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A B S T R A C T

We investigate the coalescent GaN nanorods grown on Si (100) and Si (111) substrates. Our results clearly show
that GaN nanorods grown on both substrates have the same structural, optical and morphological properties.
However, we observed a clear difference in terahertz (THz) radiation between the two sets of GaN nanorods. With
high gallium molecular beam flux around 6 × 10−7 Torr, coalescent GaN nanorods grown on Si (111) substrates
exhibit observable THz radiation, while the ones grown on Si (100) substrates do not. The inactive THz behav-
ior of the GaN nanorods grown on Si (100) substrate is due to the presence of randomly-rotated GaN nanorods
during coalescence. The dissimilarity in THz radiation behavior between the two GaN nanorods, i.e. interfering
incident optical pulse thus exhibiting inactive THz radiation from GaN nanorods grown on (100) substrate indi-
cate that the nanorods are attractive for further THz applications not limited to III-N materials system but also
other materials systems.

1. Introduction

Monolithic integration of two dissimilar semiconductors into a sin-
gle platform via epitaxy has been pursued for decades to extend semi-
conductor device performance and/or to reduce the fabrication cost
[1–5]. However, the integration highly depends on physical parame-
ters such as lattice constant, thermal expansion coefficient, crystal struc-
ture, and deviations in these parameters can cause failure through the
formation of unwanted crystalline imperfections such as interface in-
termixing, secondary phases, anti-phase domains, defects, dislocations
and so on [6–9]. Many of these issues in integrating dissimilar semi-
conductors can be obviated by adopting nanowire or nanorod struc-
tures [10]. One of the major challenges in integrating semiconductors
is the large lattice mismatch between two semiconductor thin-films fac-
ing each other. In particular, lattice mismatch-induced strain relief via
dislocation formation in epitaxial films can instead occur through lateral
elastic relaxation in nanowires and nanorods [11–13]. In this regard,
various material combinations between lattice mismatched nanorods
(or nanowires) and substrate as well as nanowire core and shell ma-
terials have been achieved by many different

growth methods and across various materials systems [14–23]. In ad-
dition, modern characterization methods at the nanoscale and ultrafast
electron microscopy techniques continue to enlighten the nanostructure
community on the properties of nitride nanowires [20,24–26].

Gallium nitride (GaN) nanorods are a crucial component that enables
the integration of wide band gap semiconductors into Si-based narrow
band gap platform free of strain and misfit defects [27,28]. Among the
various advantages of growing GaN nanorods on Si platforms are acces-
sibility to a commercial manufacturing and low-cost Si substrates. Cor-
relation between the atomic structure of wurtzite (WZ) GaN in the c-di-
rection (or [0001] direction) and Si in the [111] direction allows GaN
nanorods to be grown perpendicular to the surface on Si (111) substrate
[29]. The GaN nanorods can also be grown perpendicular to the surface
of Si (100) substrates once they have been covered with a thin amor-
phous silicon nitride (SiNx) film [30].

Herein, we investigate the structure and optical properties of coales-
cent GaN nanorods grown on Si (100) and Si (111) substrates. The two
sets of GaN nanorods were probed with scanning electron microscopy
(SEM), scanning transmission electron microscopy (STEM), Raman scat-
tering spectroscopy, secondary ion mass spectroscopy (SIMS), X-ray dif
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fraction (XRD), photoluminescence (PL), and terahertz (THz) spectro-
scopies. Our results show that the two sets of GaN nanorods are identical
and exhibit no clear difference in surface morphologies, atomic struc-
ture, optical properties, and THz reflection spectra. However, we ob-
served clear difference in THz radiation between the two sets of GaN
nanorods when probed with incident optical pulses. The GaN nanorods
grown on Si (111) substrate exhibit significant THz radiation in the
range up to 3 THz and nearly linear peak amplitude changes as a func-
tion of excitation power. On the other hands, the GaN nanorods grown
on Si (100) substrate emit no THz radiation regardless of excitation
power. The THz radiation inactivity is due to the loss of crystal symme-
try and birefringence in macroscopic clusters of GaN nanorods during
the coalescence of two different types of GaN at the boundary of adja-
cent nanorods on Si (100) substrate.

