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ABSTRACT

Doping of materials by suitable additives can dramatically modify the physical characteristics of the complex systems. In this paper, we investigate the role of
gadolinium concentration on the linear, nonlinear optical properties and transient absorption dynamics of ZnO and Al-doped ZnO. The characteristics of the
mentioned materials with different dopant concentrations are evaluated using absorption spectroscopy, Z-scan and pump-probe technique with femtosecond laser
pulses at 800 and 400 nm wavelengths. The nonlinear absorption is increased in Al-doped ZnO compared to pure ZnO at 800 nm wavelength. Gadolinium dopant
demonstrated a significant reduction in nonlinear refractive index and absorption of Al-doped ZnO but could not influence pure ZnO. The transient absorption
dynamics of ZnO and Al-doped ZnO illustrated the decrease of response time with dopant concentration. We also generated high-order harmonics using nanosecond
heating pulses to generate laser plasmas and femtosecond driving pulses propagating through the plasmas. Laser plasma was generated from an ablated Gd-doped

ZnO and the high-order harmonics were studied by varying the delay between heating and driving pulses.

1. Introduction

Investigation of optical nonlinearities in nanostructured semi-
conductor materials is important which determines their applications in
optoelectronic switching, optical data storage, semiconductor optical
amplifiers and construction of lasers [1-5]. The future of high-speed
optical data communication networks relies on the speed and capacity
of optical switching devices [4]. The speed of operation of these pho-
tonic devices depends on the light intensity-induced changes in the
refractive index of semiconductor materials being used in these devices
[5,6]. The mechanisms those responsible for light induced change in
refractive index, are (i) the increase in concentration of free carriers due
to multi-photon absorption (nhv=AE; where AE, is the band gap of
semiconductor), and (ii) the Kerr effect, which occurs when the bound
charges are excited by photons with energy lesser than the band gap
width. Light-induced change in refractive index, saturable absorption
(SA), and reverse saturable absorption (RSA) depend on the band gap
and the initial concentration of free carriers in semiconductor. Doping

of impurity atoms in nanocrystals of semiconductors, as well as making
heterostructures such as core-hell nanoparticles (NPs) and quantum
dots allow to control the band gap, and hence, the initial and the light-
induced concentration of free charge carriers.

One-dimensional ZnO nanostructures, with coupled semiconducting
and piezoelectric properties, have been extensively investigated and
widely used to fabricate nanoscale optoelectronic devices. A meta-
l-insulator-semiconductor (Pt/Al,03/Zn0) based self-powered photo-
detector has been studied in Ref. [7]. In Ref. [8], a distinctive strain-
gating method was proposed to manipulate 2D WSe,-1D ZnO Van der
Waals interfacial charge and modulate its photosensing performance by
tuning electronic states of WSe,. Recent developments in 1D ZnO na-
nostructure based photodetectors and device performance enhance-
ment by strain engineering piezoelectric polarization and interface
modulation were reviewed extensively by Zhang et al. [9]. They em-
phasized a fundamental understanding of electrical and optical phe-
nomena, interfacial and contact behaviours, and device characteristics.

The dopants like gadolinium alter the structural parameters such as
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crystallite size, lattice constants, stress-strain mechanisms, etc., and
hence related nonlinear optical properties [10-12]. Like most of the
rare earths, gadolinium is used as a phosphor in various applications
[13-19]. Gadolinium is also used for making gadolinium yttrium gar-
nets, as well as various optical components and magneto-optical films
[20]. Earlier, the nonlinear optical properties of Gd:ZnO thin films were
analyzed by irradiating with electron beam of various dosages, even-
tually lead to a significant increase in third-order nonlinear optical
susceptibility [9]. Aluminum is also used for the reduction of surface
resistivity of ZnO and it is termed as AZO [21].

ZnO doped with suitable metals, exhibit good magnetic and optical
properties those responsible for device applications. Gd which is se-
lected as a dopant in the present research work belongs to lanthanum
group. Gd tremendously modify the electrical and optical properties of
ZnO nanocrystals. Gd-doped ZnO allows fabrication of fast spin LEDs,
chemical sensors, novel microprocessors, and sensitive biological sen-
sors etc. In this report, we investigated the low-order nonlinear optical
characteristics and transient absorption of ZnO and AZO with different
concentrations of Gd dopant. In addition, high-order harmonic gen-
eration (HHG) is performed using laser ablation of pure ZnO and Gd-
doped ZnO.

