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Abstract

Young’s modulus of tapered mixed composition (zinc-blende with a high density of twins and
wurtzite with a high density of stacking faults) Gallium Phosphide (GaP) nanowires (NWs)
was investigated by atomic force microscopy (AFM). Experimental measurements were
performed by obtaining bending profiles of as-grown inclined GaP NWs deformed by
applying a constant force to a series of NW surface locations at various distances from the
NW/substrate interface. Numerical modeling of experimental data on bending profiles was
done by applying Euler-Bernoulli beam theory. Measurements of the nano-local stiffness at
different distances from the NW/substrate interface revealed NWs with a non-ideal
mechanical fixation at the NW/substrate interface. Analysis of the NWs with ideally fixed
base resulted in experimentally measured Young’s modulus of 155+20 GPa for ZB NWs, and
157+20 GPa for WZ NWs, respectively, which are in consistence with a theoretically
predicted bulk value of 167 GPa. Thus, impacts of the crystal structure (WZ/ZB) and crystal
defects on Young’s modulus of GaP NWs were found to be negligible.
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1. Introduction

III-V semiconductor nanowires (NWs) are considered
very  promising nanostructures for electronics,
optoelectronics [1,2], and power generation [3-5]. Under
optimal growth conditions, only NWs with high aspect ratio
can be obtained. Because of the nanoscale diameter and high
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aspect ratio, NWs sustain elastic strains up to 10% without
fracture [6]. High deformation stability of NWs allows to
control their electronic and optoelectronic properties by
elastic strains. Particularly, for III-As (InAs, GaAs, InGaAs)
NWs a 2% mechanical deformation was shown to redshift
the photoluminescence position by 290 meV [7] or change
NW conductivity by four orders of magnitude [8,9]. Non-
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zero piezoelectric coefficients along the NW growth axis
(111) in zinc-blende (ZB) and wurtzite (WZ) NWs allow
enhancing characteristics of sensors [10], light-emitting
diodes [11], ambient mechanical energy harvesters [5,12],
photodetectors [13,14], and solar cells [15].

Due to the wide practical applicability of III-V NWs in
flexible devices [16-18], it is necessary to know their
Young's modulus that defines the limits of elasticity, i.e.
reversible and deformational stress that can be applied to a
NW [19]. However, acquisition of correct values of elasticity
in NWs is associated with few major difficulties [20] related
to the crystal defects in NWs [21], surface oxidation [22,23],
growth orientation of NWs and crystal direction of
semiconductor material specified for the measurement [24]
and effect of the boundary conditions between NW and
substrate or clamping platform [25,26].

Furthermore, crystal phase can affect the elastic properties
of NWs [27]. Although bulk III-V semiconductors typically
have cubic ZB structure, hexagonal WZ crystal phase can
appear energetically favorable under the critical diameter of
NW [28,29]. It is worth noting, that III-V NWs grown in
[111]ZB and [0001]WZ directions should have equal
Young’s modulus. This follows from the approach proposed
by R.M. Martin [30]. However, crystal lattice of WZ III-V
NWs is deformed during growth [31], which slightly changes
their bulk modulus [27].

Several major methods can be used to study the elastic
moduli of NWs. Firstly, resonant oscillation method [32] can
be used to register the resonant contour of the structure.
However, resonant oscillation method is not relevant for
inhomogeneous materials with various inclusions. Secondly,
scanning electron microscopy (SEM) or transmission
electron microscopy (TEM) -based visualization of the bends
with control of the mechanical force can be utilized [6,33].
Finally, direct bending of NWs by an atomic force
microscope (AFM) probe with registration of applied force
and resulting deformation was successfully applied to GaAs
[34] and InP [29] NWs. AFM-based experiments can be
performed for NWs with one [35] or two clamped ends
[36,37]. The boundary conditions (fixed or supported beam)
strongly affect obtained Young’s modulus [25,38,39]. AFM-
based technique is advantageous because it enables the
measurement of the loading curves at different distances
from the clamped end. Analysis of the loading curves enables
the determination of boundary conditions of NW on a
substrate (clamped, fixed, or supported beam) [38].

GaP NWs have attracted attention due to their direct band
gap in WZ structure [40] and excellent photonic
characteristics, that make them wuseful for flexible
waveguides [41] of visible light [42] or second harmonic
generation [43]. However, elastic properties of GaP NWs
have been poorly studied. Yashinsky et al. reported that ZB

GaP NWs have elastic moduli and failure strains consistent
with bulk GaP [44], where the elastic moduli were obtained
from Raman measurements of uniaxially tensed NWs.