2. Methods

Samples were grown on Si (100) substrates using a plasma-assisted
molecular beam epitaxy (PA-MBE) system equipped with radio-fre-
quency (RF) plasma cell for atomic nitrogen sources, and conventional
K-cells for group-III elemental sources. The substrate was first outgassed
at 300 °C for 2 h in a preparation chamber to remove any moisture and
dust before being transferred to the growth chamber, where native ox-
ide was removed using both thermal cleaning and Ga-triggered oxide
desorption technique [31]. Native oxide on Si substrate is 1–2 mono-
layer-thick (ML) [32]. To remove the native oxide, the substrate was
heated up to 950 °C for an hour. Then, the substrate temperature was
decreased to 675 °C in order to clean the substrate surface with Ga-trig-
gered thermal desorption with the fact that silicon oxide has strong bond
energy [33]. The substrate was exposed to gallium (6 × 10−7 Torr of
gallium beam equivalent pressure) for 5 s at 675 °C and rapidly heated
to 950 °C. Then the substrate temperature was maintained for 2 min
at 950 °C. During the Ga-triggered thermal desorption process, volatile
Ga2O formed on the Si substrate takes oxygen away from the substrate
surface [34]. We also note that the chamber left in the absence of
atomic nitrogen throughout the two substrate cleaning processes. Next,
the substrate was cooled down to 775 °C to grow GaN nanorods for
60 min. Prior to the growth of GaN nanorods, nitrogen of 3.5 sccm was
supplied in order to ignite the nitrogen plasma. After the ignition of ni-
trogen plasma, nitrogen was decreased to 1.8 sccm with 400 W of RF
power. During the sample growth, the pressure of the growth chamber
was kept at around 1.2 × 10−5 Torr. The shutter of nitrogen cell was
closed during the nitrogen ignition procedure and this procedure took
about 2 min. Then the both shutters of gallium and nitrogen cells were
simultaneously opened to grow the GaN nanorods. With beam equiv-
alent pressure (BEP) of gallium molecular beam flux around 6 × 10−7

Torr (5.5 nm/min) and nitrogen plasma corresponding to 1.8 sccm, the
GaN nanorods were nominally grown to have a length of 330 nm for
60 min. Note that BEP around 6 × 10−7 Torr of gallium molecular beam
flux is high enough to promote coalesce the GaN nanorods [35]. In addi-
tion, though we did not include a separated nitridation step, the atomic
nitrogen inside the plasma is a highly reactive one thus form SiNx film at
the very initial stage of the growth [36]. As a reference, GaN nanorods
were also grown on Si (111) substrate with the same growth procedure.
Fig. 1 shows a schematic of the growth procedure described above.

3. Result and discussion

3.1. Structural properties

Fig. 2(a) and (b) show cross-sectional SEM images of GaN nanorods
grown on Si (111) and Si (100) substrates respectively. The GaN
nanorods on both substrates are vertically aligned perpendicular to
the Si substrate surface. Their lengths and diameters are nearly iden-
tical around 330 nm and 40 nm in average, respectively. A few

