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ABSTRACT: We report a systematic study about the anisotropic third-order
optical nonlinearity of a single ZnO micro/nanowire by using the Z-scan method 12]
with a femtosecond laser. The two-photon absorption coefficient and nonlinear
refraction index, which are measured as a function of polarization angle and
sample orientation angle, exhibit oscillation curves with a period of 7/2, indicat-
ing a highly polarized optical nonlinearity of the ZnO micro/nanowire. Further
studies show that the polarized optical nonlinearity of the ZnO micro/nanowire 0.61
is highly size-dependent. The results indicate that ZnO nanowire has great
potential in applications of nanolasers, all-optical switching and polarization-

sensitive photodetectors.
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In recent years, the nonlinear optical properties of nanoma-
terials, such as second- and third-harmonic generation (SHG
and THG, respectively) effects and two-photon absorption
(TPA) effect,'"* have attracted much interest due to their
potential applications in high-speed information processin%,l_5
nanolasers,® optical limiters,” and all-optical switching.®” In
particular, there has been great interest in the TPA effect of the
nanomaterials because of their advantage in imaging'”"" and
nanolaser pumping.é’u_14 For example, a nanolaser pumped
by TPA effect can eliminate the problem of separating the
pumping and emission light in single-photon pumping.'®
According to many previous works, the nonlinear optical
properties, such as TPA effect is highly dependent on the
polarization of the incident laser and the orientation of the
sample because of the anisotropy of the semiconductor
crystals,'¢72!

ZnO nanowires, a direct wide band gap (3.37 eV) semiconductor
with a large excitation binding energy (60 meV), have attracted a
wide range of interest both in science and technology.”>~** Since
ZnO nanowire is considered as an important building block for
fabricating various nanodevices, it is important to study the aniso-
tropy of the third-order susceptibility, y*), including TPA coefficient
and nonlinear refraction (NLR) index of the ZnO nanowire. There
are a few reports on the study of polarization effect of the SHG of
ZnO films,"® SHG and THG of the ZnO nanowire,”> and Raman
effect of the ZnO nanorod.*® From the view of two-photon pumped
nanolaser, it is important to systematically study the polarization
dependent optical nonlinearities of the ZnO nanowires in order to
achieve a high TPA coefficient and a pumping efficiency. However,
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to the best of our knowledge the information of the anisotropy of
TPA coefficient and NLR index of the individual ZnO nanowire in
the near-infrared region has been rarely studied.

In this Letter, we report a systematic study on the polarization-
dependent third-order nonlinearities (TPA and NLR) of an in-
dividual ZnO micro/nanowire in the near-infrared region using
the Z-scan method with a femtosecond laser (800 nm, 50 fs).
The TPA and NLR as a function of the polarization angle exhibit
oscillation curves with a period of 7/2, indicating significant aniso-
tropies of )((3) of the individual ZnO micro/nanowire. The size-
dependent polarized optical nonlinearities of the ZnO micro/
nanowire have also been studied.

Figure 1 shows a schematic the experimental setup for the
measurements. The Z-scan method is used to determine the
anisotropy of 7 by measuring the transmittance of the sample
through an aperture in the far field as a function of the sample
position with respect to the focal point (Figure 1a).'”?” The
NLR index (#,) and the nonlinear absorption coefficient (/)
can be measured with (closed aperture, CA) and without the
aperture (open aperture, OA), respectively. The femtosecond
laser system consisted of a mode-locked Ti/Sapphire oscillator
and a regenerative amplifier (Spitfire, Spectra-Physics, 800 nm,
50 fs, 1 kHz) was used as the light source, which was focused
by a lens with a focal length of 200 mm. The radius of
the beam waist @, was measured to be ~30 ym and then
the Rayleigh length, z, = 7w,/ 2, was calculated to be 3.5 mm,
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Figure 1. (a) Experimental schemes of the anisotropy nonlinearity measurement. (b) High-magnification SEM image of an ultralong ZnO nanowire
on the quartz substrate. (c) The definitions for the polarization angle, §, and the sample orientation angle, ¢. (d) The XY-scan pattern of the
normalized change of the transmittance, AT/T, in a small area of the focal plane (400 X 200 ym?). The single ZnO microwire with a diameter of
2.6 pm on the substrate is scanned in the focal plane under an excitation intensity of 10 GW/cm?

which was much larger than the thickness of the quartz substrate
(0.2 mm). Under a low excitation intensity, the nonlinear optical
effect of the quartz substrate can be neglected and the large
nonlinear effects observed in experiment are attributed to the ZnO
micro/nanowire.'” The transmitted beam through OA or CA was
received by a silicon diode (PC20-6, Silicon Sensor GmbH) and
double-phase lock-in amplifier (SR830, Stanford Research
System).