In this report, we use the AFM-based approach [29] to
study inclined ZB and WZ GaP NWs with twins and
stacking faults grown on Si and graphene substrates. We
analyze the impact of the defects on Young’s modulus of
NWs and we present a new method to study properties of
growth contact between the NW and the substrate.

2. Samples and methods

2.1 Nanowire growth

Two types of inclined GaP NWs were studied. GaP NWs
of the first type were grown on p-Si (111) substrates by using
a gold nanoparticle-assisted vapor-liquid-solid (VLS) growth
method inside a horizontal-flow metalorganic vapor phase
epitaxy (MOVPE) system. The substrate was initially
cleaned inside an ultrasonic bath by soaking in both acetone
and isopropanol for 2 min, followed by a 2 min rinse in
deionized water. After that, 40 nm diameter gold
nanoparticles from a colloidal solution (BBI International,
UK) were used as catalysts for the VLS growth. The Poly-L-
Lysine solution was applied to the substrate for 10 s for
better adhesion of nanoparticles, followed by 10 s deposition
of gold nanoparticles. Prior to the growth, the substrate was
annealed in situ at 650°C for 10 min under hydrogen flow to
desorb surface contaminants. Growth step was started by
switching on the trimethylgallium (TMGa) and
tertiarybutylphosphine (TBP) sources simultaneously for 30
s at a fixed growth temperature of 550°C. The nominal V/III
ratio during the growth was ~100, and the TMGa and TBP
flows were 5.36 and 550 pmol/min, respectively. After the
growth, only the TBP flow was kept on during the reactor
cooling down to 250°C.

Figure 1. SEM images of GaP NWs grown by MOVPE on Si substrate (a,
c) and GaP NWs grown by MBE on graphene/SiC substrate (b, d ). White
arrows indicate short NWs.

Page 2 of 8



Page 3 of 8

oNOYTULT D WN =

Journal XX (XXXX) XXXXXX

AUTHOR SUBMITTED MANUSCRIPT - NANO-129110.R2

Author et al

Figure 2. TEM images of the GaP NWs (a) The MOVPE-grown NW. (b) The MBE-grown NW. Black rectangles point out areas where selective area
electron diffraction (SAED) patterns (c-f) and high resolution (HR) TEM images (g-j) are obtained. SAED and HRTEM images are arranged in columns
below respective black rectangle. (c-d) Show the SAED that corresponds to ZB structure with a high density of twins (TW). (e-f) Show the SAED that

corresponds to WZ structure.

GaP NWs of the second type were grown using molecular
beam epitaxy (MBE) on SiC substrate covered by a graphene
layer [45]. The growth of NWs was performed in several
stages. After thermal cleaning of the substrate in
metallization chamber of MBE setup “Riber Compact 21” at
500°C, Au droplets were formed on the substrate’s surface at
the same temperature. Au droplets participated in growth as a
catalyst for the NWs synthesis. After that, the sample was
cooled down to room temperature and transferred to the
growth chamber without braking ultra-high vacuum
conditions. On the next stage, the substrate’s temperature in
the growth chamber was increased to 500°C, then Ga and P
shutters were opened, and GaP NWs were grown within 15
minutes under P-stabilized growth conditions. The flux of Ga
in the synthesis of GaP NWs corresponded to the growth rate
of a planar GaP layer of 2.8 A/s. The details of the growth
are presented elsewhere [46].

2.2 TEM and SEM characterization

The morphological and structural properties of the NWs
were studied by scanning electron microscopy (SEM) and
transmission  electron  microscopy (TEM). SEM

measurements were performed using Jeol JSM 7001F
microscope. TEM investigations were performed using Jeol
JEM-2100F microscope (accelerating voltage 200 kV, point-
to-point resolution 0.19 nm). The as-grown NWs were
transferred to a conventional TEM copper grid with a lacey
carbon film by rubbing the latter over the substrate with the
NWs.