2. Experimental details
2.1. Preparation of samples

In a typical process, acetylacetonate(acac) passivated nanocrystals
were synthesized by the decomposition of zinc undecylena [Zn(UND),]
with gadolinium (III) 2-4 pentanedionate, dissolved in Hexadecylamine
(HDA) using CEM Discover microwave operating under single mode
with continuous power at 2.94 GHz. The CEM MW cavity was com-
mercially modified by CEM with a Teflon insert to allow sustainable
heating at 300 C.

In order to synthesize zinc oxide and Gd doped ZnO nanocrystals
(GZO), a glass microwave reactor vessel was loaded with appropriate
amount of Zn(UND),, Gd(acac); and HDA(4 ml). The microwave (MW)
vessel was sealed, and the reactants were kept in water bath at 60 C for
30 min under continuous stirring, which helped the solids to get dis-
solved properly. The MW vessel was then inserted into the microwave
cavity and heated to 280 C temperature for 10 min. The solution was
allowed to cool down to 50 °C, which was followed by precipitation of
nanocrystals using addition of methanol (~5ml). The product was
isolated by the centrifugation and washed with toluene and acetone for
four times to remove organic residue. The resultant product was dried
overnight under vacuum and stored in clean sealed plastic containers
for measurements. Similarly, aluminum doped zinc oxide (AZO) and Gd
doped AZO (GAZO) nanocrystals were synthesized by adding Al(acac)s
salt powder into aforementioned reaction mixture for the synthesis of
ZnO and GZO by keeping other experimental parameters constant.

Nanopowders were ultrasonically dispersed into twice distilled
water to form a colloidal suspension for the optical measurements.
PerkinElmer Lambda 365 double beam spectrophotometer was used for
optical absorption measurements in the spectral range of 200-1100 nm.
Crystalline properties and lattice constants of samples of nanopowder
were measured using PAN analytical X-ray diffractometer with
A = 1.5406 A’ line from Cu-K“ source.

2.2. Experimental method of Z-scan

The conventional Z-scan technique was employed to study the
nonlinear optical properties of the ultrasonically dispersed in double
distilled water ZnO and AZO. Experimental schematic of Z-scan tech-
nique in closed aperture (CA) and open aperture (OA) configurations is
shown in Fig. 1(a). Ti: Sapphire laser (Spectra-Physics, Spitfire Ace)
provides ultrafast pulses of durations 30 fs with a central maximum at
800 nm and at a repetition rate 1kHz. A convex lens of focal length
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~40 cm was used to focus the laser beam into a quartz cell (of thickness
2mm) that holds the samples. The cell was moved along the direction
of beam propagation.

The transmitted beam was collected by detectors (silicon photo-
diode, Thorlabs PDA100A-EC) directly through an aperture for OA and
CA schemes. The OA measurements were performed using laser light
reflected from glass slide and allowed measurement of the nonlinear
absorption of samples. In the case of CA, the iris was closed to allow the
propagation of 10% of input radiation. The OA and CA schemes were
used for determination of two-photon absorption (2 PA) coefficients ()
and nonlinear refractive (NR) indices (y), respectively using 800 and
400 nm laser radiation. 400 nm laser beam was obtained using a barium
borate (BBO) crystal to study the role of laser wavelength on the non-
linear optical properties of the sample. Here, Z-scan experiment and the
validity of the obtained data depend on the profile of the input laser
beam which must be a Gaussian. The profile of the laser beam utilized
in the current experimental study was characterized by a CCD camera
(Thorlabs). It was evident that the profile is very close to a Gaussian.
The full width at half maximum and 1/e? of measured for the 30 fs laser
pulses at 800 nm wavelength was 38 and 72 pm, respectively.