GaN nanorods are slightly inclined due to electrostatic charging or dam-
age caused by sample cleaving. Otherwise, there is no clear difference
in the physical appearance between the two GaN nanorod sets. Their
surface morphologies are also indistinguishable, as shown in plan-view
SEM images of Fig. 2(c) and 2(e). Within these images, small and large
clusters having 50–100 nm diameters are observed, which are not de-
tected in cross-sectional SEM images (Fig. 2(a) and (b)). This differ-
ence indicates that the clusters are bundles of GaN nanorods that are
physically separated. The clustering of GaN nanorods is presumably due
to high density nucleation on the substrate surface [37] in the nitro-
gen-rich environment during growth [38]. In addition, the high nucle-
ation density as indicated in a report [37] may results in small fluctu-
ations of nanorod diameter and height. From the SEM images, we also
confirm that the density of the GaN nanorods does not correlate with the
substrate orientation [111] or [100]. Fig. 2(d) and (f) show cross-sec-
tional STEM images of the interfaces between GaN nanorods and the
Si (111) and Si (100) substrates, respectively. The STEM images con-
firm the formation of 1.5 nm-thick SiNx film (Supplementary S1) be-
tween the GaN nanorods and Si substrates (Fig. 1(e)) and enables the
growth of GaN nanorods on Si substrates careless of substrate orienta-
tion. Fig. 2(g) displays Raman spectra of the GaN nanorods samples. Ra-
man spectra were obtained with 473 nm He-Cd laser operated at 5 mW
with a grating of 1,800 mm−1. A × 50 objective lens was used without
any filter during the measurement. The spectra exhibit identical peaks.
Those at 303.8 cm−1, 520.8 cm−1 and 671.8 cm−1 are associated with Si
substrates [39], while those at 144 cm−1 (E2L), 567.2 cm−1 (E2H) and
737.8 cm−1 (A1-LO) are associated with the GaN nanorods [39]. With
the detection of nearly similar optical properties, we next investigated
the XRD properties of the samples. Fig. 2(h) shows the 2θ XRD patterns.
The 2θ X-ray diffraction patterns were recorded on a Bruker D8 Ad-
vance machine with Bragg-Brentano geometry using Cu Kα source in the
2θ = 20-80° range with 10 deg/min scan speed and 0.02 step size. The
diffractograms on the top and bottom rows represents the GaN nanorods
grown on Si (111) and Si (100), respectively. Si (111) and Si (100) peaks
are shown at their exact position of 28.59° and 69.34°. GaN (002) and
GaN (004) peaks are also observed at 34.73° and 73.08° regardless of the
Si substrate orientation, confirming that the two sets of GaN nanorods
are identical in their structural properties. The similarity between the
two samples is also observed in chemical composition. Fig. 2(i) and 3(j)
shows the SIMS depth profiles of the GaN nanorods grown on Si (111)
and Si (100), respectively. The two GaN nanorods show similar atomic
concentration of the species constituting the samples.

3.2. Terahertz reflection

A standard THz time-domain spectroscopy using photoconductive
antenna for THz generation and detection was employed to measure
the time domain waveforms of THz reflection from the samples. In or-
der to reflect and transmit the THz waveforms in the parabolic mir-
rors, the high purity Si wafers use the THz beam splitters. The pump-
ing fs-laser had a repetition rate of 82 MHz, a central wavelength of
800 nm. For THz wave generation 5–14 V external bias was employed
with 5 μm dipole antenna on a GaAs substrate and the THz radiation
from the sample was detected 5 μm dipole antenna on a low tempera-
ture (LT) GaAs substrate (Supplementary S2). Fig. 3(a) and (b) show
time-domain THz reflection spectra of the GaN nanorods grown on the
two different Si substrates. The solid black lines in each figure repre-
sent the reflection signal obtained from each of bare Si (111) and Si
(100) substrates and the solid red and blue lines in Fig. 3(a) and (b)
are the signals obtained from GaN nanorods grown on Si (111) and Si
(100) substrates, respectively. The Si (100) substrate with or without
GaN nanorods exhibit nearly the same reflection signal. This is also true
of the behavior of the Si (111) substrates. The differences in the THz re
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Fig. 1. Schematics on GaN nanorods growth procedure. Native oxide on Si substrate was removed through thermal cleaning ((a)-(b)) as well as Ga-triggered desorption technique in a
form of gallium oxide ((c)-(d)). Next, clean Si substrate surface was exposed to atomic nitrogen plasma and gallium molecular beam flux, simultaneously (e) then GaN nanorods growth
was followed (f).