Both types of the NWs were not intentionally doped.
Obtained NWs had tapered shapes with taper angle o ~1-3
deg and inclination angle to the substrate of 23+5 deg
registered by the post-growth SEM (figure 1) and AFM
imaging. The typical diameter of the NWs was ~20-60 nm at
the unfixed top parts and ~100-200 nm at the bottom contact
with the substrate. The lengths of the MOVPE-grown NWs
were in the range of 1 - 1.5 pum (figure 1 (a, ¢). The majority
of NWs formed trefoils (two or three NWs grow from the
same point) due to agglomeration and/or splitting of the Au
catalyst particles before the growth. The lengths of the MBE-
grown NWs were in the range of 1.2 - 2.6 um (figure 1 (b, d).
A part of these NWs (marked by white arrows in figure 1(b))
indicated approximately half-lengths of the other part. The
NWs had a variation of density on the substrate, which
allowed us to select appropriate free-standing NWs for the
study (figure 1).
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The MOVPE-grown NWs had ZB crystal structure with a
high density of twins. Figure 2(a) shows the corresponding
TEM image and selective area electron diffraction patterns
(c-d). Since a single twin defect can be considered as a WZ
insert, nanowire structure can be described as a fine mixture
of both WZ and ZB phases. From the high-resolution image
(figure 2(g-h)) it follows that native oxide thickness does not
reach 1.5 nm. The same thickness was observed for MBE-
grown NWs (figure 2(i-j)). The MBE-grown NWs (figure
2(b)) had a WZ crystal structure (figure 2(e-f)) with stacking
faults, mostly placed at the middle part of the NW. The
average distance between stacking faults was ~10 nm (figure
2(j)). Chemical composition maps obtained by energy-
dispersive x-ray spectroscopy of the MBE- and MOVPE-
grown NWs are presented in Supplementary Information
(figure S1).

2.3 AFM measurements

We used AFM-based bending profile method to perform
quantitative study of the elastic moduli of GaP NWs. Details
of the method are presented in our previous paper [29]. The
technique allows to measure the deformation of the object by
the probe with a well-controlled force (F). By analysing the
deformation profiles along the NW axis it is possible to
determine its stiffness and Young's modulus. Scanning probe
microscopy station BRUKER Multimode 8 was used with
the AFM probes BRUKER SCM-PIT. Calibration of the
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Figure 3. AFM (a) and SEM (b) images of the same MBE-grown NW with
L=2920 nm and R,,;; =44 nm. c¢) Schematic of NW bending by AFM probe.
(d) AFM image of the GaP NW before bending experiment obtained at
setpoint force of 1 nN. e) Experimental bending profiles for individual GaP
NW under different setpoint forces. (f) Normalized experimental flexibility
profiles f(x) = 1/k(x) along the individual GaP NW with profile obtained by
a fitting procedure (orange curve).

experimental setup was based on the utilization of a
reference sample by the standard protocol of the quantitative
nanomechanical mapping (QNM) regime of AFM. The
spring constant of the AFM cantilever was measured to be 3
N/m, and the tip radius was ~8 nm. Firstly, we performed
optical visualization to find the agglomerates of NWs on the
substrate since they scatter most of the light and are visible
as dark regions on the substrate. This was followed by a
survey scanning by AFM with a small setpoint force and
flexible probe. We combined optical, AFM and SEM (figure
3(b)) topography data to select the suitable NWs. The
procedure of finding the same NWs in the AFM and SEM
images is described in figure S2 in Supplementary
information. The most appropriate NWs had to be standing
(separated from the detached structures) with their free ends
mainly oriented to the direction of the AFM cantilever (see
schematics in figure 3(c)).

When the appropriate NW was found, the scan size was
decreased to the size of the NW and the velocity of AFM
scanning was reduced below 0.5 pm/s. The angle between
the AFM fast scanning direction and the projection of the
neutral axis in the NW was minimized to reduce sliding.
Serial recording of the Height (i.e. topography) and
PeakForce (i.e. the map of the in-situ setpoint forces of
probe-sample interaction) AFM data channels was done in
the direction from left (bottom of the NW) to right (free end)
parts of the scanned image. This was done to reduce the error
associated with disturbance of the free end of the NW by the
AFM probe. (can be seen in the right part of figure 3(c)).
The AFM scanning had to be done with different setpoint
forces in the range of 1 nN - 200 nN. Such ramping is
preferable to be started from the smallest force in order to
secure the studied NW from inelastic deformation. Increasing
the setpoint force F resulted in intensified bending of the NW
down to the substrate, which was accurately recorded into the
Height channel (figure 3(d)). The enlarged distance from the
fixed end resulted in intensified bends, although the area near
the free end was typically not recorded due to parasitic lateral
deformations and sliding of the AFM probe from the NW
spine. When all recording parameters were optimized, it was
possible to acquire the experimental data on bending profiles
for further analysis.

