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We report a study on the nonlinear optical properties of cobalt- (Co) doped ZnO nanorods (NRs) using
the single-beam Z-scan technique. In the open-aperture measurements, the undoped sample shows two-
photon absorption (TPA) characteristics, whereas the doped samples exhibit a saturable absorption (SA)
signature. In the closed-aperture measurements, all the samples show a self-defocusing behavior. We corre-
late the nonlinear absorption coefficient with the exponential reduction of the optical band gap and explain
it in terms of electronic-band-structure modification because of doping. Density-functional-theory calcu-
lation is also used to understand the observed nonlinear absorption and band-gap variation. The present
study can help to understand the origin of SA in ZnO. Doped ZnO nanorods can illustrate high SA and
nonlinear refraction by appropriate Co doping, which can drive the technology for O switching and mode

locking in solid-state and fiber lasers.
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I. INTRODUCTION

As it is a transparent conducting oxide (TCO), ZnO is
a promising candidate for designing nonlinear optical [1]
and optoelectronic [2] devices due to its high nonlinear
optical coefficient and unique optical properties, such as
the wide direct band gap of 3.2 eV and a large exciton
binding energy of 60 meV. ZnO inherently possess high
optical nonlinearity because of the unequal atomic dimen-
sions of the Zn and O atoms and the high polar potentials
of the ZnO crystal [3—5]. Hence, both intrinsic [6] and
impurity-related [3,7] defects affect its nonlinear optical
characteristics. ZnO is also robust, with minimum optical
damage [8], inexpensive, widely available, nontoxic, and
has a fast recovery time (1-5 ps) [9], which makes it a
suitable candidate for designing solid-state and fiber lasers.
Fiber lasers are one of the latest developments in laser tech-
nology, with a wide range of applications [10]. They are
compact, efficient, and can produce highly coherent and
ultralow-noise laser beams [10,11]. In the field of pho-
tonics, materials exhibiting two-photon absorption (TPA)
are used in autocorrelators and optical power limiters [12],
whereas the phenomenon of saturable absorption (SA) is
used in passive mode locking, Q switching of lasers, and
laser resonators [13].

The optical properties of ZnO also depend on the shape
and size of the nanostructures. It has been reported that
ZnO can be grown in a variety of subwavelength-sized
nanostructures [14] for a wide range of applications [15]
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in sensors [16], light-emitting diodes and lasing [17], and
dye-sensitized solar cells [18,19]. The physical and chemi-
cal properties of these nanostructures can be varied greatly
with the method of preparation adopted [6,14,20]. The
optical and electrical properties can be tuned further by
doping with various impurities [2,21,22]. In particular,
the doping of ZnO with transition metals such as cobalt
adds local magnetic moments and alters the electronic
structure in the crystal matrix locally, thus giving rise to
magnetic and spin-dependent phenomena [23] and also
tuning the optical band gap [24,25]. These materials are
known as dilute magnetic semiconductors (DMS) and they
can be used in next-generation magneto- or spin-based
optoelectronics [26].

The ferromagnetic ordering can give rise to magnetizat-
ion-induced modifications in the nonlinear optical proper-
ties of the material [3]. However, the effect of the electronic
band modification on the nonlinear optical properties and
the origin of the saturable absorption phenomenon in ZnO
has not been explored comprehensively.

In this study, we investigate the defect-induced elec-
tronic band-gap tunability by cobalt doping in hydrother-
mally grown ZnO nanorods (NRs) and we correlate with
how that affects the nonlinear optical properties using a
single-beam Z-scan technique.

II. THEORETICAL METHODS AND
EXPERIMENTAL DETAILS

The theoretical calculations on the pristine and Co-
doped ZnO are done using the Vienna Ab initio Simulation
Package (VASP) code [27—29] based on density-functional
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theory (DFT). The plane-wave basis set is implemented
in the VASP code. For our calculations, we use the gen-
eralized gradient approximation (GGA) along with the
Perdew-Burke-Ernzerhof (PBE) functional and the default
projector-augmented-wave (PAW) potentials.