2.3. Experimental procedure of pump probe studies

The transient dynamics of ZnO was studied using the non-collinear
degenerate pump-probe technique as illustrated in Fig. 1(b). The fem-
tosecond laser pulses of duration ~30fsat a central wavelength
~400 nm were utilized for this study. Upconversion of laser beam at
800 nm using a BBO crystal (2mm thickness) generate laser beam of
wavelength 400 nm. The reflected and the transmitted beams from
beam splitter were used as probe and pump for the study. A motorized
stage is employed in the study to introduce a required delay between
pump and probe pulses. The relative intensities, diameters of pump and
probe beams were kept approximately ~10:1 and 1:2, respectively,
throughout the experiment. The transmitted probe beam intensity was
measured by a photodiode and its output was connected to a lock-in
amplifier. The pump-probe signal is obtained by measuring the trans-
mitted probe beam signal from sample using lock-in amplifier as a
function of the delay between the pump and probe beams. Transient
absorption study of deionized water was also performed to remove the
influence of water from the data on transient absorption of ZnO na-
noparticles in water.

2.4. Experimental arrangements of higher harmonic generation(HHG)

The experimental scheme for HHG is shown in Fig. 1(c). The studied
samples were ablated by nanosecond pulses (1064 nm, 5ns, 10 Hz; Q-
Smart, Coherent) to create the plasma plume. The driving femtosecond
pulses (800 nm, 30 fs, 1 kHz; Spitfire Ace, Spectra Physics) propagated
through the plasma at different delays after the beginning of irradiation
of target by nanosecond heating pulses. The variable delay (0-10° ns)
between 5 ns heating pulses and 30 fs driving pulses was available
during generation of harmonics in plasma at the used geometry of ex-
periments when the 800 nm fs pulses were focused inside the plasma
from the orthogonal direction with regard to the ablating radiation, at a
distance of ~200 um above the target surface. The generated harmonics
emission were directed to the XUV spectrometer containing a cylind-
rical mirror and a 1200 grooves/mm flat field grating with variable line
spacing. The extreme ultraviolet (XUV) spectrum was recorded by a
micro-channel plate (MCP) with phosphor screen, and the harmonics
were imaged by a CCD camera.

3. Results and discussion
3.1. Characterization of samples

Fig. 2(a) shows the UV-visible spectra of ZnO and AZO as a function
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of concentration of Gd. The ZnO, AZO, AZO+1% Gd, AZO+12.5% Gd
and ZnO+ 20% Gd samples have shown the absorption peaks at 354
(3.50 eV), 356 (3.48 eV), 358 (3.46 eV), 366 (3.38 eV) and 369
(3.36 eV) nm, respectively. These measurements demonstrated that the
band gap of ZnO and AZO materials is decreasing with the incrasing
concentation of Gd. The addition of 20% Gd to ZnO shifted the ab-
sorption peak to larger wavelengths by 15 nm compared to pure ZnO.
Thus the doping of ZnO and AZO by Gd led to the red shift of absorption
peak. Moreover, the doping of ZnO (i.e. AZO) by Al had no effect of
shifting the absorption peak.

X-ray diffraction (XRD) patterns of ZnO, GZO, AZO and GAZO na-
nocrystals (NCs) are presented in Fig. 2(b). XRD results corresponding
to AZO and GAZO were scaled by 1.5X and 6X, respectively, for better
visualization. Diffraction peaks observed in the 20 range of 30-80° were
indexed for (100), (002), (101), (102), (110), (103), (112), (201) and
(202) planes of zinc oxide with wurtzite crystal structure (space group
p63mc, JCPDS no. 36-1451). The diffraction peak corresponding to
(102) plane has been fitted to Gaussian (Fig. 2(c)) in order to in-
vestigate the influence of doping on crystalline size and lattice constant
of ZnO NCs.