The ZnO micro/nanowire used for our experiments were
synthe51zed by a high-temperature thermal evaporation pro-
cess.”” For optical measurements, single ZnO micro/nanowire
was placed on a quartz substrate by using a probe station under
optical microscopy.”*~>" Figure 1b shows the high-magnifica-
tion SEM images of a typical ultralong ZnO nanowire on a
quartz substrate which has a hexagonal cross section with a
diameter of ~500 nm. As the ZnO exhibits a hexagonal
structure, we can conclude that the growth direction of the
ZnO nanowire is along c-axis. The Raman spectrum of the
single ZnO nanowire was conducted under unpolarized back-
scattering geometry with Raman shift ranging from 200 to 700
cm™! (see Supporting Information, Figure S1). The main
Raman features of E, (High) at 439.3 cm™" is observed, and a

second-order Raman feature of 2E,(M) is also observed at
333.3 cm™!, which can be attributed to the undoped ZnO.*

In Figure lc, the c-axis of the ZnO micro/nanowire was
placed along the X-axis, the polarized angle with respect to the
c-axis, 0, is defined, which is controlled by rotating a half wave
plate. The angle between Y-axis and the substrate is defined as
the sample orientation angle, ¢, which controls the incidence
plane of the ZnO micro/nanowire. It sets to be 0° as the sub-
strate is perpendicular to Z-axis. As it is shown in Figure 1d,
an XY stage (MVP-25XA, Newport) was used to give a two-
dimensional scan that the normalized change of the transmit-
tance, AT/T, has been measured in a small area of the focal
plane (400 X 200 um?)*

AT _ AP _h-h
T p B (1)
where P; and P, are the incident and the transmitted powers. It
exhibits a pattern with a long length (X-axis) of several-hundred
micrometers but a much narrow width (Y-axis). Because of

the negligible nonlinear absorption of the quartz substrate,
this wirelike signal observed can only be attributed to the
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Figure 2. (a) The wirelike 2D pattern of AT/T in functions of X and Y axes in focal plane with a long length and a much shorter width. (b,c) The
typical scan curves of the AT/T as a function of Y-axis at z = x = 0 and Z-axis at x = y = 0, respectively. (d) The CA/OA Z-scan data at ¢ = 0°. The

solid line indicates the theoretical fit.

ZnO micro/nanowire. Furthermore, the value of AT/T decreases
as the excitation intensity increases, indicating a nonlinear
absorption process of the ZnO micro/nanowire (see Supporting
Information, Figure S2).

In Figure 24, it exhibits a two-dimensional pattern of XY-scan
of the ZnO microwire with a diameter of 2.6 um, while a curve
of AT/T as a function of Y-axis in the focal plane (x = z = 0) is
shown in Figure 2b. The single microwire can be positioned at
the center of the focal spot, where the largest IAT/TI can be
obtained. For the sample that is much smaller than the spot size
of the beam (nanogarticle or nanowire), the transmitted power
can be written as®

B =B - q(r, DI(r, 2) )

where q(r, z) = PI(r, z)Lyp f is the nonlinear absorption
coefficient and L. is the effect sample length. The value of the
AT/T as a function of Y-axis in the focal plane and the Z-axis
can be written as

2
ﬂ(y) 0) = — POl est exp| — 4(L]
()

Ay (3)
ﬂ(z, 9) _ _ B(G)IOLeff

T 2\3/2
)+ ()

Y 20 (4)
where the intensity at the center of the beam at the focus

(z = 0), I, is calculated to be about 3 GW/cm?. Ay is the width
of the ZnO micro/nanowire. The curves of Y-scan (x = z = 0),

as well as Z-scan (x = y = 0) shown in Figure 2b,c can be fitted
well by using eqs 3 and 4, respectively. Thus, the TPA coef-
ficient as a function of polarized angle, $(6), is in proportion
to the absolute value of AT/T at x = y = z = 0. In Figure 2d,
it shows the typical CA/OA results at ¢ = 0°, which is related
to the NLR properties of the ZnO micro/nanowire. The value
of the normalized difference of the extreme transmitted powers
(peak and valley) AP;_y can be used to determine the on-axis
(x = y = 0) relative change of the value nonlinear refraction
index (n,) as a function of the polarized angle (8).”

