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Anomalously Strong Second-Harmonic Generation in GaAs
Nanowires via Crystal-Structure Engineering

Bin Zhang, Jan E. Stehr, Ping-Ping Chen, Xingjun Wang, Fumitaro Ishikawa,

Weimin M. Chen, and Irina A. Buyanova®

GaAs-based semiconductors are highly attractive for diverse nonlinear
photonic applications, owing to their non-centrosymmetric crystal structure
and huge nonlinear optical coefficients. Nanostructured semiconductors,
for example, nanowires (NWs), offer rich possibilities to tailor nonlinear
optical properties and further enhance photonic device performance. In
this study, it is demonstrated highly efficient second-harmonic generation
in subwavelength wurtzite (WZ) GaAs NWs, reaching 2.5 X 107> W',

which is about seven times higher than their zincblende counterpart. This
enhancement is shown to be predominantly caused by an axial built-in
electric field induced by spontaneous polarization in the WZ lattice via electric
field-induced second-order nonlinear susceptibility and can be controlled
optically and potentially electrically. The findings, therefore, provide an
effective strategy for enhancing and manipulating the nonlinear optical
response in subwavelength NWs by utilizing lattice engineering.

1. Introduction

Nonlinear optical processes in semiconductor nanostructures
can be utilized in a wide range of classical and quantum applica-
tions, including on-chip integrated nano-photonic systems,!'!
nonlinear optical microscopy,*® and sensing.”'” The lowest-
order nonlinear optical process is second-harmonic generation
(SHG) or frequency doubling, where two incident photons
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of the same frequency, @, are converted
into a new photon with the frequency,
2. 1t offers an efficient and convenient
approach for the realization of next-gener-
ation frequency references and combs,>
as well as for infrared-to-visible light
conversion that can be used in tunable
nanoscale light sources!'® and for infra-
red light visualization.!'?

Due to a large surface-to-volume ratio,
utilizing nanostructures, for example,
nanowires (NWs), for such applications
not only is important for efficient min-
iaturization but also allows one to tailor
and enhance the nonlinear response.[10-3¥
Considering that a dielectric NW repre-
sents a naturally formed cavity, strong
localization of the fundamental light and
highly directional SHG can be achieved
due to Mie resonances caused by interference of the cavity
modes,% and also by integrating the dielectric NWs into plas-
monic structures.”334 An additional degree of freedom
in the engineering of the SHG response is provided by the
ability to grow NWs with different lattice structures and, there-
fore, to explore nonlinearity of crystallographic polytypes that
cannot be fabricated in bulk under conventional growth condi-
tions. This makes it possible to tailor a polarimetric response
of SHG determined by crystal symmetry.'’) Moreover, sym-
metry breaking (structural discontinuity) at the NW surface
and also electric field discontinuity create additional elements
in a nonlinear susceptibility tensor.3®! The contribution of sur-
face nonlinearity can be comparable to or even dominant over
the bulk SHG depending on the size/diameter of NWs and,
therefore, has a profound effect on the SHG intensity.?>3% It
also allows to change the SHG polarization pattern beyond
that dictated by the second-order nonlinear susceptibility
tensor, d?, of the bulk material.[22-2436-38] Efficient SHG has
been experimentally demonstrated in various semiconductor
NWs, including GaP,122224 GaNP,3 CdS,2>% ZnS,128
ZnO,»3% and (Al)GaAs.0L13-19.2L39] The (Al)GaAs material
system is especially appealing as nonlinear media, as GaAs
exhibits large bulk second-order nonlinear optical susceptibility
(d36 = 370 pm V7! in ZBM and dy; = 115 pm V7! in wurtzite
[WZ]"3), rendering GaAs NWs highly attractive for diverse
nonlinear photonic devices.