The XRD peak shifts towards smaller 26 value in doped sample show
the increase in lattice parameters. Intensity decrease for most of the
diffraction peaks in doped samples demonstrates a decrease in crys-
talline quality of materials. High amount of impurity doping causes
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Fig. 1. Experimental schematic of (a) Z-scan
scheme. A/2, half wave plate; GTP, Glan
Thompson Polarizer; PD; and PD, photodiodes.
(b) Pump-probe scheme. BS, beam splitter. (c)
High-order harmonic generation setup. FP,
driving femtosecond pulses; NP, heating nano-
second pulses; T, target; LP, laser plasma; CM,
cylindrical gold-coated mirror; FFG, flat field
grating; MCP, microchannel plate; CCD, CCD
camera. Inset: Image of the spectrum of high-
order harmonics. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)
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lattice disorder that can generate stress in the crystal. XRD peaks cor-
responding to (100) and (002) are used to calculate lattice parameters
using expressions a = b = 1//3*sinbyy and c = A/sinbyy,; where
A = 1.5406 A is the wavelength of Cu-Ka line used for XRD measure-
ments. Scherrer's formula D = kA/ucos6; where p is full-width at half
maximum (FWHM) of X-ray line, is used to calculate crystalline sizes of
different samples of zinc oxides. Lattice parameters and crystalline size
for all samples are presented in Table 1. It is interesting to note that
lattice parameter is increased by Gd and Al doping in ZnO, while Gd
doping in AZO significantly decreases the crystalline size.

To analyze the influence of doping on the surface morphology of
zinc oxide NCs, Scanning electron microscopic study was carried out.
Fig. 3 presents the SEM images of different zinc oxide samples. Among
all, it has been found that NCs in each sample showed a tendency to get
self-assembled which in turn become large aggregates of crystals. Gd
doping had little influence on surface morphology, but aluminum
doping significantly increased the rate of aggregation resulting in
clusters with larger size.

Transmission electron microscope (TEM) images of different ZnO
samples are presented in Fig. 4. TEM images depict that ZnO and GZO
particles are almost spherical in shape with NPs with a range of
10-20 nm. Though the small NPs self-assembled to form larger clusters,
individual NPs can be easily identified. In contrast to this, Al doping led
to the formation of non-spheroid particles and increases the rate of
aggregation and the degree of self-assembly.
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Fig. 2. (a) UV-visible spectra (b) XRD data of undoped Zinc oxide, 12.5% Gd doped zinc oxide (GZO), aluminum doped zinc oxide (AZO) and 12.5% Gd doped AZO.
XRD intensity for AZO and GAZO is scaled by 1.5X and 6X respectively. (c) Zoomed view of (102) XRD peak for different zinc oxide samples without scaling.
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Fig. 3. SEM images of (a) ZnO (scale bar 200 nm) (b) GZO (scale bar 1 um) (c) AZO (scale bar 2 pym) and GAZO (scale bar 1 pm).

Table 1 3.2. Z-scan measurements of pure and doped ZnO
Lattice parameters and crystalline size of different zinc oxide samples.

$.No. Sample Lattice parameter (A) Crystalline size (A) The nonllnea.r optical properties of materials were measured usm.g

the Z-scan technique by 800 and 400 nm, 30 fs, 1 kHz pulses. There is
1 ZnO a=b = 3.246; c = 5.199 9.35 = 0.019 no absorption at 800 nm in these materials hence it is a non-resonant
2 GzO a=b=327¢=5225 9.73 + 0.037 wavelength. The B, I,,, and y were measured using OA and CA schemes,
3 AZO a=b=3.23%c=51% 2218 = 0.087 respectively. The normalized transmittances Tops and Ts, in the cases of
4 GAZO a=b =3239; ¢ = 5201 14.28 + 0.038 P A 2PA sA

2PA and SA can be written as follows [22,23]:

Fig. 4. TEM images of (a) ZnO (b) GZO, (c) AZO, and (d) GZO NCs.
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Fig. 5. Z-scans of ZnO and ZnO + Gd (20%). (a) OA Z-scans and (b) CA Z-scans using 800 nm radiation. (c) OA Z-scans and (d) CA Z-scans using 400 nm radiation.

Solid curves correspond to theoretical fits.
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Here, 1 = By Loy/(1 + (2/20)%), X = 2/%0, 20 = k(W,)*/2 is the Rayleigh
length, k is the wave number k = 25/A, wy is the beam waist, I=1p/Is4,
Ip is the peak intensity of input beam at focal plane, L.y = [1-exp
(-apl)1/ao] is the effective length of the medium, a, is the linear ab-
sorption coefficient and L is the sample thickness. I, is the saturation
intensity, which is related to the concentration of the samples. In the
case of CA scheme, the nonlinear refraction and absorption (NRA) in-
duced transmittance is written as [24].