The amplitude of the third-order nonlinear polarization
vector can be presented as follows'”

3¢g

Gle) =
P (@) =
(w) 7

€)) 3
Xeff (w)E ()
where g, is the dielectric permittivity and 7P is the
effective third-order susceptibility whose functional form
depends on the symmetry and orientation of the sample.
Figure 3a shows the IAT/Tl| as a function of the sample
orientation angle ¢ at @ = 0°. Since @ keeps as a constant and
the polarization direction is along the c-axis, only one tensor
component, 2%, is excited. The increase of IAT/Tl at ¢ =
30° from |IAT/TI at ¢p = 0° is attributed to the increase of the
thickness of the ZnO micro/nanowire. In Figure 3b, it shows
|AT/TI versus the sample orientation angle ¢ at 8 = 90°. The
low vibration data indicates that no obvious polarized
anisotropy can be observed. In this situation, wave vector k is
normal to the c-axis, the electric-field polarization is relative to
[1010] crystallographic axis in the crystal graphic xy plane. The
intrinsic permutation symmetry leaves only three independent
tensor components given by 2w 28 ayw and )((S)xxyy.
For this specific geometry, the effect third-order susceptibility
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Figure 3. The absolute value of the normalized change in
transmittance, AT/T, as function of the sample orientation angle, ¢,
with the polarization angle, 6, kept as a constant of (a) 0° and (b) 90°,
respectively.

from eq S is

eff((1)) = ngczm[l + 20(sin* ¢ — sin® ¢)] (6)
where a coefficient of anisotropy, o, is defined as
(3) 3) 3)
o = Xxxx — [ xxyy ZXxyyx]
B NS

Because of the isotropy in the xy plane and )( xm (3) oy +
2% the coeffi f Thas 7 G
X xyyo t e coefficient of anisotropy is zero. us, ;( off 18
equal to y ©

Figure 4a,b show IAT/Tl and IAT/Tlp_y as a function of the

polarization angle 6 at ¢ = 0°. The electric-field polarization in
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Figure 4. The absolute value of AT/T and the peak to valley change of
transmittance, AT/ Tp_y; as a function of the polarization angle 6, with
the sample orientation angle set to 0° for (a) and (b), and 30° for (c)
and (d), respectively. The solid line indicates the theoretical fit.

the crystal graphic xz plane is given by E = Ey(cos 0 z + sin 0 x).
Since ZnO exhibits a hexagonal structure, the intrinsic
permutation symmetry leaves eight independent tensor
components. Note that this is true for both TPA coefficient
and NLR index. For this specific geometry, the effect third-
order susceptibility from eq 5 is

.2
20
(3) sin4 0 + B2

(3)(9) — X(3)

eff zzz2

cos* 0 +
Ko (®)
where B = 2)(2(23,2,( + 2)((3) + 2)((3) + Zng)x
As it is shown in Figure 4a,b, both curves exhibit oscillations
with a period of 7/2, which is ascribed to the symmetry of the

XZ plane of the single ZnO crystal as indicated in eq 6.
Furthermore, the maximum values of IAT/T| and IAT/Tl,_y
occur at @ = 90°, in which case ¥, is probed. The largest
polarization ratio is obtained that the minimum values of
IAT/TI (0 = 40°) and IAT/Tlp_y (6 = 40°) are about 62 and
60% of the maximum values of the IAT/T| and IAT/Tlp_y at 0 =
90°, respectively. For the specific direction when polarization angle
is 0°, ¥ is excited according to eq 8. Since |IAT/TI and
|AT/Tlp_y in Figure 4a,b are of a nearly the same polarization
dependence, it is obtained that )( s Zm ~ 1.25.

Figure 4c,d show the IAT/Tl and IAT/ Tlp_v as a function of
0 at the sample orientation angle ¢ = 30°. In this situation, k
propagates parallel to the [1010] direction and the electric-field
polarization direction is relative to the c-axis. Because of the
isotropy in the crystal graphic XY plane discussed in Figure 3b,
it can also be fitted well in eq 8. As it is shown in Figure 4c,d,
the curves of IAT/TI(0) and IAT/TI(6) exhibit an oscillation
with a period of #/2 that is similar to that in Figure 4a,b. The
maximum value of IAT/ TI(H) occurs when the polarization
angle is 0° in which case 2 is probed. The largest polariza-
tion ratios are obtained that the minimum value of IAT/TI(0 = 45°)
is about 83% of the maximum value of the IAT/TI(@ = 0°).
Moreover, the curve of IAT/TI(6) in Figure 4d exhibits a similar
oscillation curve but a phase shift of 7/2 in respect to the curve of
IAT/TI(0) shown in Figure 4c. Although the minimum and
maximum values of IAT/Tly(@) occur at @ = 0 and 45° shown in
Figure 4d, this is opposite to the curve of IAT/TI(6), the polarization
ratio is determined to be ~81%, which is in good agreement with
the results in Figure 4c. The phase shift of 77/2 is attributed to the
sign reversal of NLR 1, from positive to negative (see Supporting
Information, Figure S3).