flection responses are much more clearly seen in the frequency-domain.
Fig. 3(c) and (d) show reflection signal ratios of the GaN nanorods with
respect to those of the bare Si substrates. The ratio is unity regardless
of the Si substrate orientation, indicating that the THz reflection is gov-
erned by the substrate not by the GaN nanorods. The THz reflections are
presumably due to the free carriers in the Si substrates and high refrac-
tive index (n ≈ 3.4) [40–41]. The differences in spectral amplitude of
reflection signals obtained from the GaN nanorods grown on Si (111)
and Si (100) substrates as shown in Fig. 3(a) and (b) is a possible evi-
dence indicating the deviation of carrier concentration inside two differ-
ent Si substrates.

3.3. Terahertz radiation

A standard THz time-domain spectroscopy using photoconductive
antenna detection was employed to measure the time domain wave-
forms of THz radiation emitted from the samples [42]. The pump-
ing fs-laser had a repetition rate of 82 MHz, a central wavelength of
800 nm and its power was about 700 mW after passing through a
3 mm and 0.13 μJ/cm2, respectively. The THz radiation from the sam-
ple was detected using a 5 μm dipole gap antenna on a low temper-
ature grown GaAs substrate (Supplementary S3). The GaN nanorods
grown on Si (111) and Si (100) substrates, however, exhibit differ-
ent behavior in THz radiation when they probed with optical pulses
(Supplementary S3). Fig. 4(a) and (b) show time-domain THz radia

tion spectra of both GaN nanorod sets in ±4nA and ±60 pA ranges,
respectively. The solid black line indicate the THz radiation signal ob-
tained from a reference InAs sample. InAs as a well-known THz medium
and shows strong radiation signal intensity [43]. The magenta and cyan
lines are radiation signal obtained from bare Si (111) and Si (100) sub-
strates, which shows very low intensity. Both GaN nanorod sets also
exhibits very small THz radiation signal intensity as compared to the
InAs reference. However, they exhibit different behaviors, as shown in
Fig. 4(b) and (c). The GaN nanorods grown on Si (111) substrate show
relatively high THz radiation signal as compared with the bare sub-
strate. On the contrary, the GaN nanorods grown on Si (100) substrate
exhibits nearly zero THz radiation, which is much lower than that of
the bare Si substrate. The complete inactivity in THz radiation of GaN
nanorods grown on Si (100) substrates is also confirmed by excitation
power dependent THz radiation measurements, as shown in Fig. 4(d).
The GaN nanorods grown on Si (100) substrates remains at zero, re-
gardless of the excitation power, while the ones grown on Si (111)
substrates exhibit a linear increase in signal intensity as a function of
excitation power (Supplementary S4). To further investigate this ob-
servation, the two GaN nanorods were probed with PL by changing
the excitation power density. The power dependent RT-PL spectra were
measured with 266 nm Nd:YAG laser having the spot diameter around
10 μm. During the measurement, excitation power density was varied
in the range of 191–9376 W/cm2. Fig. 4(e) and (f) show the excita-
tion power dependent PL spectra of the two GaN nanorod sets. Their

3



UN
CO

RR
EC

TE
D

PR
OO

F

K. Park et al. Applied Surface Science xxx (xxxx) xxx-xxx

Fig. 2. Cross-sectional SEM images of GaN nanorods grown on (a) Si (111) and (b) Si (100) substrates respectively. Top-view SEM and cross-sectional STEM images of GaN nanorods
grown on Si (111) ((c), (d)) and Si (100) substrates ((e), (f)). Room-temperature Raman spectra (g) and 2θ X-ray diffraction pattern (h) of GaN nanorods grown on Si (111) and Si (100)
substrates. SIMS profiles of the two GaN nanorods grown on Si (111) substrate (i) and Si (100) substrate (l).