2(=8x? + 2x — 36)

T z)=1+
e (2) x* + 10x2 + 9

¢0 (3)
Here § = /2ky and A¢y = kyIoL.s represents the nonlinear refraction-
induced phase change. The nonlinear optical coefficients of 2 PA, SA,
NRA and SA + NR processes can be calculated using Egs. (1)—(3).
Fig. 5(a) and 5(b) show the OA and CA Z-scans of ZnO and
ZnO + Gd (20%) using 800 nm, 30 fs pulses, 0.3 uJ pulses. The solid
curves represent the theoretical fits of experimental data. The nonlinear
optical parameters of these materials are calculated and comprised in
Table 2. In OA scheme ZnO and ZnO + Gd (20%) suspensions show

Table 2
Nonlinear optical parameters of ZnO and AZO with different concentrations of
Gd.

Material Laser parameters (Pulse Nonlinear Nonlinear
width =30 fs, Repetition refractive index absorption
rate = 1 kHz) 107" em?W™1)  coefficient

@0 Memw™h
Wavelength Ih(10M'w
(nm) cm?)

Zn0O 800 1.2 0.95 0.43
400 1.2 0.66 2.4

ZnO + Gd 800 1.2 1.0 0.63

(20%) 400 1.2 0.59 2.4

AZO 800 0.6 0.56 —
800 1.2 0.7 1.5

AZO + Gd 800 1.2 0.47 0.3

(12%)

nonlinear absorption (8= 4.3 x 107'? and 6.4 x 10”2 ecmW™1).
Thus the nonlinear absorption in Gd doped ZnO (20%) was larger than
pure ZnO. In the case of CA, the combined processes of 2PA and NR
were observed in two samples that was accompanied by larger valleys
compared to peaks. The nonlinear refraction in doped and undoped
7ZnO was almost the same (i.e. 0.95 x 10~ cm?W~! and
1.0 x 10" em?wW™1).

Fig. 5(c) and 5(d) show the OA and CA Z-scans of ZnO and
ZnO + Gd (20%) measured using 400 nm, 30 fs, 0.3 pJ pulses. In OA
scheme ZnO and ZnO + Gd (20%) showed the nonlinear absorption
attributed to reverse saturable absorption (RSA), which was stronger
compared to results of measurement using 800 nm pulses. The non-
linear absorption coefficients of ZnO and ZnO + Gd (20%) at 400 nm
were 2.4 X 10~ cm W™, The growth of  was due to the proximity of
incident laser wavelength to the absorption peak of these materials at
360 nm. In the case of CA, the combined processes of RSA and NLR
were observed in both samples. The values of y were determined to be
0.66 and 0.59 x 10~ °*cm®W ™! for ZnO and ZnO (20%Gd), respec-
tively. Our results showed that at 400 nm, doping of Gd slightly reduce
the nonlinear refraction compared with pure ZnO, whereas the non-
linear absorption remained unaffected.

Fig. 6(a) and 6(b) show the OA and CA Z-scans of pure AZO mea-
sured using 800nm, 30 fs pulses, at E=0.18uJ
(I, = 0.7 x 10" Wem™2) and 0.3uJ (I, = 1.2 x 10" Wem™2), re-
spectively. In OA scheme, AZO showed 2PA, and its 3 value was
1.5 x 10 "' ecm W™, In CA scheme, the combined processes of RSA
and NR were observed at higher pulse energies. At 0.18 uJ, AZO ex-
hibited pure self-focusing, whereas at 0.33 uJ it showed the combina-
tion of 2PA and positive NR. The y at 0.7 x 10'' and
1.2 x 10" W em ™2 intensities were calculated to be 5.6 x 10~ ¢ and
7.0 X 10~ % ecm® W1, respectively. At 800 nm probe pulses, y slightly
increased for AZO with the increase in intensity, which is the sign of
additional high-order nonlinear refractive mechanism.