The optimized atomic configurations for the theoreti-
cal calculations are shown in Fig. 1. ZnO has a wurtzite
structure belonging to the hexagonal crystal system and
the space group is P6smc. The ZnO crystal consists of
alternating Zn and O planes stacked along the ¢ axis and
the Zn** and O*~ ions are tetrahedrally coordinated. After
optimization of the atomic configurations, we perform the
self-consistent calculation using the plane-wave basis set
with a 500-eV energy cutoff and the Brillouin zone is sam-
pled using 12 x 12 x 6 gamma-point grids. Full atomic
relaxations are made using convergence parameters up to
0.001 eV/A for the atomic forces and less than 1 meV
for the total energy. The optimized lattice parameters for
pristine ZnO are a = 3.288 A and ¢ = 5.311 A. Using
the standard pseudopotentials, Zn 3d'%4s2, Co 3d%4s!, and
O 2s?2p* are treated as valence electrons. A 64-atom
supercell of Co-doped ZnO is taken, where one of the Zn
atoms is replaced with a Co atom, which results in 3.125%

(b)

FIG. 1. The optimized atomic configurations of (a) pristine
and (b) cobalt-doped ZnO used for the theoretical calculations.
The Zn, O, and Co atoms are shown in blue, green, and pink,
respectively.

Co doping in ZnO, and the lattice parameters of the opti-
mized supercell are found to be same as that of the pristine
ZnO.

A hydrothermal process [30,31] is used to grow the
nanorods. For the growth of the ZnO nanorods, zinc
nitrate [Zn(NO3),.6H,0] and hexamethylenetetramine
(HMT) [(CHy)¢N4] are used as precursor chemicals.
Co(NO3),.6H,0 is used as the source of Co in the doped
samples. A solution containing an equimolar concentration
of 0.05 M zinc nitrate and 0.05 M HMT is prepared in
deionized water and stirred at room temperature for 15-30
min. To provide seeding for the ZnO nanorods, silicon
and quartz substrates are coated with 0.01 M zinc-oxide
nanopowder (< 100 nm, Sigma-Aldrich) solution in deion-
ized water, using a spin-coating unit. These nanoparticles
provide nucleation sites for the ZnO NRs, for better uni-
formity of growth throughout the surface of the substrate.
The coated substrates are then glued to a glass slide and
dipped into the precursor solution. The vessel is sealed and
placed inside a hot-water bath for 3 h. The temperature of
the water bath is kept at 80 °C. Once the growth is com-
pleted, the substrates are cleaned using deionized water to
remove any residue left and then dried.

The morphology of the grown samples is exam-
ined using a field-emission scanning electron microscope
(FESEM). Subsequently, spectroscopic studies such as
Raman spectroscopy and photoluminescence study are car-
ried out using a Raman-photoluminescence system (Jobin-
Yvon LabRam HR Evolution, Horiba). A 532-nm laser is
used for Raman excitation and a 325-nm He-Cd laser is
used for the photoluminescence (PL) measurements. Opti-
cal measurements (absorbance) of the samples are carried
out using a UV-VIS-NIR spectrometer (Shimadzu). The
x-ray diffraction spectra for the study of crystal struc-
ture and phases of the NRs are studied using a Rigaku
Smartlab x-ray diffractometer with Cu Ko (A = 1.5418
A). Structural and chemical analyses of selected samples
are performed using a transmission-electron-microscopy
(TEM) system. The TEM system (JEM-F200, JEOL) is
equipped with a 4k x 4k imaging detector with real-time
drift-correction technology (Gatan Inc.). The integrated
energy-dispersive x-ray spectrometer (JED-2300 Series) is
used for elemental mapping of the NRs.

The third-order nonlinear optical (NLO) properties of
the ZnO NRs are studied using a single-beam Z-scan tech-
nique [32]: the experimental setup is shown in Fig. 2.
The nonlinear absorption coefficient (8) and the nonlin-
ear refraction (n,) are measured by the open-aperture (OA)
and closed-aperture (CA) Z scan, respectively. In OA mea-
surements, the aperture is removed, which allows the pho-
todetector to capture the total transmitted power from the
sample, and any variation in transmittance is due to non-
linear absorption by the sample. In CA measurements, an
aperture is placed in front of the photodetector and a frac-
tion of the transmitted beam from the sample is monitored.
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FIG. 2. The single-beam Z-scan experimental setup: HWP,
half-wave plate; PBS, polarizing beam splitter; L, lens (200
mm); S, sample; A, aperture; RD, reference detector; SPD, signal
photodetector.