PL peaks are nearly identical energy at 3.4 eV and they both exhibit
monotonic peak intensity increases with excitation power density. The
similar luminescence as a result of sample probing with conventional
light source confirms that the dissimilar THz radiation is the result
of the sample probing with short-pulse laser. The THz wave in GaN
nanorods is generated by second-order nonlinear optical process,

i.e., optical rectification [44]. It is noteworthy that probing the samples
with a short-pulse laser generates the THz wave through both photo-cur-
rent and optical rectification. However, the photo-current mechanism
is ruled out in this case, since the optical band gap of GaN (3.47 eV)
and is higher than the photon energy of the 800 nm incident fs-laser.
Typically, short-period laser pulses contain many fre
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Fig. 3. Time-domain THz reflection spectra of (a) GaN NR/Si (111) and (b) GaN NR/Si (100) substrates, respectively. Solid black lines in each of figure (a) and (b) represent THz reflection
spectra of bare Si (111) and Si (100) substrates. THz reflection signal ratio of GaN NR/Si substrate with respect to bare Si substrate in frequency-domain of (c) Si (111) and (d) Si (100)
substrate cases respectively. Insets of figure (c) and (d) represent normalized THz reflection spectra in frequency-domain of each samples.

quency components and any two frequency components contribute to
the generation of frequency difference. The difference between the laser
pulse frequency (w1) and the idling beam frequency (w2) is the gener-
ated THz frequency (w1 = w2 ± wTHz) when phase matching conditions
(k1 = k2 ± kTHz) between the induced THz wave and incident optical
wave are satisfied [45]. As a result, the overall wave is a weighted sum
of all the frequency differences. The radiated electrical field ETHz(t) is,

(1)

(2)

where Eopt(t) is the time series of short-period laser pulses, χ(2) is sec-
ond-order nonlinear susceptibility of the media and p(t) is polariza-
tion transient generated by short pulse laser in nonlinear crystal. Here,
χ(2) depends on the crystal structure. GaN is a well-known birefringent
medium due to its anisotropic WZ crystal structure, as shown in Fig.
5(a) [46,47]. The two lattice constants of WZ GaN are a = 3.160 Å and
c = 5.125 Å along a-axis and c-axis, respectively. With the anisotropic
nature in crystal geometry, nonlinear optical properties can be observed
when it comes to the planes parallel to the c-axis. In this term, we
call the two refractive indices as ordinary (no) and extraordinary (ne)
when the incident light is perpendicular or parallel to c-axis, respec-
tively. Here, we have obtained the THz responses from the samples
with a 800 nm Ti:Sapphire fs-laser with a repetition rate of 82 MHz
and an incident angle was 45° with respect to the sample surface.
Thus, part of the incident light is perpendicular to c-axis and must
have experienced a nonlinear effect from the GaN nanorods directly.
Optical responses come from THz radiation of GaN nanorods grown
on Si (111) substrate is responsible for it with the fact that ne - no ≈