In order to study the size-dependent optical properties, the
polarized-related nonlinearities of ZnO micro/nanowires with
different diameters, as well as a-plane and c-plane single crystal-
line bulk ZnO crystal (size: 10 mm X S mm X 0.3 mm), were
measured in the same method where ¢ was set as 30°. It is
interesting to find that the c-plane ZnO crystal shows no
anisotropy nonlinearities (see Supporting Information Figure S4).
Figure Sa shows the normalized change in transmittance (IAT/TT)
as a function of the polarization angle 6 (with the sample
orientation of 30°) for the ZnO micro/nanowires with
diameters of ~120 nm (red curve), ~500 nm (green curve),
and ~2.6 um (blue curve), as well as a-plane ZnO crystal (black
curve), respectively. All of the curves exhibit an oscillation with
a period of 7/2. Specifically, for the a-plane ZnO crystal, the
value of the normalized IAT/TI(6) at 0° is significantly larger
than that at 90°. As the diameter of the micro/nanowire decreases,
the components of the nonlinear response with a vertical polariza-
tion direction (@ = 90°) increase significantly. The ratio of the
component at & = 90° and the component at 6 = 0° (fo,°/f,°) as
a function of the diameters are presented in Figure Sb (blue
curve). It shows that f,,°/,° increases from 0.67 to 1.08 as the
diameters decrease. This important process can be the charac-
teristic of one-dimensional growth of the ZnO micro/nanowire
that these highly size-related anisotropies shown in Figure Sa are
attributed to the size-confinement effect only in the direction that
is vertical to the c-axis of the ZnO micro/nanowire. It is well-
known that the size-confinement in nanostructures can result in a
deviation of the electronic excitation from a most ideal harmonic
oscillator in the bulk crystal, which leads to a large optical
enhancement in the nanostructures.*>*® Thus, the anisotropies of
the individual ZnO micro/nanowire in our experiment can be
attributed to the contribution of the anisotropy of the third-order
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Figure 5. (a) The normalized AT/T as a function of the polarization
angle 6, with the sample orientation angle set to 30° in the ZnO
micro/nanowires with diameters of ~120 nm (red curve), ~500 nm
(green curve), and ~2.6 um (blue curve), as well as a-plane single
crystalline ZnO crystal (black curve), respectively. The solid lines
indicate the theoretical fit. Insets are the corresponding SEM and
optical images of the ZnO micro/nanowires and crystal. (b) The ratios
of the component of TPA at 6 = 90° and the component at @ = 0° as a
function of sizes.

nonlinearity of the single crystal lattice and the contribution of the
size-confinement effect in the direction that is vertical to the c-axis.

According to our study, in the view of nanolaser pumping by
TPA effect both parameters of the size of the ZnO micro/
nanowire and the polarized angle should be taken into account.
Above all, for the ZnO micro/nanowire with a size of 500 nm,
the value of the components of )((3)zm and y®___ are compara-
ble. For the ZnO micro/nanowire with a relatively larger
diameter (>500 nm), the polarization direction should keep
parallel to the c-axis to excite the component of X(s)zzw For the
smaller ZnO micro/nanowire (<500 nm), the polarized angle
should be set to be 90° in order to excite the larger component
Of X(S)xxxx'

In summary, the anisotropic third-order optical nonlinearity
of individual ZnO micro/nanowires on the quartz substrate was
characterized using Z-scan method with a femtosecond laser.
The oscillation patterns of both two-photon absorption and
nonlinear refraction as a function of the polarization angle and
sample orientation angle were observed. It exhibits a large rela-
tive min-max ratio for both parameters, implying a large polari-
zation effect of the individual ZnO micro/nanowire. Further-
more, the size-dependent optical nonlinearity of the ZnO micro/
nanowire was observed. These highly size-dependent anisotropies
of the third-order nonlinearity in an individual ZnO micro/nanowire

has great potential in applications of nanolasers, all-optical switch-
ing and high-resolution photodetectors.
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The low-magnification SEM image of single ZnO nanowire on
the quartz substrate; the Raman spectrum of a single ZnO
nanowire; the AT/T under different laser intensities; the curves
of the difference of the peak and valley of IAT/Tl,_y at ¢ = 0°
and ¢ = 30°, respectively; the change in transmittance (AT/T)
as a function of the polarization angle, 6, in the c-plane single
crystalline ZnO crystal. This material is available free of charge
via the Internet at http://pubs.acs.org.
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