Though required for its optimization, ascertaining the origin
of SHG in thin NWs, including GaAs-based NWs, is not trivial.
Here, the difficulties arise from the high sensitivity of non-
linear properties to surfaces, interfaces, and defects that are
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abundant in NWs. Random twins and stacking faults, which
are often present in NWs, also enhance spontaneous polari-
zation in WZ NWs.M These built-in electric fields may sig-
nificantly affect the SHG efficiency.*>#3! Until now, however,
impacts of these effects on nonlinear properties of GaAs NWs
are still largely unexplored and will be investigated in this work.
We demonstrate that the SHG conversion efficiency in thin WZ
GaAs NWs is substantially enhanced (by =7 times) as compared
with that in ZB GaAs NWs of the same diameter, reaching a
value of 2.5 x 107> W~. The stronger nonlinear response in WZ
is independently confirmed by the performed mapping of the
SHG response on a single thin GaAs NW with WZ and ZB
segments. We attribute it to a reduced surface symmetry and a
strong built-in electric field caused by spontaneous polarization
in the WZ lattice. Our findings, therefore, demonstrate a high
potential of subwavelength-scale WZ GaAs nanostructures for
next-generation nonlinear nanophotonics.

2. Results and Discussion

The investigated GaAs NWs were grown by molecular beam
epitaxy (MBE) on Si (111) or GaAs (111)B substrates. More
details on the NW growth are described in Experimental
Section. Several types of NW structures were examined,
including ZB and WZ NWs with diameters (d) of around
80-100 nm. Their crystallographic structures were ascertained
by using transmission electron microscopy (TEM). All the
investigated structures contain structural defects such as rota-
tional twin planes and stacking faults—see Supporting Infor-
mation, where typical TEM images of the investigated NWs are
shown. The ZB NWs also contain WZ inclusions with a length
of 250-350 nm, which corresponds to a WZ volume of 8-12%.
Efficient SHG was detected in all investigated structures. The
measurement geometry is schematically illustrated in Figure 1la
(see also Experimental Section). As an example, Figure 1b,c dis-
plays a series of SHG spectra measured at room temperature
from representative individual WZ GaAs and ZB GaAs NWs.
The measurements were performed under various powers of
the fundamental light at A, = 828 nm. The SHG signal peaks at
414 nm and its intensity increases quadratically with increasing
input power (see the insets in Figure 1b,c), therefore confirming
its SHG nature. To evaluate its efficiency in different structures,
the measurements were conducted under identical conditions
for several NWs of the same type. In the experiments, the polari-
zation of the fundamental light was kept parallel to the NW axis
in order to avoid possible variations in the pump power density
inside the NWs caused by a dielectric contrast between the NW
and its surrounding.***] The SHG conversion efficiency was cal-
culated by n="P,,/P., where P,, and P, represent the power of
the measured SHG and the fundamental light, respectively (see
also Supporting Information). Interestingly, on average the SHG
conversion efficiency in the WZ GaAs NWs is found to be about
three times higher than that of the ZB GaAs NWs, reaching a
value of 2.5 x 10~ W~ This value is among the highest reported
for III-V and II-VI NWs, including hybrid plasmonic structures
and nanoresonators(’*313334 (see Table 1). This result is some-
what unexpected since WZ GaAs was shown to have lower
values of the second-order nonlinear coefficients as compared
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Figure 1. a) A simplified schematic of the set-up for the SHG measure-
ments. The following labels are used: P1, P2—the linear polarizers; HWP1,
HWP2—the half-wave plates; BS1, BS2—the beam splitters; M1, M2—the
mirrors; Obj—the objective; S—the NW sample transferred onto a silica
or gold substrates. A Ti:sapphire laser was used to generate the funda-
mental light, whereas a 405-nm diode laser was employed in the photo-
modulation experiments. Representative spectra of the fundamental light
and SHG output measured from a single thin b) WZ and thin c) ZB NW at
different pumping powers. The insets in (b) and (c) show the integrated
SHG intensity (the open circles) as a function of the pumping power p .
The solid lines are the best fit to the experimental data by the p2 function.

with ZB. The observed enhancement is found to be robust and
can be detected within a wide range of pumping photon wave-
lengths A, =755-920 nm that are available in our experiments.
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Table 1. SHG conversion efficiency measured in this work and reported
in the literature. The values determined in this work are averaged among
=50 NWs.

