Tpv

kI0Leff0.406(1− S)0.27

(5)T(z, S = 1) =

∞
∑

m=0

[−q0(z)]
m

(m+ 1)3/2
for |q0(0)|�1

medium and the medium expands due to heating. This 
expansion travels in radial direction in the form of acoustic 
disturbances. Due to this, temperature and density gradi-
ents are induced within the medium that change the refrac-
tive index of the medium. This effect is called the thermal 
lensing effect [35]. This effect highly depends on the time 
scales of the incident laser light. It can be said that, when 
we use the cw laser (where pulse duration is much longer 
than acoustic propagation time), index change is propor-
tion to change in density of the liquid. In liquid media, 
density variation is important; however, in solid thin 
films, density variation is very low (and can be taken as 
constant), and index change is primarily due to change in 
temperature. In this regime, the index change is governed 
by thermal diffusion [7]. The use of a cw laser in Z-scan 
experiments leads to the determination of the thermo-optic 
effect that is associated with the dependence of the linear 
refractive index and absorption coefficient with tempera-
ture (T): 

(a) (b)

Fig. 5  FESEM micrographs of 5 wt% Cd-doped CuO–PVA nanocomposite thin film

Fig. 6  EDX spectra of 5 wt% 
Cd-doped CuO NPs
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where r is the spatial position, which is relevant to a Gauss-
ian beam. The optical absorption at 632.8 nm may trigger 
a progressive increase in the absorption. This will lead to 
the formation of a thermal lens that will be the dominant 
contribution in the results of the Z-scan experiments [36].

The thermo-optic coefficient (dn/dT) can be evaluated 
from the expression: [34]

where κ is the thermal conductivity (κ = (ρCp)D, ρ is den-
sity of the medium, Cp is specific heat at constant pressure 
and D is thermal diffusivity).

Using obtained values of n2 and β, real and imaginary 
parts of NLO susceptibility and effective NLO susceptibil-
ity can be obtained from following relations

In order to study nonlinear refraction, thin film sam-
ples of nanocomposite were subjected to closed-aperture 
Z scan, and value of linear aperture transmittance was kept 
at 0.4 (S = 0.4). Pure nonlinear refractive contribution is 
extracted by dividing closed-aperture data by open-aper-
ture data [20, 21]. Figure 7 shows closed-aperture Z-scan 
profiles for all samples which exhibit pre-focal transmit-
tance maximum followed by post-focal transmittance min-
imum (i.e., peak and valley configuration). This configu-
ration is associated with negative value of n2 and shows 
self-defocusing effect [20, 21]. It is observed that the value 
of nonlinear refractive index n2 increases with the increase 
in the doping concentration of Cd in CuO and attains max-
imum value for 5 wt% Cd doping. The physical origin of 
this large value of n2 is attributed to the thermal nonlin-
earity as peak and valley separation, i.e., zR > 1.7 z0, and 
cw laser is used [34]. Nonlinear absorption in thin films 
was studied by open-aperture Z-scan shown in Fig. 7. All 
curves exhibit dip in the transmittance at the focus indicat-
ing the occurrence of reverse saturable absorption (RSA). 
It is found that thin film of all composite samples shows 
very large value of β for the given laser excitation. The 
coefficient of absorption attains maximum value for 5 wt% 
Cd–CuO–PVA thin film. The enhancement in the nonlin-
ear coefficient in the present case may be explained on the 
basis of strong linear absorption coefficient combined with 
increased thermo-optic coefficient. In case of these doped 

(6)n = n0 + (dn/dT)�T(n, r)

(7)n2 = (dn/dT)αω2
0/4κ

(8)

Re
[

χ(3)
]

= 10−4 ε0n
2
oc

2

π
n2(cm

2/W)

Im
[

χ(3)
]

= 10−2 ε0n
2
oc

2
�

4π2
β (cm/W)

χ(3) =

[

(

Re
[

χ(3)
])2

+

(

Im
[

χ(3)
])2

]1/2

thin film nanocomposites, nonlinear refractive index may 
not be purely dependent on coefficient of linear absorp-
tion which is decreasing as the concentration of Cd doping 
increases. For these composite thin films, the ratio α/D (or 
α/κ) is more important, and this ratio must be increasing in 
the present case. Although, in case of doped CuO NPs, lin-
ear absorption coefficient (α) is not considerably increas-
ing with increase in doping concentration, other mecha-
nisms originating in thin film composite structure may 
provide stimulus for the linear absorption. Doping into 
NPs may result additional local polarizability and anhar-
monicity creating interacting phonon subsystems [37]. The 
interaction of these phonon subsystems with incident light 
beam may show piezooptical or photoelastic effect and 
contribute toward the enhancement of second-order and 
third-order nonlinear optical properties [38]. The presence 
of polymeric host material (PVA) with different dielectric 
constant also plays an important role in determining NLO 
properties of the colloidal system due to dielectric effects 
and surface states effects [39, 40]. The values of n2, β and 
other important NLO parameters such as real and imagi-
nary parts of third-order NLO susceptibility and effective 
third-order NLO susceptibility are calculated and are listed 
in Table 3.

4  Conclusions

In conclusion, we report synthesis of l-arginine surface-
modified CuO nanoparticles (NPs) doped with Cd and 
Cd–CuO–PVA nanocomposite thin films by spin coat-
ing method. Linear optical properties have been studied 
with ultraviolet–visible (UV–Vis) spectroscopy which 
attests the formation of CuO NPs by witnessing strong 
blue shift in the excitonic absorption from 365 to 342 nm. 
X-ray diffraction (XRD) shows formation of crystalline 
CuO having monoclinic phase with average particle size 
of 10 nm. Both XRD and UV–Vis data confirm decrease 
in particle size with increase in Cd-doping concentration. 
Fourier transform infrared (FTIR) spectra confirm the role 
of l-arginine as capping agent. Thin films and NPs have 
also been characterized by transmission electron micros-
copy (TEM), field emission scanning electron micros-
copy (FESEM) and energy-dispersive X-ray absorption 
(EDX) spectroscopy. Thin films have been characterized 
by Z-scan technique under continuous-wave (cw) He–Ne 
laser, and enhanced values of nonlinear refractive index n2 
and nonlinear absorption coefficient β have been obtained. 
Enhancements in the nonlinear optical properties have 
been attributed to the thermal effect due to strong linear 
absorption coefficient combined with increased thermo-
optic coefficient.
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Fig. 7  Closed- and open-
aperture Z-scan curves for thin 
film samples
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Table 3  Nonlinear optical coefficients obtained for thin film samples

Thin film samples Nonlinear refractive index, n2 
(cm2/W) (×10−5)

Nonlinear absorption coef-
ficient, β (cm/W) (×10−6)

Re[χ(3)] esu (×10−3) Im[χ(3)] esu (×10−9) χ(3) esu (×10−3)

CLP 18.6 1.60 32.6 0.82 32.6

CC1P 19.2 8.96 33.6 5.64 33.6

CC2P 35.8 10.4 62.7 4.62 62.7

CC5P 38.9 11.0 68.2 5.36 68.2
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