Fig. 6(c) and 6(d) show the OA and CA Z-scans of AZO + Gd
(12.5%) measured using 800 nm, 30 fs, 0.3 pJ pulses. In OA scheme,
AZO + Gd (12.5%) demonstrated 2 PA and its § (3 x 10™2ecmW™1)
was very less compared to pure AZO (15 X 10~ 2ecm W™!). Thus Gd
leads to decreasing the nonlinear absorption of AZO at this wavelength.
In the case of CA, the combined processes of 2 PA and NLR were ob-
served in 12.5% Gd doped AZO (y =4.7 x 10" *cm®*W™'). The
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Fig. 6. Z-scans of AZO [(a) OA Z-scan, (b) CA Z-scan] and AZO + 12.5% Gd [(c) OA Z-scan, (d) CA Z-scan] using 800 nm radiation.

measured nonlinear optical parameters are shown in Table 2.

3.3. Pump-probe studies of transient absorption

The transient absorption dynamics of ZnO and AZO at different Gd
dopant concentrations was studied using 400 nm, 35 fs laser pulses.
Fig. 7 shows the probe pulse transmittance through the materials with
variable delay between pump and probe pulses. The experimental data
was fitted with double exponential decay equation [25]:

AT = Aje=O/T1 4 Aje= O/ @)

Here 7; and 7, are the relaxation time constants, and A's are the
weighing factors. The relaxation time constants of materials with dif-
ferent concentrations of Gd are illustrated in Fig. 8.

The double exponential function demonstrates two decay times in-
volved in sample's relaxation process. The time constant 7, is associated
with the pulse width of the employed laser pulse (30 fs). Another time
constant 7, was attributed to the electron thermalization process due to
non-resonant excitation at employed pump pulse energy of 400 nm
radiation [26]. The relaxation processes occur at the femtosecond time
scale. The relaxation time z, was observed to be approximately the
same for both ZnO (150 fs) and AZO (153 fs). This shows that there is

[0 ZnO+ 20 % G4

(©

.,

N e
1.6

08 00 0.
Time delay (ps)

08 00
Time delay (ps)

Fig. 7. Transient absorption dynamics of (a) ZnO, (b) ZnO + 20%Gd, (c) AZO,
and (d) AZO + 12.5%Gd.
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Fig. 8. Relaxation time constants of ZnO and ZAO with different concentrations
of Gd.

no influence of Al doping in ZnO, as it was observed in their absorption
spectra. The relaxation time for ZnO+20%Gd were faster (85 fs)
compared to ZnO (150 fs). Similar trend was observed for Gd doped
AZO, which is shown in Fig. 8. This result implies that the increase in
Gd concentration for both ZnO and AZO decreases the relaxation time
constant.

3.4. HHG in the plasmas produced on different Gd-doped and pure ZnO-
based materials

Previous studies of HHG after ablation of different targets have re-
vealed the advantages of such an approach for frequency conversion in
the XUV range [27-29]. In earlier studies, the experimental conditions
of HHG, in particular, the delay between the heating and driving pulses,
were not optimized. To match the propagation of the driving pulse and
the highest concentration of the studied group of multi-atomic species,
one, therefore, has to use the electronic delay between the heating and
the driving pulses. The application of two electronically separated
pulses from different lasers synchronized by a digital delay generator
allows analyzing the involvement of various components of ablating
target on the HHG process. Application of this approach for HHG in
multi-component plasmas, alongside with other methods of harmonics
enhancement, requires the analysis of the ablated species, to temporally
match them with the propagation of driving femtosecond pulses
through the plasma.

A search for of different of

new applications dopants
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Fig. 9. Harmonics spectra from the ZnO plasmas produced on three targets at different delays between the heating and driving pulses. (a) Bulk ZnO target, (b)

Powdered ZnO target. (c) Powdered ZnO doped with 12% weight parts of Gd.

semiconductors is an important problem in optics. The interesting idea
is to find the optimal conditions in application of such multi-component
structures as effective emitters of the high-order harmonics of femto-
second pulses for the development of efficient sources of coherent XUV
radiation. Below we demonstrate HHG in the plasmas produced during
ablation of bulk ZnO, ZnO nanocrystal (NC) powder and Gd-doped ZnO
NC powder using electronically driven delays between the heating and
driving laser pulses. We ablated the samples using nanosecond laser
pulses and demonstrated efficient HHG in plasmas using femtosecond
laser pulses. Using this approach, we show the influence of Gd on the
delay-dependent spectra of harmonics.