The sample acts as a weak nonlinear lens and small dis-
tortions in this beam depend on the nonlinear refraction. In
our experiment, the samples are irradiated using a nanosec-
ond Q-switched diode-pumped solid-state laser centered
at wavelength A = 532 nm. The laser delivers a linearly
polarized pulse in a Gaussian-transverse-electromagnetic-
(TEMy) mode intensity profile. For our measurements, the
laser is operated at a repetition rate of 40 kHz with a pulse
duration of 1.1 ns. A converging lens (focal length f* = 20
cm) is used to focus the laser beam on the sample, with a
spot size of wy &~ 52 um. Therefore, the Rayleigh length
(zo = nw(z) /A) is approximately 16 mm, which is much
larger than the “sample plus substrate” thickness. The peak
intensity at the focal point is 6.66 x 10" W/cm?. A motor-
ized translation stage is used to move the sample through a
distance of 10 cm along the z axis and the focal plane.

I11. RESULTS AND DISCUSSION

Figure 3 shows the SEM and TEM images of the grown
ZnO nanorods (undoped). We observe two distinct types
of size distribution in the grown samples. The smaller
NRs typically have a diameter of 200 nm and a length
of 500 nm (type I). The larger NRs are of 0.5—1.5 um in
diameter and have a length of 5—10 pum (type 1I). Multiple
nanorods also cluster together to form a starlike mor-
phology. Both types of NRs have a hexagonal form with
a nearly smooth surface. We also observe similar mor-
phological characteristics in the doped ZnO NRs. From
the high-resolution TEM (HRTEM) image, we find the
spacing between the lattice planes to be 0.26 nm. The
NRs grow along the [0001] direction, i.e., the ¢ axis. The
TEM—energy-dispersive x-ray spectroscopy (TEM-EDS)
mapping of a Co-doped ZnO NR is shown in Fig. S1 (see
the Supplemental Material [33]).

The x-ray diffraction (XRD) patterns of the undoped
and doped ZnO NRs are shown in Fig. 4. From the XRD
patterns, we see that the samples thus prepared are of a

FIG. 3. SEM images of the grown ZnO nanorods (undoped).
(a) Both smaller (type I) and larger (type II) NRs can be seen. (b)
Grown NRs of type 1. (¢c) A HRTEM image of a 5% Co-doped
ZnO NR. The inset shows a TEM image of the same nanorod.

hexagonal wurtzite crystal structure and are in good agree-
ment with the standard JCPDS database of card number
36-1451. The absence of secondary phases suggests that
the Zn?>* sites in the crystal are successfully substituted
by Co*" ions. A peak at approximately 51.4° corresponds
to that of the Si substrate (JCPDS 72-1088). In the tetra-
hedral coordination, the ionic radius of Co?* (0.58 A) is
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FIG. 4. (a) The XRD pattern of the as-prepared undoped and
doped ZnO NRs. (b) A magnified view of the (002) phase of the
NRs. (¢) A plot of the stress versus the percentage of Co doping.

smaller than that of Zn?* (0.60 A), so the lattice param-
eters should decrease, giving rise to compressive strain.
We see in Fig. 4(b) that the (002) diffraction peak shifts
toward higher 26 values with increasing Co doping, which
suggests that there is a contraction of the unit cell, i.e., the
lattice parameters are decreasing [34,35], and the peaks are
also broadened, which suggests the formation of smaller
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FIG. 5. (a) Room-temperature PL spectra of the grown

undoped ZnO and doped ZnO NRs. (b) The deconvoluted peaks
of the undoped sample. (c) The variation of the Fx, Fx-1LO, and
Fx-2LO peaks with the percentage of Co doping in ZnO NRs.

crystallites. The lattice parameters and the strain and stress
values are calculated using the formulas in Refs. [36-38]
and are summarized in Table S1 (see the Supplemental
Material [33]). The positive stress value indicates that the
crystal lattice is in a compressed state and we see from
Fig. 4(c) that the stress increases with the increase of Co
doping.
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Room-temperature photoluminescence (PL) spectra col-
lected from the undoped and doped nanorods are shown
in Fig. 5. For all the samples, a very strong peak appears
at 382 nm. This UV peak corresponds to the near-band-
edge (NBE) exciton decay of ZnO and it is red shifted
for the Co-doped samples [39]. The observed red shift
and broadening occur due to the change of the band
gap due to doping [40], which is further evident from
subsequent UV-vis absorbance spectra and DFT calcu-
lations. The NBE peaks for the undoped ZnO nanorods
are deconvoluted and are shown in Fig. 5(b). Four sub-
peaks are found under the NBE envelope. The first one,
which is known as the Fx (free excitons) peak, appears
at approximately 381 nm. Subsequent longitudinal-optical
(LO) exciton-phonon interaction peaks appear at approx-
imately 389 nm (Fx-1LO) and approximately 399 nm
(Fx-2LO) and the last weak peak appears at approximately
407 nm (Fx-3LO). It is noted that the peak positions are
red shifted and broadened with the amount of doping,
which can happen when the electrons get trapped in the
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FIG. 6. (a) The UV-vis absorbance spectra obtained from the