2.4 Numerical procedure for obtaining Young’s modulus

Horizontal line profiles (figure 3(e)) from the data
channels of Height and PeakForce for each setpoint force F
of 1 nN, 5 nN, 10 nN, 50 nN and 100 nN, were used to
calculate the bending profiles wr(x) by the formula:

o (x) = AHeight = hF (x) - ho(x) ,
(1
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where hr(x) is the height of a scanned location x on the
NW measured under the setpoint force F and hg(x) is the
topographical height measured under the setpoint force that
is considered negligible. We assumed the scanning force 1
nN as negligible in the present experiment. The inclination
angle of the NW in figure 3(e) was ~27 deg.

Calculation of the bending deformation profile wr(x) with
identified spring constant of the AFM probe enables to
obtain the stiffness profile k(x) of the NW. However,
flexibility profiles f{x) as being inversed to the stiffness
profiles could be modelled without difficulties associated
with infinite stiffness at the fixed end of the NW. Therefore,
the measured bending profiles were recalculated into
flexibility profiles f{x) for the single NWs when dividing the
deformation by the applied force F. Later, the flexibility
profiles f{x) were normalized for the same force (figure 3(f))
and analyzed with the help of the formula which is used to
calculate the Young's modulus £, of the tapered NWs when
the flexibility profile is known [29]:

3
Jx) =

4 1 1 X
3TE, R 4 (+u(x—L/2)(1-ul/2)? @)
mat “yid

where Ryiq is the average radius of a NW, L is the length
of a NW, u = o/Ruiq 1s an auxiliary coefficient associated
with the tapering angle a, and x is the coordinate of the AFM
probe when deforming the NW. R,,s and o were obtained for
each NW from SEM measurements.

Normalized flexibility coefficient profile describes
deformability for all applied bending forces and represents
all distances from the fixed point along a single individual
NW. NWs were not detached or inelastically deformed
during the bending measurements even after bending
deformations in the order of 500 nm. Numerical simulation
of the experimental data for the flexibility profiles f{x) using
the equation (2) allowed obtaining the correlating coefficient
u and the value of Young’s modulus £, for individual GaP
NWs. Fitting of the correlating parameters was done in
Origin software by the protocol described by Dunaevskiy
[29]. For example, the orange line in figure 3(f) corresponds
to Ena=152 GPa. AFM bending was performed on 22 single
NWs grown by MOVPE and 20 single NWs grown by MBE.

3. Results and discussion

3.1 Analysis of the mechanical boundary conditions

The flexibility profiles were initially analyzed to reveal
the boundary conditions at the growth contact of each NW
before the calculation of Young’s modulus of GaP NWs.
Figure 4 shows SEM images and flexibility profiles
measured for both MOVPE (a-b) and MBE (c-d) grown
NWs. The profiles were measured with applied force F=100
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Figure 4. SEM images (a),(c) and corresponding normalized experimental
flexibility profiles (b), (d) for MOVPE-grown (a-b) and MBE-grown (c-d)
NWs. The size of NW1 (a) is L=960 nm, R,;;~40 nm and the size of NW2
(a) is L=860 nm, R,,;~37 nm; The size of NW1 (b) is £L=2990 nm, R,,;~30
nm and the size of NW2 (b) is L=1481 nm, R,,;~=58 nm.

nN. Figure 4(b, d) shows that the profiles exhibit different
behavior at the NWs base. Black curves have a near-zero
slope at the NW base. This behavior indicates that the
contact stiffness is very high at the NW base, and NWs were
not bent under applied force near their base. Thus, black
curves correspond to the NWs, which can be modeled as a
beam with one ideally fixed end. The red curves have a slope
at the base, indicating low contact stiffness at the NW base or
the imperfect fixation of the nanowire. The reduction of the
NW stiffness near the base could be due to decreasing of the
NW diameter at the NW/substrate interface or decreasing of
the Young’s modulus of the material in the NWs.

Only 9 out of 22 MOVPE-grown NWs had an ideal
fixation at the NW base. It is worth noting that 10 NWs with
a non-ideal fixation had a trefoil structure, i.e. they had
parasitic spurs as shown in figure 1(a) and figure 4 (a)
"NW1”. Non-ideal fixation in MOVPE-grown NWs could be
caused by the relatively small diameter of the Au catalytic
seeds, which leading to an area of the growth contact
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significantly smaller than the NW diameter. Contact mode
AFM scanning of the MOVPE-grown NWs with high
contact force resulted in detachment of the NWs from the
substrate. Interestingly, no “stumps” were observed in the
areas where the NWs were grown after the detaching. This
observation supports the suggestion that the main reason for
the non-ideal fixation of the MOVPE-grown NWs is the
reduction of the NW diameter at the NW/substrate interface.