Fig. 9 shows high-order harmonics spectra generated from the
plasmas produced on the surface of three targets [bulk ZnO, ZnO NC
powder and Gd(12% weight ratio)-doped ZnO NC powder] in the
spectral range of 25-100nm. HHG at different delays between the
heating and driving pulses (from 100 to 3500 ns) is shown for pulse
energies of 4 and 0.8 mJ, respectively. At initial stages of plasma for-
mation and spreading out from the target, i.e., at delays less than 50 ns,
the concentration of particles (neutral atoms and molecules and singly
charged ions as well as NCs) was insufficient for HHG, since the whole
ensemble of particles possessing velocities of ~2 x 10*ms~! cannot
reach the spatial region of the driving beam. At larger delays (100 ns
and longer), sufficient amounts of particles appeared in the path of the
femtosecond beam that allowed the generation of harmonics. The op-
timal delay was ~200 ns for bulk ZnO, ~300 ns for powdered ZnO NCs
and ~500 ns for Gd-doped ZnO NC powder targets. Gadolinium (atomic
weight 157.3 amu) can change the dynamics of delay-dependent har-
monics spectra compared with pure ZnO (81.4 amu) target. The har-
monics cut-off were similar for two powdered species [Fig. 9(b) and
((0)1, e.g., at ~23rd harmonic, while ablation of bulk ZnO showed the
29th harmonic as the highest [Fig. 9(a)]. An increase of the delay above
the mentioned optimal values led to gradual decrease of HHG effi-
ciency. The harmonics almost disappeared at the delay of 3.5 s, and no
harmonics were observed at delays up to 20 us

Experiments using bulk and powdered targets of the same materials
led to similar dependencies of the harmonics yield on the delay between
the heating and driving pulses. The only difference was the notably
strong 9th harmonic in the case of bulk ZnO [Fig. 9(a)]. These

experiments showed that, independently on either molecules or pow-
dered species of ZnO spread out from the target surface, most of them
appear in the area of the femtosecond beam approximately at the same
time (~200 ns).

The harmonics generation in such plasma can check the role of
complex composition of ablated species in the former process. A sig-
nature revealing the nature of different emitters could be the variation
of harmonics emission arising at some specific delay after the beginning
of ablation. This delay may characterize the time of propagation of
different components from the target's surface to the optical axis of
ultrashort pulse propagation. It was suggested in Ref. [30] that if the
components could be assumed to reach thermodynamic equilibrium
during the expansion, so that a similar average kinetic energy E = mv?/
2 could characterize all plasma components, the average arrival times
could be assigned to different cluster sizes. The similar assumption can
be applied to atoms, molecules and ions of ZnO and Gd. The delay, at
which the harmonics reach maximum yield, should scale as a square
root of atomic weight. Indeed, as it is shown in present studies, the
ejection of heavier atoms and ions (Gd) from the target surface allows
them to reach the axis of the driving beam later compared with lighter
species (ZnO).

One can expect from the above-mentioned kinetic model the arrival
of Gd ions and atoms in the area of interaction with driving beam at
(Mgq:Mzn0)%°-1.4 times later with regard to ZnO particles taking into
account the ratio between atomic weights of these two targets
(Mga:Mzn0=2). Once we compare two similar species (ZnO NC powder
doped with Gd and pure ZnO NC powders), the ratio of optimal delays
(500 ns: 300 ns = 1.6) is close to the above-mentioned estimates (~1.4)
based on the kinetic model. Thus, one can assume that this rule works
properly for the dynamics of material spreading out from ablation
target, once one analyzes the movement of particles during laser ab-
lation at relatively moderate fluencies (2-10J cm ™ ?) of heating nano-
second pulses. These studies showed, for the first time to the best of our
knowledge, the influence of dopant in NC-based media on the variation
of delay-dependent high-order harmonics spectra produced during
propagation of ultrashort laser pulses through the laser-produced
plasmas containing ZnO and Gd.