grown NRs. (b) The obtained optical band gaps of the NRs,
calculated using the Tauc method.

impurity-related defect states below the conduction band.
Along with the Fx peak, the wavelength of the other
LO peaks also increases with the Co doping, and they
are shown in Fig. 5(c). However, the energy separation
between the Fx and Fx-1LO peaks for the different samples
remains nearly constant (approximately 71 meV), which
signifies that the energy of the 1LO phonon remains almost
unchanged. Thus, the Frohlich interaction remains nearly
the same at room temperature for all the samples.

The linear optical absorbance of the samples over a wide
range of light wavelengths from 300 to 800 nm is shown in
Fig. 6(a). The samples are transparent in the visible region
and remain active in the UV region. It is also observed that
the absorption edge of the samples is red shifted with the
doping concentration. Further, the optical band gaps of the
samples are calculated using the Tauc plot. The band gap
for pristine ZnO nanorods is found to be 3.07 eV. For the
1% Co-doped NRs, the band gap is 2.88 eV, which is a
6.1% drop from the pristine value. The band gap keeps on
decreasing with the amount of doping [41]. However, from
1% onward, the change in the band gaps with the percent-
age of Co doping drops slowly (0.5%) as compared to the
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FIG. 7. (a) Raman spectra obtained from the samples. (b) A
plot of the strain calculated versus the percentage of Co doping
in ZnO.
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6.1% drop in the case of pristine ZnO. The drop in the band
gaps follows an approximately exponential pattern, which
is shown in Fig. 6(b).

Raman spectra obtained from the samples are shown in
Fig. 7(a). The presence of an E2 (high) peak at around
438 cm™! with high intensity is observed. The E2 (high)
phonon frequency is dependent on the residual stress in
the wurtzite crystal of ZnO. It is found that the position
of the E2 (high) peak gradually shifts toward higher fre-
quency with the doping concentration [35]. The shift of
the E2 (high) peak is due to the formation of compres-
sive stress in the crystal lattice due to Co doping. This
observation is in good agreement with our XRD results. To
calculate the strain in the crystal lattice, we fit the experi-
mental E2 (high) peak with a Lorentzian function [42] and
use the given relation in the reference [43]. The position of
the E2 (high) mode for bulk ZnO is taken to be 434 cm™!
[44]. Table S2 (see the Supplemental Material [33]) and
Fig. 7(b) summarize the strain calculated from the Raman
spectra with various Co-doping concentrations. The strain
calculated from the Raman spectra is higher than that from
the XRD data [45].

Open-aperture (OA) and closed-aperture (CA) Z-scan
curves for the ZnO NRs as a function of the cobalt doping
are shown in Figs. 8 and 9. In the OA Z-scan curves, we see
that for the undoped sample, the transmittance curve shows
a valley at the focal plane, which is a signature of the TPA
phenomenon, whereas for all the doped samples, a trans-
mittance peak is observed at the focal plane, which is a

signature of SA. A prefocal maxima is followed by a post-
focal minima in the CA Z-scan curves for all the samples.
This is the signature of the self-defocusing effect, which
corresponds to a negative value of the nonlinear refractive
index. In the OA [Eq. (1)] and CA [Eq. (2)] configurations,
the normalized transmittance for the Z-scan measurements
is given as [3,32],

IoLe
2
T(z, Ady) = 1 4A¢ox 263 4 3)AY,

@+ + D) @492 +1)
)

where B is the nonlinear absorption coefficient, /; is the
peak intensity at the focal point (z = 0), x = z/zy, and L
is the effective length of the sample, given as Ly = (1 —
e Ly /a, where o is the absorption coefficient and L is
the sample thickness. S = 1 corresponds to OA configura-
tion measurements. A¢g = knylyLeg and Avrg = BloLeg/2
are the phase-change terms due to nonlinear refraction and
nonlinear absorption, respectively. Here, k = 27 /A, ny is
the nonlinear refractive index. B is positive for TPA and
negative for SA.