Sample SHG conversion efficiency [W] Reference
ZB GaAs NWs =1x107° [15]
CdSe NWs ~4%107 31]
CdS NWs =3x107° [34]
GaNP NWs =9.4 x10°¢ [33]
ZB GaAs NWs =0.78 x 107 This work
WZ GaAs NWs =2.5x107° This work

To further confirm the decisive effect of the crystalline structure
on the SHG efficiency, we have performed SHG mapping on indi-
vidual polytypic GaAs NWs with the crystal structure identified by
high-resolution TEM (HRTEM). A representative TEM image of a
thin polytypic NW is shown in Figure 2b. It can be seen that the
NW has an almost straight shape with a diameter of =80 nm. The
NW crystallized in the WZ crystal phase at the bottom and then
transformed to twinned ZB in the middle part and pure ZB phase
at the top, as is marked by yellow, green, and blue bars, respec-
tively. Figure 2c—e depicts representative HRTEM images taken
from these segments. The transformation of the crystal structure
can be clearly distinguished by their fast Fourier transform (FFT)
patterns shown in the insets. Knowing the crystalline structures
of this NW, we examined its nonlinear response by scanning the
tightly focused excitation/detection spot along the NW axis. The
so-obtained SHG map, which reflects spatial and spectral distri-
bution of the SHG intensity, is shown in Figure 2a. It is notice-
able that the SHG intensity depends on the crystalline structure
and increases substantially (by about 6.7 times) in the WZ region.

These results therefore provide an unambiguous experimental
proof that thin WZ GaAs NWs outperform their ZB counterpart in
terms of the nonlinear response.

To understand the dominant mechanism responsible for this
effect, we studied polarimetric response of the SHG. For this
purpose, the incident electric field E,, was rotated in the plane,
the y-z plane in Figure 3a,d, which is orthogonal to the propa-
gation direction of the incident fundamental light and the back-
scattered SHG light, that is, the x-axis. The intensities of the SHG
components linearly polarized parallelly and orthogonally to the
NW axis (chosen as the z-axis), denoted below as the parallel (//)
and orthogonal (1) SHG components, were then measured as
a function of the angle @ between E, and the NW axis as indi-
cated in Figure 3a,d. Representative polar plots of the measured
SHG output from a thin ZB NW are shown by the symbols in
Figure 3b,c, which contain two lobes that are oriented along the
NW axis. Even though the observed pattern of the dominant par-
allel SHG component can be explained solely based on the bulk
second-order nonlinear susceptibility d® (shown by the green
solid line in Figure 3b), this is not the case for the orthogonal
component (Figure 3c). Since ZB GaAs is a non-centrosymmetric
crystal belonging to the 43m crystal symmetry group, it has three
nonvanishing elements of d®728: d,, = d,5 = dsq = 370 pm V.
Therefore, two pairs of two lobes are expected for the L-compo-
nent generated from a perfect bulk crystal. Their intensity and
orientation are determined by the in-coupling and out-coupling
coefficients of the fundamental and SHG light, which is defined
in thin NWs as ¥, i, = 2/(1 + &) and pgom = 2/(1 + &), respec-
tively (see Supporting Information). Here, £,(&,,) represents the
dielectric constant of the NW at a light frequency of @w(2®). The
presence of twin domains corresponding to a 60° rotation of
the ZB lattice changes the relative intensity between these two

Length (um)

Wavelength (nm)