0.03 at 800 nm [46]. However, the anisotropic nature of WZ GaN is not
sufficient to account for the near-zero THz responses of GaN nanorods
grown on Si (100) substrate. This is because the GaN nanorods grown
on Si (100) substrates should also exhibit similar THz responses, consid-
ering their physical properties, such as surface morphologies, structural
and optical properties are similar to those grown on Si (111) substrates.
However, here is a clear difference between GaN nanorods grown on Si
(111) and Si (100) substrates, that is the orientation of GaN nanorods.
Indeed, (111) face of Si is hexagonal shape which is similar with (0001)
face (c-plane) of WZ GaN as shown in Fig. 5(b). Thus, the GaN nanorods
can be grown in a single orientation and perpendicular to Si (111) sur-
face [48]. On the other hand, the GaN nanorods grown on Si (100) sub-
strates are likely of two types which have 30° of rotational difference
around the [0001] direction as observed by another groups (Fig. 5(c))
[30,49,50]. Yet, this is still not enough to explain the near-zero THz ra-
diation from the GaN nanorods grown on Si (100) substrates. Here are
two reasons. First, though the GaN nanorods have two different types,
they still aligned perpendicular to Si (100) surface despite the presence
of two different GaN nanorods (Supplementary S5). As a result, the
GaN nanorods should exhibit birefringence and the same THz responses
to those grown on Si (100) substrates. However, here is another thing
to notice, the diameter of the GaN nanorods. As mentioned in Section
2, the diameter of the both GaN nanorods is around 40 nm regardless
of substrate orientation or type. The diameter of GaN nanorods is an or-
der smaller than the wavelength of incident light (800 nm). Thus, the
incident light experiences the bundles of GaN nanorods act as a single
medium. In this regime, the GaN nanorods grown on Si (111) substrate
act as a single-crystal-like media because they have single type of orien-
tation (
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Fig. 4. Optical-pulse probed time-domain of THz responses of two GaN nanorods grown on Si (111) and Si (100) substrates (a) and its close-up view in the range of ± 60 pA (b). Fre-
quency-domain THz response (c) of the two GaN nanorods samples presented in Fig. 4(a). Excitation power dependent peak current amplitude changes of the two GaN nanorods (d).
Excitation power dependent room-temperature PL spectra of the two GaN nanorods ((e), (f)).

Fig. 5(d)). As a result, the medium maintains the birefringence and
thus exhibits THz radiation as illustrated in Fig. 5(e). In a similar
regime, the GaN nanorods of small diameter grown on Si (100) sub-
strate should have zero THz radiation, this is because the GaN nanorods
are not aligned in a single direction but in two different directions
with 30° of rotational difference losing birefringence. Second, the two
GaN nanorods with 30° of rotational difference yet can possibly present
non-zero THz radiation depending on incident angle. The only differ-
ence between the two types of GaN nanorods is 30° of rotation, thus if
the incident light source crosses the two nanorods with the half of the
angle difference (15°), then non-zero THz radiation should be detected
due to the presence of symmetry and resulting birefringence as shown
in Fig. 5(c) (black dash line). However, repeated THz radiation mea-
surement by rotating samples could not catch any distinguishable THz
radiation, thus we cannot consider that the GaN nanorods grown on Si

(100) substrate have simply two different types. Then how could we ex-
plain this? The only possible reason is the 40 nm-wide GaN nanorods
are rotated randomly as shown in Fig. 5(f). Note that we used high
BEP of gallium to promote coalescence of GaN nanorods on both sub-
strates. On Si (111), adjacent GaN nanorods were preserved with type
A alignment to minimize in-plane misorientation during coalescence.
However, GaN nanorods on Si (100) substrate has typically have two
different types and suggests a high chance to in-plane misalignment
in crystal orientation due to the coalescence of GaN nanorods [51].
As a result, GaN nanorods on Si (100) bundles should be considered
as a medium without birefringence, the poly-crystal-like media. Thus,
THz radiation is highly suppressed (Fig. 5(g)). Our model is proven
with XRD pole figure of the two GaN nanorods grown on Si (111)
and Si (100) substrates in Fig. 6. The measurements were carried
out on Bruker D8 Discover four-circle triple-axis X-ray Diffractome
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Fig. 5. There are several important crystallographic planes in the WZ GaN and those are polar c-plane (0001), non-polar a-plane (11–20), and m-plane (1–100) (a). Due to the similarity
crystallographic plane, WZ GaN can be well aligned on Si (111) surface (b). On the other hands, GaN nanorods grown on Si (100) substrate typically have two different GaN types with
30° of rotational difference around [0001] (c). However, the GaN nanorods cannot be well aligned either of two types once the gallium molecular beam flux is high enough. GaN nanorods
which are well aligned on Si (111) substrate can successfully generate THz wave corresponding to incident ultra-pulse laser ((d) and (e)). However, randomly rotated GaN nanorods on Si
(100) substrates present near-zero THz radiation due to the loss of birefringence ((f) and (g)).