Table I shows the comparison of the § and n, values
of ZnO thin films and NRs using 532-nm excitation from
previous reports and the present study. To obtain the 8 and
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Open-aperture (OA) Z-scan curves for the ZnO NRs with different amounts of cobalt doping: (a) undoped; (b) 1% Co doped;

(c) 2% Co doped; (d) 3% Co doped; (e) 4% Co doped; (f) 5% Co doped.
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FIG. 9. Closed-aperture (CA) Z-scan curves for the ZnO NRs with different amounts of cobalt doping: (a) undoped; (b) 1% Co

doped; (c) 2% Co doped; (d) 3% Co doped; (¢) 4% Co doped; (f) 5% Co doped.

ny values, we fit the experimental Z-scan traces with Egs.
(1) and (2). The obtained B and n, values are higher com-
pared to those previously reported for ZnO thin films and
NRs, which is due to the cobalt doping and the geometri-
cal arrangements of the NRs. There is a local enhancement
of the field due to Fabry—Perot-like localized resonance,

TABLE L.
the present study.

which arises from the small-scale ordering of the NRs [3].
This local enhancement of the field, defect states, and the
heating effect due to the high-power laser excitation and
the high repetition rate all contribute to the increase in
the nonlinear interactions and thus the 8 and n, values.
In order to determine the nonlinear optical contribution

A comparison table of the § and n, values of ZnO thin films and NRs using 532-nm excitation, from previous reports and

Sample BemW™) np(cm? W) Parameters References
ZnO thin films 42 x107° —0.9 x 10714 A = 532 nm, pulse width = 25 ps [47]
ZnO thin films 4.68 x 1073 —137 x 1078 A = 532 nm, cw laser [48]
5%-Co—ZnO thin films 7.53 x 1073 —1.94 x 1078 A = 532 nm, cw laser [48]
ZnO nanoparticles (NPs) 2.55 x 1077 —7.79 x 10713 ) = 532 nm, cw laser [49]
5%-Eu—ZnO NPs —6.8 x 107° 4.67 x 10713 A = 532 nm, cw laser [49]
7ZnO nanocolloids 2.37 x 1077 —1.55 x 10712 A = 532 nm, pulse width = 7 ns [50]
Ag-ZnO nanowire —2.42 % 1078 44 %1071 A = 532 nm, pulse width = 4 ns [51]
Graphene-ZnO NPs —5.97 x 1073 1.183 x 107° A = 532 nm, cw laser [52]
5%-Co—ZnO NPs 6.71 x 1073 6.02 x 1078 A = 532 nm, cw laser [53]
7ZnO NRs 3.5%x 1073 —2.1 x 10710 A = 532 nm, pulse width = 0.7 ns [3]
2.5%-Mn—ZnO NRs 5.45 % 107 —1.34x 10710 A = 532 nm, pulse width = 0.7 ns [3]
ZnO NRs 9.16 x 1073 —6.35 x 10710 A = 532 nm, pulse width = 1.1 ns This work
1%-Co-doped ZnO NRs —229x 1073 —2.13 x 10710 A = 532 nm, pulse width = 1.1 ns This work
2%-Co-doped ZnO NRs —2.36 x 1073 —4.65 x 10710 A = 532 nm, pulse width = 1.1 ns This work
3%-Co-doped ZnO NRs —1.34x10™* —1.52%x107° A = 532 nm, pulse width = 1.1 ns This work
4%-Co-doped ZnO NRs —226 x 107* —1.56 x 107° A = 532 nm, pulse width = 1.1 ns This work
5%-Co-doped ZnO NRs —3.15x 107* —-1.73 x 107° A = 532 nm, pulse width = 1.1 ns This work
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FIG. 10. The calculated electronic band structure of (a) pris-
tine and (b) cobalt-doped ZnO. The dashed blue line at 0 eV
denotes the Fermi level.

from the quartz substrate, the Z-scan measurements are
also performed on the quartz substrate in the same con-
ditions. The measurements reveal negligible variations in
the normalized transmittance, which rules out the contribu-
tion from the substrate [3,26]. In the two-parabolic-band
(TPB) theory and the Kramer-Kronig relation, it is said
that ZnO, being a semiconductor, will show a negative
nonlinear refractive index, since the excitation energy is
above 0.7E, and its sign changes at about two thirds of the
band gap [6,7,46], which explains the observed negative n;
values.