Figure 2. a) Spatial and spectral distribution of the SHG intensity measured along the single polytypic GaAs NW as shown in (b). b) TEM micrograph
of the studied GaAs NW. Yellow, green, and blue bars mark the NW regions with predominantly WZ, twinned ZB (tZB), and ZB crystal structure, respec-
tively. High-resolution TEM images with the corresponding FFT patterns obtained from c) WZ, d) tZB, and e) ZB regions, respectively. The dashed

green line in (d) indicates location of the twinned plane.
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Figure 3. The measurement geometry utilized in the polarization-resolved SHG experiments on individual a) ZB and d) WZ NWs. E , is the direction of
the fundamental electric field that was rotated in the substrate plane by an angle @ relative to the NW axis (chosen as the z-direction). Polar plots of the
b,e) parallel and c,f) orthogonal SHG output measured from a thin ZB (b,c) and thin WZ (e,f) GaAs NWs. The symbols represent experimental data.
The green and blue solid lines are the expected SHG responses based on the bulk nonlinear susceptibility for the//- and L-components, respectively.
The black and red lines show the modeled SHG responses by taking into account the surface effect and electric-field induced SHG.

pairs as determined by the weighted contribution of both dom
ains. 1314161946l The expected polar pattern is shown by the blue
line in Figure 3c assuming that the two domains are present
with the weight ratio of 0.53:0.47, as revealed by TEM. Such pola-
rimetric pattern is indeed detected from our reference thick ZB
NWs with d = 400 nm (see Supporting Information). On the other
hand, it obviously disagrees with the experimental data from the
thin ZB NWs shown in Figure 3c in terms of the polar pattern and
intensity of the L-polarized SHG component. The latter exhibits
only one pair of lobes, but with a much stronger intensity.

Even stronger deviations of the measured polar plots from
the expected polarimetric pattern in bulk are observed in
thin WZ NWs. The corresponding results are shown by the
symbols in Figure 3e,(f for the //- and Ll-component, respec-
tively. Indeed, in the case of bulk WZ GaAs that belongs

Adv. Funct. Mater. 2021, 31, 2104671 2104671 (4 O‘F7)

to the 6mm point group,®¥! the second-order nonlinear

susceptibility tensor, d@¥Z, has three independent components:
dyy=115pm V', dis =dp, =53 pm V', dyy = ds, =26 pm V™. [37]
Since the intensity of the //-component is determined by d;,
one would expect a significant decrease of the //-component in
WZ as compared with ZB, by about 13.8 times (shown by the
green solid line in Figure 3e). This is in a stark contrast with the
opposite trend found from our experimental data, which shows
an intensity increase by about 6.7 times (shown by the symbols
in Figure 3e). In addition, a polarimetric pattern with four lobes
of an equal magnitude is expected for the L-component in bulk
WZ GaAs. Such SHG response is drastically different from our
experimental data featuring a two-lobe pattern (see Figure 3f).
Moreover, a significantly higher intensity of this component is
also observed as compared with the expected bulk contribution.
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The observed drastic increase in the intensity of the orthog-
onal SHG component and the change of its polar pattern in thin
WZ and ZB NWs can be explained by considering a surface con-
tribution to the SHG response, induced by the reduced crystal
symmetry at the NW surface. This contribution is expected
to become pronounced for thin NWs because of an increased
surface-to-volume ratio. Within the commonly used cylindric
approximation,3®38 breaking of the inversion symmetry at
the NW surface leads to three new nonvanishing components
(dyy iz, and ds,,) of the second-order nonlinear susceptibility
tensor. By including these surface components, the excitation-
polarization response of the l-component is transformed
into nearly perfect two-lobe pattern (see Supporting Informa-
tion). The experimental data can be modeled by including
surface nonlinear terms d* : d3;2® = 1.076ds, d52° = 0.723ds; and
dpt? =2.094ds, d2,) 7 = 1.841d,—see the red curves in Figure 3c,f.
(Here, all values are given relative to the dss value of ZB, for
easy comparison). We note that the deduced values are higher
in WZ NWs. This could be tentatively attributed to lower sym-
metry of the WZ surface as compared with ZB, which is not
taken into account within the used cylindric approximation.