ter equipped with Göbel mirror and Ge (022) monochromator using Cu
Kα1 radiation (λ = 1.5406 Å). The symmetric ω/2θ-scans of the h-GaN
(0002) reflection were used for the sample alignment. The pole figure
data were collected by running full φ-scan in the χ range from 0 to 50°
utilizing a LYNXEYE XE detector in 0D mode. Fig. 6(a) shows an XRD
pole figure for (104) reflection obtained from the GaN nanorods grown
on a Si (111) substrate. It exhibits a clear six-fold symmetry, which
is the preferred growth orientation of the WZ structure. On the other
hand, the XRD pole figure of the GaN nanorods grown on a Si (100)
substrate does not show such symmetry. The loss of symmetry supports
our conclusion that it can be considered as poly-crystal-like media due
to the randomly-rotated GaN nanorods (Fig. 6(b)). As reported in the
literatures, the GaN nanorods having two different types with 30° of
rotational difference should present 12-fold symmetry [52,53]. How-
ever, our observation does not present any symmetry thus we can con-
sider that the GaN nanorods are rotated randomly. Then how does the
GaN nanorods have random rotation? Basically, the GaN nanorods have

two different type having 30° of rotational difference when they were
grown on Si (100) substrate as mentioned above. A. Wierzbicka et al. re-
ported that the link between GaN nanorods and underlying Si substrate
is missing once there exist a complete amorphous SiNx layer as a result
of low temperature (150 °C) nitridation [54]. However, SiNx layers were
spontaneously formed on both samples around 775 °C thus, presumably
not complete amorphous but polycrystalline or textured one [54]. In-
stead, we presume that excessively high gallium molecular beam flux
and its resulting early coalescence of GaN nanorods formed and the
weak lattice coherence between GaN nanorods and Si (100) substrate
formed the randomly-rotated GaN nanorods. More often than not, the
GaN nanorods grown with the gallium molecular beam flux correspond-
ing to BEP around 1 × 10−7 Torr and they were mostly well-separated
[52]. In contrast, the nanorods in this article were grown with the high
molecular beam flux around 6 × 10−7 Torr of BEP.
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Fig. 6. X-ray pole figures of two GaN nanorods grown on (a) Si (111) and (b) Si (100) substrates for GaN (104) reflection, respectively. GaN nanorods grown on Si (111) substrate shows
perfect six-fold symmetry due to array of single phase nanorods (a). Besides, GaN nanorods grown on Si (100) substrate does not present any symmetry due to presence of randomly-rotated
nanorods on Si (100) substrate.

4. Conclusions

In summary, we have investigated GaN nanorods grown on Si (100)
and Si (111) substrates. The two sets of coalescent GaN nanorod samples
were analyzed by various measurement techniques. SEM, STEM, Ra-
man and XRD did not show a clear structural difference between them.
Moreover, THz reflection spectrum also do not present any dissimilari-
ties in THz behavior and rather clarify the similarities between the two
nanorods. However, we observed clear difference in THz radiation. The
GaN nanorods grown on Si (111) substrates emit significant THz radi-
ation, whereas the ones grown on Si (100) substrates exhibit near-zero
THz response when probed with optical pulses. The inactive behavior of
the GaN nanorods grown on Si (100) substrates is due to the loss of bire-
fringence in poly-crystal-like GaN nanorod clusters resulting from the
randomly-rotated GaN nanorods during coalescence. The dissimilarity in
THz radiation behavior between the two sets of GaN nanorods (i.e. in-
active THz radiation from the GaN nanorods grown on (100) substrates)
is an attractive characteristic for further THz applications. We believe
this is not limited to III-N materials system but can be exhibited by other
materials systems as well.
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