The calculated electronic band structures for the pris-
tine and the cobalt-doped ZnO are shown in Fig. 10. The
band gap of the pristine ZnO is calculated to be 1.84 eV.
The valence-band maxima and the conduction-band min-
ima occur at the same gamma point, so ZnO has a direct
band gap. In the case of Co-doped ZnO, the conduction-
band minima cross below the Fermi level and the band gap
reduces to 0.60 eV. However, it is found that the calculated
band gap of ZnO is lower than the experimental value. This
is because of the well-known fact that, in general, DFT
calculations using GGA tend to underestimate the band
gap compared to the experimental value [54], whereas the
reduction of the band gap is consistent in both calculation
and experiment.

To understand the cause of the lowering of the band gap,
we further calculate the partial density of states (PDOS).

From Fig. 11, we see that in the case of pure ZnO, the
valence band mainly consists of Zn-3d and O-2p states and
the conduction band consists of Zn-4s and O-2p states. For
Co-doped ZnO in Fig. 12, new localized density of states
(DOS) peaks consisting of the Co-3d state appear very
close to the Fermi level. This results in a decrease in the
band gap as observed and the presence of such Co-related
defect states near the Fermi level greatly enhances the
probability that an electron will jump over to the conduc-
tion band from the valance band. Therefore, these defect
states can facilitate SA by providing an intermediate state
by means of which the valence electrons can reach the
conduction band.

The variation of the nonlinear absorption coefficient ()
with the band gap of the ZnO nanorods is given in Fig. 13.
With an increase in Co doping, we observe that the band
gap does not change significantly but the 8 value changes
and it follows an approximately logistic fit. To understand
the observed SA in the Co-doped ZnO nanorods, we need
to understand the defect-related electronic band modifi-
cation arising due to the incorporation of Co?* ions in
the ZnO lattice. The nonlinear absorption is related to the
energy band gap (E;) of the material and the defect den-
sity in the crystal lattice. This means that the sign of 8
initially depends on the band gap of the material and that
the SA characteristics increase with the increase of defect
density. In case of the undoped NRs, since the excitation
photon energy is more than half of the band-gap energy,
an electron in the valence band can absorb two photons
simultaneously and reach the conduction band [12]. But in
the case of the doped NRs, it is known that the substitution
of the Zn?* by Co®" gives rise to impurity-related narrow
bands in the forbidden gap and that they split further due
to the crystal field [55]. From our DFT calculations also, it
is evident that the conduction-band minima come below
the Fermi level and that new localized defect states are
created near the Fermi level after incorporation of cobalt
in the ZnO lattice. Now, with the increase in the amount
of the doping concentration, the number of defect-related
states per unit volume, i.e., the defect density in the crys-
tal, also increases and more electrons are trapped in these
defect states, which in turn also increases the lifetime of the
electrons in the defect states [7]. Therefore, at high laser
intensities, the defect states are filled very rapidly. In this
way, the ground state is depopulated and thus the ground-
state absorption is reduced [3]. Hence the combined effect
of saturation of the defect states and depopulation of the
ground state leads to the observed SA in the doped NRs.

Thus ZnO NRs can show both TPA and SA character-
istics depending on the amount of Co doping and we can
also tune the nonlinear absorption coefficient. The samples
exhibiting TPA can be used in autocorrelators and opti-
cal power limiters [12]. Saturable absorbers are used in
fiber lasers for passive Q switching [13] and passive mode
locking [13], and these techniques are used for generating
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FIG. 11. The calculated PDOS of pristine ZnO with contribu-

tions (a) from Zn and (b) from O, and (c) the total DOS. The
dashed blue line at 0 eV denotes the Fermi level.