The surface contribution enhances the SHG radiation that is
polarized normal to the surface of thin NWs. However, its influ-
ence on the dominant SHG output parallel to the NW axis is
expected to be negligible.% It thus cannot account for the dra-
matic increase of this SHG component that occurs in our thin
WZ NWs (see Figure 3e). To model this enhancement of the
SHG response (shown by the black line in Figure 3e) we need
to assume dZ, = 9.6ds;. We explain this by considering that WZ
semiconductors experience spontaneous polarization and an
internal electric field along the crystallographic c-axis due to
distortion of GaAs, tetrahedron in WZ.[*l Such field was shown
to be substantial in WZ NWs due to the presence of struc-
tural defects, such as twins and stacking faults."#48 A static
electric field EP may lead to an enhancement of the second-
order nonlinear process due to its interaction with the third-
order nonlinear coefficients dfy), which results in an effective
second-order nonlinear susceptibility df =dfj +d{)E*.[25424]
Here, i, j, k, | are the Cartesian indices and the index | defines
the direction of the electric field. This often causes a dramatic
enhancement of the SHG efficiency, which can be controlled by
EPC.[25450] Since the built-in field due to spontaneous polariza-
tion is directed along the NW axis, that is, [ = 2, the electric-field
induced SHG (EFISH) defined by d)..E”° may enhance the par-
allel SHG component in WZ NWs and, therefore, their overall
nonlinear output (see also Supporting Information).

To verify the proposed mechanism, we performed polariza-
tion-resolved photo-modulation SHG measurements. In these
experiments, an additional laser with photon energy higher
than the GaAs bandgap was used to create free carriers and
modulate the built-in electric field*2#5U (see Figure 1a). Both
the modulation (4, = 405 nm) and pump (4, = 920 nm) light
were set to be linearly polarized in the direction parallel to the
NW axis to ensure maximum in-coupling. If the built-in elec-
tric field indeed plays a constructive role in the SHG response,
partial screening of this field caused by the presence of free car-
riers is expected to suppress the EFISH-induced output. This
is indeed observed experimentally. As can be seen from the
Figure 4a,b, the parallel SHG component in thin WZ NWs is

Adv. Funct. Mater. 2021, 31, 2104671 2104671 (5 0f7)

—
Q
~

— %,=920nm

—~1k — %,=920nm+3_=405nm |
s
b F 4
‘@
c
Lt ]
£
(D -
% WZ GaAs NW

0

440 450 460 470 480

Wavelength (nm)

(b) H : 1 ] 1

1 i 405 nmion WZ:GaAs 1
S et el e
C | i : E i 1
>4 i s P a 1
30 - -
c
2
£1
o
I
w

0 . ! ‘ . T

0 100 200 300
Time (s)

Figure 4. a) The SHG spectra of a single thin WZ GaAs NW with (the
red curves) and without (the black curves) the additional 405-nm light
illumination. The labels //and L define the polarization of the measured
SHG output. b) Time evolution of the //SHG output from thin WZ (the
red filled squares) and thin ZB (the black open squares) GaAs NWs under
photo-modulation with the 405-nm light. The blue shaded areas show the
SHG response with the modulation light on.

reduced by about 27% when the 405-nm light illumination is
switched on, whereas the variation of the perpendicular com-
ponent under these conditions remains below the detection
limit. On the other hand, only a minor decrease of the parallel
SHG output is detected in thin ZB NWs (see the lower panel
in Figure 4b). These results provide an unambiguous experi-
mental proof that the built-in field due to spontaneous polari-
zation of the WZ lattice dramatically enhances the nonlinear
response of GaAs NWs. They also show that this response can
be efficiently controlled by changing the strength of the built-in
electric field either optically or electrically.