For the MBE-grown NWs, 11 out of 20 had a non-ideal
fixation at the NW base. Interestingly, all measured MBE-
grown NWs with a shorter length (similar to NWs marked by
white arrows in figure 1(b)) exhibited a non-ideal fixation.
From figure 4(c) it follows that the short NWs seem to grow
from the parasitic GaP particles, which covered almost all
substrate surface. AFM scanning of the MBE-grown NWs in
the contact mode did not detach any of the parasitic particles
from the substrate. Additionally, the diameter of the MBE-
grown NWs near the base did not decrease. Thus, the
reduction of the contact stiffness may be caused by the
decreasing of Young’s modulus of the particles due to their
highly defected structure. Further analysis was made only for
the NWs with the ideally fixed end.

3.2 Young’s modulus of GaP NWs

Figure 5 shows values of Young’s moduli obtained for
MOVPE and MBE-grown GaP NWs. The MOVPE-grown
NW Young’s moduli is 155+20 GPa and the MBE-grown
NW Young’s moduli is 157420 GPa, which is consistent
with the bulk value in the [111] direction of 167 GPa
[44,47]. Notably, the MOVPE-grown NWs had ZB structure
with high density of twinning defects, which can be ascribed
as single WZ inserts. The MBE-grown NWs had WZ
structure with defects (stacking faults) in the middle part of
the NWs. Nevertheless, the impact of these defects on the
experimentally obtained Young’s modulus appears to be
negligible. As mentioned earlier, Young’s moduli of the
[111] ZB and [0001] WZ GaP are equal (see Supplementary
Information). Accounting the effects induced by a crystal
lattice deformation during the NW growth [27], the deviation
of the bulk moduli is less than 5%, which is in the range of a
measurement error of our experiment. While several reports
attributed the change of Young’s moduli to the native oxide
shell effect [6,23], in our case, the influence of the native
oxide was negligible due to its low thickness (~1 nm).
Additionally, several other reports attributed the changes of
Young’s modulus to the impact of the crystal lattice defects
(stacking faults [21,29,34] and twins [33]). However,
boundary conditions of the NWs were assumed to be as
ideally fixed end and were not studied experimentally. Here,
we show that approximately half of the measured NWs had a
non-ideal “soft” fixation, which could result in
underestimation of Young’s modulus value in previous
methods.

4. Conclusion

We investigated Young’s modulus of GaP NWs grown by
MOVPE and MBE on Si and graphene/SiC substrates using
AFM-based method. The MOVPE-grown NWs had ZB
structure with high density of twinning defects and the MBE-
grown NWs had WZ structure with high density of stacking
faults. The AFM method allowed to obtain bending profiles
of inclined NWs by applying a constant force along the NW
body at different distances from the growth contact
NWr/substrate. The AFM measurements revealed that
approximately half of the measured NWs (both MBE and
MOVPE-grown) had a non-ideal mechanical fixation at the
growth contact (NW base). Such non-ideality may lead to
underestimation of the NW Young’s modulus.

The analysis of the data obtained for the NWs with ideal
fixation revealed Young’s modulus 155420 GPa for
MOVPE-grown NWs and 157+20 GPa for MBE-grown
NWs. The results are in good agreement with a theoretically
predicted value of 167 GPa for bulk GaP material. Thus, the
impact of the crystal structure (WZ/ZB) or crystal defects on
Young’s modulus of GaP NWs was found to be negligible.
We believe that these results are essential for the correct
estimations of the elastic moduli of NWs and can be practical
in the design of GaP NW-based devices.

180 *
170

160 -
<

150 te

140 .

Young's modulus, GPa

1304

MOVPE-grown MBE-grown

Figure 5. Young’s moduli obtained for MOVPE-grown (black) and MBE-
grown (red) GaP NWs.

The presented research leaves a number of questions to be
investigated in the future. It is necessary to understand the
reasons for the nonideal mechanical fixing of some
nanowires growing on the substrate. Additionally, a
comparative study of Young's modulus of the same
nanowires by different methods (AFM bending, resonance
methods, uniaxial compression with control in SEM) is in
high demand.
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