highly energetic nanosecond and femtosecond laser pulses,
respectively. TPA is a multiphoton absorption process. In
the samples exhibiting TPA, when the laser irradiation is
low, i.e., there are fewer photons, single-photon absorption
(SPA) is the dominant phenomenon. However, this absorp-
tion is low, since the electrons cannot gain enough energy
to reach the conduction band. This makes the undoped
ZnO virtually transparent in the low-laser-power regime.
When the laser irradiance is sufficiently high for the onset
of TPA, the sample absorbs a significant number of pho-
tons, resulting in reduced transmission. Thus, we see that
the transmission varies nonlinearly with the incident light
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FIG. 12. The calculated PDOS of Co-doped ZnO with contri-
butions (a) from Zn, (b) from Co, and (c) from O, and (d) the
total DOS. The dashed blue line at 0 eV denotes the Fermi level.

intensity. Therefore, the undoped ZnO acts as an opti-
cal power limiter [56], i.e., it transmits low-intensity light
and blocks high-intensity light. Nagaraja et al. [57] have
shown that undoped ZnO thin films exhibiting TPA can
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Variation of the nonlinear absorption (8) with the

be effectively used as optical power limiters under the
continuous-wave (cw) regime using a He-Ne laser (A =
633 nm). On the other hand, saturable absorbers favor
transmission of high-intensity and absorb low-intensity
light. When the doped ZnO is used in the laser resonator as
a saturable absorber for passive Q switching [58], initially
in the pumping phase, the light intensity in the resonator
cavity is low and doped ZnO introduces losses. But as
soon as the energy stored in the gain medium is sufficiently
high, the laser pulse is generated. The light intensity then
amplifies because of the energy stored in the gain medium
through successive oscillations in the resonator. This leads
to the saturation of the absorber, the losses introduced by
it reduce, and the intensity increases even further. But as
the time-integrated intracavity power reaches the satura-
tion energy of the gain medium, the gain saturates, and
the energy of the gain medium also depletes. This results
in laser power decay and in the whole process, an output
corresponding to a nanosecond laser pulse is generated.
The next laser pulse remains due until the gain medium
is sufficiently replenished [59]. Prieto-Cortés ef al. [60]
have successfully shown that 2% of Al-doped ZnO (8 =
—4.8 x 1073 cm W) can be used as a saturable absorber
for passively Q switching a Er-Yb double-clad fiber laser.
The SA property of doped ZnO can also find use in pas-
sive mode locking to generate femtosecond laser pulses,
as shown by Ahmad et al. [61], using a WS; — ZnO com-
posite material. Here, a doped ZnO mirror can be placed at
one end of the laser resonator. The doped ZnO mirror will
absorb the weak pulses or continuous background light and
allow the transmission and circulation of the high-intensity
light. It also attenuates the leading and trailing wing of the
circulating pulse, thus decreasing the pulse duration [62].
After many circulations, only the longitudinal modes of
the laser resonator having a fixed phase relationship will
survive and all the other modes of light pulses will be
lost because of destructive interference in the resonator

[59]. The modulation depth is a key parameter for passive
mode locking and it is directly proportional to the nonlin-
ear absorption coefficient [63]. Saturable absorbers with a
large modulation depth have strong pulse-shaping proper-
ties and they can be useful to generate short laser pulses
and design self-starting mode-locked lasers [64]. In a nut-
shell, Co-doped ZnO NRs with NLO properties can have
a wide range of applications, depending on the properties
that they exhibit.

IV. CONCLUSIONS

We grow undoped and cobalt-doped ZnO NRs
hydrothermally and study the change in the morphologi-
cal, structural, linear optical, and NLO properties of the
NRs. We use a single-beam Z-scan technique to study the
NLO properties of the NRs. The NLO properties of the
NRs are linked to the linear optical absorption studies and
we also understand the nonlinear absorption from the DFT
calculations. The undoped NRs show TPA characteristics,
whereas the doped NRs show SA characteristics in the OA
measurements. Also, all the NRs show a self-defocusing
effect in the CA measurements. The higher 8 and n, values
can be attributed to the local enhancement of the field due
to Fabry—Perot-like localized resonance, the defect states
arising in the forbidden band gap, and the heating effect
because of high irradiance of the laser. There is a change
in the sign of the § value due to doping and its magni-
tude is found to increase with the doping concentration.
The n, values are also found to increase at higher doping
concentrations. Therefore, Co doping enhances the NLO
interactions in the samples. ZnO NRs can have suitable
applications as optical limiters or as saturable absorber
materials in OQ-switched and mode-locked solid-state and
fiber lasers, depending on their properties and the amount
of Co doping.
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