3. Conclusion

In summary, we have investigated nonlinear optical proper-
ties of thin GaAs NWs with ZB and WZ crystal structures.
The SHG intensity was found to be significantly stronger in
WZ NWs as compared with ZB NWs (by about seven times),
reaching the value of 2.5 x 107> WL This value is among the
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highest reported in the literature, including complex wave-
guide and nanoresonator structures, as well as hybrid plas-
monic structures.>313334 Such enhancement was directly
verified by correlative SHG intensity mapping and TEM
characterization performed on the same polymorphic NWs.
Polarization-resolved measurements shows that the increase
of the orthogonal SHG component is chiefly controlled by the
surface-induced SHG caused by structural and electric field
discontinuity at the NW surface. This component, however,
remains weaker than the parallel SHG output, by about two
orders of magnitude, due to weak out-coupling of the generated
light from thin NWs. The dominant paralle] SHG is proven to
be enhanced in WZ via EFISH, which is activated by the axial
built-in electric field related to spontaneous polarization in WZ
NWs, and can be controlled optically and potentially electri-
cally. This SHG enhancement is found to be robust and does
not require high structural quality of the NWs as the presence
of structural defects in fact facilitates SHG by enhancing the
internal electric field.* A more precise control of crystalline
structure in MBE-grown NWs could be achievable in future by
fine tuning As and Ga fluxes during the growth.>? Our results,
therefore, demonstrate great potential of thin GaAs NWs for
nonlinear nanophotonics and show that their nonlinear proper-
ties can be manipulated via lattice engineering.

4. Experimental Section

The WZ GaAs NWs investigated in this work were grown by MBE on
GaAs (111)B substrates using Au as a catalyst. During the growth process,
the substrate temperature was kept at =353 °C, and the As,/Ga beam
equivalent pressure (BEP) ratio was set to =30.44%% Thin ZB GaAs NWs
were synthesized by constituent Ga-catalyzed MBE on Si (111) substrates.
To obtain regularly structured NWs with a high vertical yield, prior to the
growth, the n-type Si(111) substrate surface was heated to 760 °C and
surface native oxide was removed by Ga irradiation. After the treatment,
the substrate temperature was reduced to 630 °C. As, BEP was set to
4 % 107 Torr and the Ga flux was set to match a planar growth rate of
1.0 ML s7' on GaAs (001). The Ga flux was supplied on the substrate
surface for 45 s. Then NWs growth was initiated by supplying As flux and
the NWs were grown by keeping the Ga and As flux for 15 min. Reference
thick NWs (with a diameter around 400 nm) were fabricated by continuing
the radial growth for 30 min. Crystalline structure of the NWs was analyzed
utilizing TEM performed using a FEI Tecnai G2 TF20 UT system. Samples
for TEM investigations were prepared by mechanical transfer of NWs onto
a carbon/copper TEM grid.

Nonlinear optical measurements were performed on individual lying
NWs that were transferred onto gold or silica substrates and positioned
on an x—y stage. The measurements were conducted using a confocal
Horiba Jobin Yvon HR800 system equipped with a cooled charge coupled
device. Schematic of the measurement set-up is shown in Figure la.
A wavelength-tunable mode-locked Ti:sapphire laser with a repetition
frequency of =76 MHz and a pulse duration of =150 fs was employed
as the fundamental light source with A, = 755-920 nm. Its polarization
was controlled by a linear polarizer (P1) and a half-wave plate (HWP1)
(see Figure T1a). The estimated diameter of the laser spot was =1.9 um,
which was dictated by the diffraction limit, and the effective detection
area of the SHG light was =0.6 um in diameter. The induced SHG signal
was collected by a long focal length objective (50%, NA = 0.5) in a strict
backscattering geometry. The desired polarization of the SHG light was
selected by using a rotatable half-wave plate (HWP2) together with a
fixed linear polarizer (P2). In photo-modulation SHG measurements,
a 405 nm diode laser was used for modulation of the SHG signal, in
addition to the fundamental light source. Its power was kept below
1 mW pum=2 to avoid heating effects.
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