The important peculiarity of this process in three plasmas is a
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difference in the variation of harmonics yield for different delays be-
tween the heating and driving pulses. Though the same components
were used in the case of bulk ZnO and powdered ZnO NCs, the dy-
namics of plasma formation on these targets causes different harmonics
spectra. One can see the strong 9th harmonic in the case of bulk ZnO,
which is attributed to the resonance induced enhancement of single
harmonic in the vicinity of the ionic transition of Zn possessing large
oscillator strength [31]. The enhancement was due to the influence of
Zn II resonance (88.1 nm) [32].

Ablation of powdered target requires smaller fluence of heating
pulse compared with the ablation of bulk target of similar consistency,
which changes the excitation conditions for the ions. Correspondingly,
the role of the ionic transition responsible for the 9th harmonic en-
hancement in the case of strongly excited bulk target has been dimin-
ished in the case of ZnO NC powder. In the case of powdered targets
[Fig. 9(b) and 9(c)], the insignificant difference between the 9th and
the 11th harmonics was observed, contrary to the case of bulk target
[Fig. 9(a)].

HHG is very sensitive to different physical processes occurring in the
generating medium. The suppression of high-order harmonics occurs
through various mechanisms, such as phase mismatch between the in-
teracting waves, limitation in the concentration of emitters, absorbance
in the extreme ultraviolet range, etc. Search for new methods allowing
the enhancement of the harmonic yield requires application of different
concepts, such as quasi-phase matching, resonance enhancement of
single harmonic, nanoparticle-induced growth of harmonic efficiency,
and application of extended plasmas. A new concept of addition of
some components, which enhance the harmonics, can be another
method for the suppression of various impeding processes. Application
of the targets doped with rare-earth metals can reveal new opportu-
nities in this direction by either in extension in cutoff energy or in
enhancement of some harmonic orders due to closeness of some single
harmonics with the ionic transitions possessing strong oscillator
strength. The particular task of present studies was to analyze the role
of such doping component as gadolinium in variation of harmonic
spectrum. Overall, while not enhancing harmonic yield and cutoff, the
Gd atoms allow demonstrating how heavier species modify the delay-
dependent pattern of HHG.

4. Conclusions

We have analyzed different features of Gd-doped ZnO materials. Gd
and Al doping of the synthesized ZnO increases the lattice parameter,
while Gd doping in AZO significantly decreases the crystalline sizes.
From SEM analysis it was observed that Al doping increased the rate of
aggregation, forming larger sized clusters. Al and Gd doping of ZnO
formed spherical and non-spheroidal particles, respectively. ZnO and
AZO exhibited the nonlinear process of 2PA in OA scheme and the
combination of nonlinear refraction and nonlinear absorption. At 800
and 400 nm wavelengths, the nonlinear absorption and nonlinear re-
fraction are slightly affected by Gd-doped in ZnO NCs. The nonlinear
refraction increased with increase of laser energy for AZO and de-
creased with the growth of dopant concentration. Growth of Gd con-
centration in ZnO and AZO decreased the lifetime of carriers. Therefore,
the doping of these materials with Gd can be used for fast optical
switching devices.

We also reported for the first time, to the best of our knowledge,
studies of the influence of dopant in NC-based media on the variation of
higher-order harmonics spectra produced during propagation of ultra-
short laser pulses through the laser-produced plasmas containing ZnO
and Gd. The higher-order harmonics were generated from the ablated
ZnO materials and investigated by varying the delay between the
heating and fundamental pulses. The strong 9th harmonic was observed
in the case of plasmas produced on the bulk ZnO due to the resonance-
induced enhancement of single harmonic, whereas in powered targets
(powdered ZnO NCs and ZnO NCs + 12.5% Gd) insignificant difference

Optical Materials 95 (2019) 109241

between the 9th and the 11th harmonics was observed. We have de-
monstrated the influence of dopant on the harmonics spectra at dif-
ferent delays between the heating and driving pulses. Overall, we have
shown that doping of ZnO materials with Gd caused variation of tran-
sient, morphological, low- and high-order nonlinear optical properties
of ZnO.
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